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ABSTRACT 

Effective thermal management of photovoltaic is essential for improving its 

conversion efficiency and increasing its life span. Photovoltaics can convert the 

ultraviolet and visible regions of the solar spectrum into electrical energy directly 

while thermoelectric generators utilize the infrared region to generate electrical 

energy. Consequently, the combination of photovoltaic (PV) and thermoelectric 

generators would enable the utilization of a wider solar spectrum. Therefore, this 

research aims to present an innovative thermal management technique for 

photovoltaic by the incorporation of thermoelectric generator (TEG) and heat pipe to 

form a hybrid photovoltaic system with improved overall efficiency, increased 

electricity generation and greater energy harvesting from the solar spectrum.  

The strength and innovation of the hybrid system studied in this thesis are as 

follows: (1) a low cost and high efficiency microchannel heat pipe (MCHP) is used to 

reduce thermal resistance of heat flow across interfaces and increase heat transfer 

capacity; (2) the flat plate structure of the MCHP eliminates geometry mismatch and 

reduces thermal losses; (3) water cooling is used for the TEG cold side thus, the hybrid 

system feasibility for co-generation of electricity and hot water is demonstrated; and 

(4) the use of flat plate MCHP results in significant reduction in TEG quantity needed 

thereby reducing the system cost. These structural innovations are intended to 

overcome some of the drawbacks and provide experimental data for the development 

of hybrid photovoltaic-thermoelectric (PV-TE) systems.  

A basic methodology of combined theoretical and experimental analysis is 

followed in this thesis and it involves, detailed literature review, conceptual design, 

mathematical analysis, computer simulation model development, experimental 

testing, model validation, and optimization case studies. Computer simulation models 
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are developed to predict and optimize the performance of the systems using three-

dimensional finite element models and COMSOL Multiphysics software. 

Experimental results show that the electrical conversion efficiencies of the PV-

TE-MCHP with and without insulation and that of the photovoltaic only after 1 h are 

11.98%, 12.19% and 11.94% respectively. Therefore, the hybrid system provides an 

enhanced performance. In addition, the highest and lowest thermal efficiencies 

obtained are 69.53% and 56.57% respectively under certain conditions. Steady state 

computer simulation results show that that at a high ambient temperature of 50 ℃, the 

PV-TE-MCHP overall efficiency is greater than that of the PV only and PV-TE 

systems by 9.76% and 14.46% respectively. Therefore, the hybrid PV-TE-MCHP is 

recommended for sunny regions with high ambient temperature. Results also show 

that the asymmetrical leg geometry provides enhanced TEG only performance 

compared to the symmetrical leg geometry although the reverse is the case for the 

hybrid concentrated PV-TE system. 

This research shows that the hybrid PV-TE-MCHP design is feasible and 

provides enhanced performance compared to the PV only and PV-TE systems. In 

addition, the effectiveness of thermoelectric geometry optimization for performance 

enhancement is demonstrated in this research. Therefore, the experimental and 

simulation results from this research provide fundamental data for developing highly 

efficient hybrid photovoltaic-thermoelectric systems and thermoelectric generators. 
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CHAPTER 1 INTRODUCTION 

1.1 Research Background 

The seventh sustainable development goal outlined by the United Nations is to 

ensure access to affordable, reliable, sustainable and modern energy for all. Universal 

access to affordable, reliable and modern energy services is targeted by 2030 including 

a substantial increase in the renewable energy share in the global energy mix (United 

Nations, 2015a). Furthermore, improvements in the quality of life of people is 

intrinsically linked with access to cheap and abundant energy. In addition, availability 

of electricity provides a means to boost economic productivity and improve human 

condition. However, in 2018, 860 million people were estimated to lack access to 

electricity, and this was a record in recent years  (International Energy Agency, 

2019a). The global energy demand is expected to rise by 20% from 2017 to 2040, 

while global electricity demand will rise by 60%. Population growth and 

industrialization contribute to the unprecedented increase in energy demand.  It is 

estimated that by 2040, the global population will attain 9.2 billion people with India 

soon surpassing China as the most populous nation (ExxonMobil, 2019). 

The world energy consumption is estimated to rise by about 50% between 2018 

and 2050 in the reference case. Organisation for Economic Co-operation and 

Development (OECD) countries will experience a 15% increase in energy 

consumption between 2018 and 2050 while energy consumption in non-OECD 

countries will increase by about 70% (U.S. Energy Information Administration, 2019). 

Furthermore, over a third of the global energy growth is accounted for by buildings 

due to the increase in power demand in the developing world while electricity provides 

most of the increasing energy used in buildings as shown in Figure 1.1 (BP, 2019). 
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Direct emissions from buildings increased to over 3 GtCO2 in 2018 and when indirect 

emissions from upstream power generation are considered, buildings accounted for 

28% of global energy-related CO2 emissions in 2018 (International Energy Agency, 

2019b). Carbon emissions can be reduced by the increase of energy efficiency and 

reduction of energy consumption is an effective solution to increase energy savings.  

 

Figure 1.1: Final energy consumption in buildings by fuel (BP, 2019) 

Extensive use of fossil fuels has led to an increase in environmental issues such 

as global warming and air pollution. Consequently, more attention is being paid by 

governments to abate the negative environmental impact of fossil fuel use. In addition, 

the recent Amazon rainforest fire has attracted global interest from grassroot to the 

highest levels of government thereby making issues such as climate change and carbon 

reduction of utmost importance. The Paris Agreement provides a global framework 

for limiting global warming to well below 2 ℃; and to pursue efforts to limit the 

increase to 1.5 ℃ (United Nations, 2015b). Furthermore, the European Union (EU) 

aims to achieve net-zero greenhouse gas emissions by 2050. The EU is responsible for 

10% of the global greenhouse gas emissions therefore the new climate and energy 

policies, aim to deliver on the EU’s contribution under the Paris Agreement to reduce 

emissions by at least 40% by 2030 compared to 1990 (European Commission, 2018). 
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The United Kingdom has a specific goal to reduce greenhouse gas (GHG) emissions 

by at least 80% by 2050 from the 1990 levels. In addition, the UK government plans 

to reduce the energy use of new buildings by at least half by 2030 and policies have 

been set out to ensure the achievement of this goal and improve the building energy 

efficiency (International Energy Agency, 2019c).   

Renewable energy sources offer unique advantages such as inexhaustibility, 

zero carbon emissions and no air pollution. Consequently, a paradigm shift towards 

renewable energy sources from fossil fuel has been observed globally. In fact, it is 

estimated that renewable energy sources will increase their global generation share 

from about 25% today to about 50% by 2035 and close to 75% by mid-century as 

shown in Figure 1.2 (McKinsey & Company, 2019). Solar energy is the most abundant 

and free renewable energy source which is available globally. Energy is emitted from 

the sun at a rate of 3.8 ×  1023 𝑘𝑊 and approximately 1.8 ×  1014 𝑘𝑊 of this energy 

is intercepted by the earth. Furthermore, the earth’s surface receives about 60% of this 

energy while the remaining is reflected back to space and absorbed by the atmosphere. 

Converting only 0.1% of this energy at an efficiency of 10% will provide four times 

the total global generating capacity. In addition, the total annular solar radiation 

incident on the earth is 7500 times greater than the global total annular primary energy 

consumption (Thirugnanasambandam et al., 2010). Therefore, it is obvious that the 

global energy demand can be met by the use of solar energy as a result of its vast 

energy capacity.  

Solar energy can be converted into two main forms including electrical and 

thermal energy. Solar energy can be harvested using three main technologies including 

photovoltaic (PV), solar thermal and concentrating solar power (CSP). Photovoltaic 

cells convert solar radiation directly into electricity, solar thermal collectors convert 
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solar energy into thermal energy while concentrating solar power converts 

concentrated solar radiation into heat to drive a heat engine which is connected to a 

generator. PV and CSP are the two main technologies for generating electricity from 

the sun. 

 

Figure 1.2: Global power generation (McKinsey & Company, 2019) 

Photovoltaic cells and modules utilize both direct and diffuse solar radiation 

for electricity generation and the PV technology can be used for on-grid and off-grid 

applications. Furthermore, although the PV was an expensive technology for 

generating electricity about ten years ago, it is gradually becoming one of the most 

affordable. In fact, in terms of energy supplies, the PV has now overtaken the solar 

heating and cooling (SHC) energy supply by 2018 as shown in Figure 1.3. In addition, 

it is estimated that the PV annual capacity additions will grow from 115 GW to about 

130 GW in the next five years. By 2023 latest, the total cumulative capacity of the PV 

is estimated to reach 1 TW and 1195 to 1375 GW by the end of 2024 depending on 

the case (International Energy Agency, 2019d). Furthermore, the installation of 

photovoltaic globally has been growing yearly as shown in Figure 1.4. The annual 

installed PV power in 2018 was about 5% higher than in 2017 and this led to an 
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increase in the global PV power to about 520 GW at the end of 2018 (Jäger-Waldau, 

2019). Although photovoltaic systems have been commercially available for several 

years, some of the barriers to their widespread application are: elevated temperature 

in the PV, limited conversion efficiency and dust accumulation (Makki et al., 2015). 

Depending on the cell material used, the PV efficiency decreases by  a range of 0.25% 

to 0.5% per degree Celsius (Grubisić-Čabo et al., 2016). This means that even the 

slight decrease in PV temperature can significantly increase its efficiency therefore, 

cooling techniques are very essential to PV systems.  

 

Figure 1.3: Energy supplies from solar energy technologies (top) and global solar PV annual 

additions by segment, 2013-24 (bottom) (International Energy Agency, 2019d) 

 

Figure 1.4: Annual PV installations from 2010 to 2019 estimates (Jäger-Waldau, 2019) 
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Asides the photovoltaic which generates electricity directly from sunlight, the 

thermoelectric generator (TEG) can also generate electricity directly from thermal 

energy. The thermoelectric generator market size is expected to grow from US$ 460 

million in 2019 to US$ 741 million by 2025, at a compound annual growth rate 

(CAGR) of 8.3% with thermoelectric generator market in Europe expected to grow at 

the highest CAGR during the forecast period (Research and Markets, 2019). The 

market growth of thermoelectric generators is driven by the increasing demand for 

clean energy converters which could be used for waste heat recovery in automobiles 

and wearable applications. The thermoelectric generator market by region is shown in 

Figure 1.5 and it can be seen that North America accounts for the largest share of the 

thermoelectric generator market in 2019 while the thermoelectric generator market is 

expected to continue growing in the future (Markets and Markets, 2019a).   

 

Figure 1.5: Thermoelectric generator market by region (Markets and Markets, 2019a) 

Furthermore, the thermoelectric modules market size is expected to grow from 

US$ 668 million in 2019 to US$ 1,023 million by 2024 at a CAGR of 8.9% (Markets 

and Markets, 2019b). A thermoelectric (TE) module is a bi-directional energy 

converter which can be used for generating electricity or for heating/cooling. When it 

is used for electricity generation, it is referred to as a thermoelectric generator (TEG) 
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while it is called a thermoelectric cooler (TEC) when used for cooling/heating. The 

advantages of thermoelectric energy converters are; solid-state operation, gas-free 

emission, maintenance free operation, vast scalability, zero pollution and long-time 

operational reliability (He et al., 2015b).  

Although the photovoltaic has numerous advantages, its conversion efficiency 

is still low for wider electricity generation globally and similarly, the conversion 

efficiency of the thermoelectric generator is also too low to justify its cost. 

Consequently, researchers have focussed on a complementary technology called 

photovoltaic-thermoelectric generator (PV-TEG) which could make use of the 

advantages of both individual technologies. Furthermore, photovoltaic cells utilize the 

visible and ultraviolet regions of the solar spectrum while the thermoelectric utilizes 

the infrared region of the solar spectrum. Therefore, combining both technologies 

would allow a wider utilization of the solar spectrum for energy harvesting. In 

addition, the synergetic integration of the photovoltaic and thermoelectric generator 

could result in an improved photovoltaic efficiency, and an increase in electricity 

generation per unit area compared to the conventional PV only. Furthermore, 

depending on the integration method used for the PV-TEG, the thermoelectric 

generator could be used for thermal management of the photovoltaic which will in 

turn lead to an increase in the PV efficiency and additional energy generation from the 

thermoelectric generator. Consequently, the market potential of the PV-TEG 

technology for electricity generation would be high although the technology is still in 

the development phase. 
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1.2 Research Aim and Objectives  

Despite the advancements made in the photovoltaic technology which has made it 

commercially available at a reduced cost for years, the widespread application of the 

photovoltaic technology is still hindered by its low conversion efficiency resulting 

from increase in its temperature. Therefore, this research aims to present an innovative 

thermal management technique for photovoltaic by the incorporation of thermoelectric 

generator (TEG) and heat pipe to form a hybrid photovoltaic system with improved 

overall efficiency, increased electricity generation and greater energy harvesting from 

the solar spectrum. In addition, this research aims to investigate an innovative 

technique for enhancing the electrical and mechanical performance of thermoelectric 

generators by geometry optimization. To achieve this goal, the research has set out the 

following objectives:  

1) To carry out an extensive literature review of photovoltaic thermal 

management with thermoelectric generator and heat pipe, and to study the 

various thermoelectric geometry and structure optimization techniques while 

also providing recommendations for future research. 

2) To design a conceptual hybrid photovoltaic system with thermoelectric 

generator and flat plate microchannel heat pipe with enhanced overall 

efficiency.  

3) To present mathematical analysis and develop computer simulation models to 

predict and optimise the performance of the proposed system through the use 

of three-dimensional finite element models.  

4) To setup and test a prototype system in laboratory-controlled conditions and 

validate the simulation models using the experimental results and published 

data.   
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5) To perform optimization of photovoltaic-thermoelectric system, photovoltaic-

thermoelectric-heat pipe system and thermoelectric generator for performance 

enhancement using the validated simulation models.  

 

1.3 Research Methodology  

The proposed research is a typical applied research to develop a new hybrid 

photovoltaic-thermoelectric system and perform thermoelectric geometry 

optimization. It follows the process of research assumption, questions identification, 

mathematical analysis, computer numerical simulation, experimental testing, model 

validation, and optimization case studies. The objectives of this research are achieved 

through combined research actions and interaction. The research assumption and 

questions identification form the basis for the concept formation while a combination 

of theoretical and experimental analysis is used to achieve the research objectives. The 

methods used to achieve the objectives of this research are described briefly below.  

Approach to objective 1: Review of literature on hybrid photovoltaic-

thermoelectric systems and thermoelectric geometry optimization. 

This approach would involve (1) definition and identification of the basic 

operating principles of each individual technology including photovoltaic, 

thermoelectric generator and heat pipe; (2) review of design, research and 

development works on hybrid photovoltaic-thermoelectric systems; (3) identification 

of the current research focus areas and technical barriers regarding existing hybrid PV-

TE systems including niche applications; (4) review of works on thermoelectric 

geometry and structure optimization; (5) identification of main optimization method 

and thermal stress studies; (6) description of the numerical solution using finite 

element method (FEM) and explanation of the computational procedure; and (7) 
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discussion and recommendation for future research direction of hybrid PV-TE systems 

and thermoelectric geometry optimization. This approach would enable the 

understanding of the current state-of-art of hybrid photovoltaic-thermoelectric 

systems and thermoelectric geometry optimization and provide a solid foundation for 

the achievement of the remaining objectives.  

 

Approach to objective 2: Conceptual design of the proposed system.  

This approach would involve (1) complete drawings of the proposed system 

components and integrated hybrid photovoltaic-thermoelectric-heat pipe system; (2) 

description of the basic operating principle of the system; and (3) identification of 

system components and dimensions.  

 

Approach to objective 3: Mathematical analysis and computer simulation model 

development to predict system performance.  

 This approach would enable the achievement of the technical objective of this 

research using numerical simulation. It will involve (1) description of modelling 

equations for individual components in the hybrid system; and (2) simulation of 

system performance under steady state and transient conditions.  

 

Approach to objective 4: Experimental testing and computer model validation.  

 This approach would involve (1) experimental test rig setup; (2) investigation 

of the system performance under laboratory conditions; and (3) simulation model 

validation with experimental results and published data. This approach would provide 

valuable experimental results to characterise the performance of the proposed system 

and validate the developed simulation model.  
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Approach to objective 5: Optimization of hybrid photovoltaic-thermoelectric 

systems and thermoelectric generator using the validated simulation models. 

 The validated simulation models will be used to optimize the performance of 

the systems. This approach would involve (1) optimization of photovoltaic-

thermoelectric system; (2) optimization of photovoltaic-thermoelectric-heat pipe 

system; and (3) optimization of thermoelectric generator for electrical and mechanical 

performance enhancement. The general optimization methodology for most of the 

numerical studies is thermoelectric geometry optimization. The main objective is to 

enhance the performance of the hybrid and TEG only systems by optimizing the 

thermoelectric generator geometry which is an effective method to achieve improved 

performance. 

 

1.4 Research Novelty 

Considering the current state of the hybrid photovoltaic-thermoelectric and 

thermoelectric generator technologies, this research has the following novelties which 

address the gaps identified in the literature review.  

1) Structural innovation: Introduction of the low cost and high efficiency 

microchannel heat pipe into the hybrid system can reduce the thermal 

resistance of the heat flow across the PV-MCHP and MCHP-TE interfaces and 

increase the heat transfer capacity of the MCHP from its evaporator to 

condenser, thus leading to an effective PV-to-TE energy transfer. In addition, 

the use of flat plate MCHP rather than cylindrical heat pipes can enhance better 

heat extraction from the photovoltaic due to absence of geometry mismatch 

and reduction of thermal losses. Furthermore, water cooling is a more effective 
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cooling method compared to air cooling. Therefore, the thermoelectric 

generator cold side is cooled using water instead of free air or forced air 

cooling and this enhances the performance of the hybrid system. In addition, 

the use of water cooling allows for the demonstration of the hybrid system 

feasibility for co-generation of electricity and hot water.  

 

2) Theoretical innovation: Simulation models for thermoelectric generator, 

photovoltaic-thermoelectric and photovoltaic-thermoelectric-heat pipe are 

developed and validated. The developed models can be used to predict the 

performance of the systems under steady state and transient conditions. In 

addition, the models can be used to optimize the design parameters and 

improve the performance of the system. While there is an abundance of 

research on one-dimensional and two-dimensional simulation of photovoltaic-

thermoelectric systems, there are very few research works carried out using 

three-dimensional simulation. Therefore, for the first time, a three-dimensional 

numerical simulation of a hybrid PV-TE system with and without flat plate 

heat pipe is presented in this research. Furthermore, the use of three-

dimensional modelling in this research provides a better understanding of the 

heat transfer process in the systems and temperature distribution thereby 

enabling a more accurate prediction of the system performance. COMSOL 

Multiphysics is used to perform the numerical simulations using finite element 

method (FEM). 

 

3) Conceptual innovation: The placement of the photovoltaic and 

thermoelectric generator module separately onto the microchannel heat pipe 
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(MCHP) evaporator and condenser respectively can significantly reduce the 

quantity of thermoelectric modules used. Although thermoelectric generator 

modules are commercially available, they are expensive. Therefore, the use of 

a heat pipe will minimise the quantity of TEG modules attached to the system 

and hence reduce the overall cost of the hybrid system. Furthermore, additional 

electricity can be obtained from the thermoelectric generator thereby 

increasing the overall system electrical output. 

 

1.5 Thesis Structure 

 

Figure 1.6: Thesis structure 
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The structure of the thesis including the details and interdependence of the 

different chapters is shown in Figure 1.6 and described as follows:  

Chapter 1 – Introduction: This chapter briefly describes the research background, 

aim, objectives, methodology and novelty. The research background describes the 

global energy demand and consumption, carbon emission targets globally, in the EU 

and the UK. In addition, the advantages of renewable energy sources especially solar 

energy which is the main energy source considered in this research are provided. 

Furthermore, the current market profiles of photovoltaic, thermoelectric generator and 

photovoltaic-thermoelectric are provided.  

 

Chapter 2 – Literature review: This chapter presents a detailed review of literature 

on photovoltaic thermal management with thermoelectric generator and heat pipe. It 

presents an explanation of the basic operating principles of photovoltaic, 

thermoelectric and heat pipe which are the main technologies considered in this 

research. Furthermore, two main integration methods and study types for hybrid 

photovoltaic-thermoelectric systems are presented. Current research focus areas in 

hybrid PV-TE are explained in detail. In addition, research works on thermoelectric 

geometry and structure optimization are explored in detail including different 

geometries for performance enhancement. Furthermore, the thermoelectric geometry 

optimization method is presented in addition to thermal stress optimization. Finite 

element method which is used for the numerical solution is explained and the 

computational procedure in COMSOL Multiphysics software is presented. Lastly, 

discussion and recommendations for future research direction in hybrid PV-TE and 

thermoelectric geometry optimization are provided for guidance.  
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Chapter 3 – Conceptual design of proposed system, mathematical analysis and 

computer modelling: This chapter presents the conceptual design of the proposed 

system including system components drawings. Furthermore, the operating principle 

of the system is explained and the dimensions for each component are provided. In 

addition, computer simulation models for the photovoltaic, thermoelectric generator 

and heat pipe are developed in this chapter. Furthermore, modelling equations are 

presented. In addition, the modelling results are presented and discussed in detail.  

  

Chapter 4 – Experimental testing and model validation: The experimental study 

carried out is presented in this chapter. The experimental test rig setup is presented 

including the experimental procedure. Furthermore, the experimental results obtained 

for different case studies considered under laboratory conditions are presented. In 

addition, the simulation model validation with experimental results and published data 

is presented.  

 

Chapter 5 – Hybrid photovoltaic-thermoelectric optimization results: This 

chapter presents the results from optimization studies on hybrid photovoltaic-

thermoelectric system and hybrid photovoltaic-thermoelectric-heat pipe system using 

the validated simulation models.  

 

Chapter 6 – Thermoelectric generator optimization results: This chapter presents 

the results from thermoelectric generator optimization studies using the validated 

simulation models. Innovative thermoelectric geometries are optimized numerically 

for electrical and mechanical performance enhancement.  
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Chapter 7 – Conclusion and future work: This chapter provides a conclusion for 

the research including a summary of the works carried out to achieve the aim and 

objectives of the research. Furthermore, the main findings of the research are provided, 

and limitations encountered in the research are presented. Lastly, recommendations 

for future work are presented for guidance.  

 

All the above chapters are arranged and linked systematically to provide the 

detailed process of achieving the set research aim and objectives. In addition, the thesis 

structure aids easy understanding of the research carried out and provides a concise 

overview of the work done in this research.  
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CHAPTER 2 LITERATURE REVIEW 

2.1 Chapter Introduction 

This chapter explores the concept of photovoltaic thermal management with 

the use of thermoelectric generators and heat pipes for performance enhancement. 

Furthermore, this chapter presents a detailed review of thermoelectric geometry and 

structure optimization research. The following tasks are addressed in this chapter:  

1) Providing an explanation of the basic operating principles of photovoltaic, 

thermoelectric and heat pipe.  

2) Describing the concept of hybrid photovoltaic-thermoelectric including 

integration methods and study types.  

3) Presenting a detailed overview of the current research focus areas in PV-TE 

and outcomes.  

4) Providing a detailed review of the different thermoelectric geometry and 

structure optimization available in literature and optimization method.  

5) Presenting a review of thermal stress optimization for mechanical performance 

enhancement.  

6) Explaining the finite element method and the computational procedure.  

7) Discussing the opportunities for further development of PV-TE technology 

and thermoelectric geometry optimization.  

This part of the work provides a solid foundation for the research and presents all 

the essential elements and research areas in hybrid photovoltaic-thermoelectric and 

thermoelectric geometry optimization. It is envisaged that this chapter will enable the 

fundamental understanding of photovoltaic thermal management with thermoelectric 

generators and heat pipes, and thermoelectric geometry optimization. 



CHAPTER 2 LITERATURE REVIEW 

 18 

   

2.2 Photovoltaic Systems 

The photovoltaic effect was first discovered by French physicist, Edmond 

Becquerel in 1839. However, the first silicon solar cell with a p-n junction was 

developed in 1954 by a group of researchers led by Chapin D.M at the Bell telephone 

laboratories (Chapin et al., 1954). A photovoltaic cell is made up of p-type and n-type 

semiconductors that absorb incoming photons and convert them into electron-hole 

pairs. Basically, electrons are promoted from the valence band to conduction band 

when the absorbed energy is equal to or greater than the band gap energy. This process 

generates electron-hole pairs which diffuse and separate at the p-n junction of the 

semiconductors due to the generated electric field. Subsequently, electrons are 

attracted to the negative side while the holes move to the positive side. Finally, the 

electrons flow in the external circuit and current is generated as shown in Figure 2.1a 

(Huen and Daoud, 2017).  Monocrystalline silicon cell still has the best conversion 

efficiency however, PV material optimization research is still on-going and better 

efficiency values could be achieved in the future (Green et al., 2018).  

 

Figure 2.1: Photovoltaic cell (a) p-n junction structure (Huen and Daoud, 2017) and (b) 

simplified equivalent circuit (El Chaar et al., 2011) 
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2.2.1 Modelling of the Photovoltaic Cells 

A photovoltaic cell can be modelled as a current source with a parallel diode 

as shown in Figure 2.1b. The diode current can be obtained from the Shockley 

equation as (El Chaar et al., 2011):  

𝐼𝐷 = 𝐼0 [exp (
𝑞(𝑉+𝐼𝑅𝑆)

𝛾𝑘𝑇𝑐
) − 1 ]               (2.1) 

 Reverse saturation current is obtained as,  

𝐼0 = 𝐷𝑇𝑎𝑏
3 𝑒𝑥𝑝

𝑞𝜀𝐺

𝐴𝑘𝑇𝑎𝑏
                (2.2) 

where 𝐷 is the diode diffusion factor, 𝑇𝑎𝑏 is absolute temperature, 𝑞 is electron charge, 

𝜀𝐺 is material band gap energy, 𝑘 is Boltzmann constant and 𝐴 is cross sectional area.  

 Depending on the required voltage and current levels, solar cells are connected 

in series and parallel respectively. The solar cell generator voltage and current can be 

obtained as,  

𝑉𝑔 = 𝐼𝑔𝑅𝑠
𝑁𝑠

𝑁𝑝
ln (1 +

𝑁𝑝𝐼𝑝ℎ−𝐼𝑔

𝑁𝑝𝐼0
)              (2.3) 

where 𝑅𝑠 is the series resistance, 𝑁𝑠 is number of cells in series, 𝑁𝑝 is number of cells 

in parallel and 𝐼𝑝ℎ is the cell photocurrent proportional to solar irradiance.  

𝐼𝑔 = 𝐼𝑝ℎ − 𝐼0 𝑒𝑥𝑝 (
𝑞𝑉𝑔

𝑘𝑇
− 1)               (2.4) 

where 𝑇 is the cell temperature  

 The PV cell short circuit current (𝐼𝑠𝑐) can be obtained by setting 𝑉𝑔 = 0 and 

𝐼𝑠𝑐 = 𝐼𝑝ℎ. This value varies with cell irradiance and the PV cell open circuit voltage 

(𝑉𝑜𝑐) can be obtained by setting 𝐼𝑔 = 0 thus,  

𝑉𝑜𝑐 =
𝑘𝑇

𝑞
ln [

𝐼𝑝ℎ

𝐼0
]                (2.5) 

 The maximum output power of the PV is expressed as,  

𝑑(𝑉𝑔×𝐼𝑔)

𝑑𝑡
= 0                 (2.6) 
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𝑉𝑚𝑝 = 𝑉𝑜𝑐 −
𝑘𝑇

𝑞
ln [

𝑉𝑚𝑝

𝑘𝑡/𝑞
+ 1]               (2.7) 

 The fill factor (FF) can be expressed as,  

𝐹𝐹 =
𝑉𝑚𝑝×𝐼𝑚𝑝

𝑉𝑜𝑐×𝐼𝑠𝑐
                 (2.8) 

 The efficiency of the PV can be expressed as,  

𝜂𝑝𝑣 =
𝐹𝐹 × 𝑉𝑜𝑐 × 𝐼𝑠𝑐

𝑃𝑖𝑛
                (2.9) 

where 𝑃𝑖𝑛 is the incident power on the PV cell.  

2.2.2 Influence of Temperature on Photovoltaic Cells 

Majority of the research on PV system has been on efficiency enhancement by 

application of effective thermal management techniques. The conversion efficiency of 

the PV is largely dependent on the solar cell temperature therefore, cooling of the PV 

is of utmost importance. It is obvious from Figure 2.2 that the solar cell temperature 

affects the cell efficiency, open circuit voltage and short circuit current (Singh et al., 

2008). In addition, Figure 2.3 shows the influence of cell temperature on the current-

voltage (I-V) characteristics of the PV cell  (Fisac et al., 2014). Generally, the PV 

performs better at lower cell temperature values. The temperature dependence of PV’s 

efficiency is often characterized by a property known as Temperature coefficient. It is 

used in quantifying the temperature sensitivities of the PV cell performance. To 

compare different PV cells, the temperature coefficient are usually given at a 

normalized value of 25 ℃ or 298.15 K (Dupré et al., 2017).  

The PV electrical efficiency can be increased by removing the accumulated 

heat from the concealed PV surface and using this heat appropriately (Zhang et al., 

2012). Different technologies such as Photovoltaic/Thermal (PV/T) and Photovoltaic-

Thermoelectric Generator (PV-TEG) have been developed for this purpose. However, 

the PV-TEG can only fulfil this purpose if the TEG is in physical contact with the PV 
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(i.e. direct coupling method). Nevertheless, the TEG will have to operate at a 

temperature higher than the ambient temperature to produce some electrical power 

and it most likely will heat up the solar cell if not properly cooled. If the TEG is not 

in physical contact with the PV (i.e. spectrum splitting method), it cannot cool down 

the PV cell. 

 

Figure 2.2: Effect of cell temperature on efficiency, open circuit voltage and short circuit 

current of a monocrystalline silicon cell (Singh et al., 2008) 

 

Figure 2.3: Influence of temperature on the I-V characteristics of a photovoltaic cell (Fisac et 

al., 2014) 

2.3 Thermoelectric Devices  

Thermoelectric devices can operate either as a generator as shown in Figure 

2.4a or as a cooler as shown in Figure 2.4b (J. F. Li et al., 2010). Direct conversion of 

energy is dependent on the physical transport properties of thermoelectric materials 

including thermal conductivity, Seebeck coefficient and electrical conductivity, and 
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their energy conversion efficiency which is expressed in terms of thermoelectric figure 

of merit. 

 

Figure 2.4: Schematic of a thermoelectric (a) generator and (b) cooler (J. F. Li et al., 2010) 

2.3.1 Thermoelectric Effects 

Direct conversion of thermal energy to electrical energy and vice versa can be 

achieved by a thermoelectric device based on the thermoelectric effect which consists 

mainly of three separate effects including Seebeck effect, Peltier effect, and Thomson 

effect. The thermoelectric effects are described below:  

2.3.1.1 Seebeck Effect 

The Seebeck effect which was discovered in 1821 by Thomas Seebeck 

describes the generation of voltage at the junction of two different conductors when a 

temperature difference is present across the junctions. The thermoelectric generator 

operates based on the Seebeck effect for direct conversion of thermal energy to 

electrical energy. A schematic of the Seebeck effect is shown in Figure 2.5 where two 

different conductors A and B are joined together to form an electrical circuit. The 

conductors are connected thermally in parallel and electrically in series with one 

junction acting as the hot junction with temperature 𝑇ℎ while the other junction is the 

cold junction with temperature 𝑇𝑐. Voltage generation occurs only when the hot 

junction temperature is larger than the cold junction temperature thereby creating a 
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temperature difference across the junctions. Furthermore, the Seebeck effect occurs as 

a result of thermal diffusion which causes the transfer of charge carriers (electrons or 

holes) across (or against) temperature difference in the conductors (Enescu, 2019). In 

addition, the Seebeck effect is used in thermocouples for temperature measurement.  

The Seebeck coefficient is given as:  

𝛼𝐴𝐵 =
𝑉

∆𝑇
               (2.10) 

 

Figure 2.5: Schematic of the Seebeck effect in an open circuit (Enescu, 2019).  

2.3.1.2 Peltier Effect  

Peltier effect which was discovered in 1834 by Jean-Charles Peltier describes 

the direct conversion of electrical energy into thermal energy which can be used for 

heating or cooling. Based on the Peltier effect, an electric current creates a heating or 

cooling effect at the junction of two different conductors depending on the direction 

of current flow as shown in Figure 2.6 (Chen, 2009). Furthermore, the thermoelectric 

cooler (TEC) operates based on the Peltier effect and the Peltier coefficient is given 

as:  

𝜋𝐴𝐵 =
𝑞

𝐼
               (2.11) 

where 𝑞 is the rate of heat absorption or release and 𝐼 is the current in the circuit.  
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Figure 2.6: Schematic of Peltier effect (Chen, 2009).   

2.3.1.3 Thomson Effect 

The Thomson effect which was discovered in 1852 by William Thomson 

describes the process of heat absorption or release due to the flow of current through 

a portion of a single conductor in the presence of a temperature difference as shown 

in Figure 2.7. The Thomson coefficient is given as:  

𝛽 =
𝑞

𝐼∆𝑇
               (2.12) 

where ∆𝑇 is temperature difference, 𝑞 is the rate of heat absorption or release and 𝐼 is 

the current in the circuit.  

 

Figure 2.7: Schematic of Thomson effect (Chen, 2009).   

2.3.1.4 Kelvin Relationships 

The three thermoelectric coefficients described above are related by the Kelvin 

relationships. Furthermore, the relationships between the thermoelectric coefficients 

(Seebeck, Peltier and Thomson) can be obtained by the principles of irreversible 
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thermodynamics. These relationships are known as Kelvin’s laws and are given as 

(Goldsmid, 2017):  

𝜋𝐴𝐵 = 𝛼𝐴𝐵𝑇                          (2.13) 

𝛽𝐴 − 𝛽𝐵 = 𝑇
𝑑𝛼𝐴𝐵

𝑑𝑇
              (2.14) 

 The relationship between the Seebeck coefficient and Peltier coefficient is 

described by Eq. (2.13) which shows that the same thermoelectric material can be used 

for the thermoelectric generator and the thermoelectric cooler. Furthermore, the Peltier 

coefficient is difficult to determine, while the Seebeck coefficient is very easy to 

measure therefore, the theory of thermoelectric energy conversion is usually 

developed in terms of the Seebeck coefficient and Eq. (2.13) is used to obtain the 

Peltier coefficient if needed (Goldsmid, 2017). The relationship between the Seebeck 

coefficient and the Thomson coefficient is described by Eq. (2.14).   

2.3.2 Thermoelectric Materials 

The quality of thermoelectric materials used for generating electric power via 

the Seebeck effect or cooling (refrigeration) via the Peltier effect is mainly determined 

by three intrinsic material properties including, electrical conductivity, Seebeck 

coefficient and thermal conductivity. Materials with high electrical conductivity are 

favourable because electrical current is passed in both the power generation and 

cooling mode. In addition, a large Seebeck coefficient is essential because a large 

generated voltage per unit temperature gradient is desired. Lastly, a low thermal 

conductivity is essential for TE materials because temperature difference must be 

maintained across the material (Minnich et al., 2009). A dimensionless parameter 

known as thermoelectric figure of merit (ZT) is usually used to obtain the 

thermoelectric efficiency and it is expressed as (Elsheikh et al., 2014), 

𝑍𝑇 =
𝛼2𝜎

𝜅
𝑇               (2.15) 



CHAPTER 2 LITERATURE REVIEW 

 26 

where 𝛼 is the Seebeck coefficient, 𝜎 is the electrical conductivity, 𝜅 is the thermal 

conductivity and 𝑇 is the absolute temperature.   

 Classifying thermoelectric materials based on operating temperature range, 

Bismuth telluride (Bi2Te3) is used for low temperature (< 500 K) power generation. 

Materials based on group-IV tellurides such as PbTe, GeTe and SnTe are used for 

mid-temperature (500-900 K) power generation. Lastly, silicon-germanium alloys are 

used for high temperature (> 900 K) power generation (Twaha et al., 2016). For 

thermoelectric devices to gain wider application, materials with high ZT and low price 

must be developed, and this is an achievable future goal due to the extensive research 

being carried out in this area.  

2.3.3 Modelling of Thermoelectric Generator  

The efficiency of a thermoelectric generator is expressed as (Rowe, 2006), 

𝜂 =
𝐸𝑛𝑒𝑟𝑔𝑦 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑙𝑜𝑎𝑑

𝐻𝑒𝑎𝑡 𝑒𝑛𝑒𝑟𝑔𝑦 𝑎𝑏𝑜𝑠𝑟𝑏𝑒𝑑 𝑎𝑡 𝑡ℎ𝑒 ℎ𝑜𝑡 𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛 
           (2.16) 

Assuming constant thermoelectric material properties and negligible contact 

resistances, the efficiency can be expressed as,  

𝜂𝑡𝑒𝑔 =
𝐼2𝑅

 𝛼𝐼𝑇ℎ=𝜅(𝑇ℎ−𝑇𝑐)−
1

2
𝐼2𝑅

             (2.17) 

where 𝐼 is current, 𝑅 is series resistance, 𝑇ℎ is hot side temperature and 𝑇𝑐 is cold side 

temperature.  

 The maximum conversion efficiency is given as, 

𝜂𝑚𝑎𝑥 = 𝜂𝑐
√1+𝑍𝑇−1

√1+𝑍𝑇+
𝑇𝑐
𝑇ℎ

              (2.18) 

where 𝜂𝑐 is the Carnot efficiency and it is expressed as,  

𝜂𝑐 =
𝑇ℎ−𝑇𝑐

𝑇ℎ
               (2.19) 
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2.3.4 Applications of Thermoelectric Generator  

Thermoelectric generators have a wide range of applications such as in waste 

heat recovery for automobiles (Hsiao et al., 2010; Saqr et al., 2008; Shu et al., 2018; 

Yang, 2005), wearable sensors (Francioso et al., 2010; Kim et al., 2014; Qing et al., 

2018; Suarez et al., 2017), micropower generation (Amatya and Ram, 2010), wireless 

sensor network (Madan et al., 2015), space power (Pichanusakorn and Bandaru, 2010) 

and buildings (He et al., 2015b). Detailed explanation of the application of the 

thermoelectric generator in the aforementioned sectors can be found in the referenced 

literatures. For the sake of this review, more focus is placed on the application of 

hybrid PV-TEG in the later sections.  

 

2.4 Heat Pipes  

Heat pipes are passive devices which are highly effective for transferring heat 

at high rates over considerable distances with extremely small temperature drops, 

simple construction, exceptional flexibility and easy control with no need for external 

pumping power (Faghri, 1995). Heat pipes are efficient thermal management solutions 

which have been used for numerous applications such as electronic equipment 

cooling, solar thermal systems, solar photovoltaic cooling, aerospace equipment 

cooling, heat exchangers and heat pumps, automobile applications, medicine and 

human body temperature control and permafrost stabilization (Faghri, 2014). 

2.4.1 Basic Operational Principle  

A conventional heat pipe as shown in Figure 2.8 comprises of a sealed 

container (pipe wall and end caps), wick structure and a small amount of working fluid 

that is in a state of equilibrium with its own vapor. The heat pipe consists of three main 

parts including evaporator section, adiabatic (transport) section and condenser section. 
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The heat pipe operates in such a way that when heat is externally applied to its 

evaporator section, the heat is conducted through the pipe wall and wick structure, 

where vaporization of the working fluid occurs. Furthermore, the resulting vapor 

pressure drives the vapor through the adiabatic section to the condenser section where 

condensation of the vapor occurs thereby releasing its latent heat of vaporization to 

the attached heat sink. A capillary pressure is created by the menisci in the wick which 

causes the condensed fluid to be pumped back to the evaporator section. Consequently, 

a continuous transportation of the latent heat of vaporization from the evaporator to 

the condenser section of the heat pipe is possible and it will continue forasmuch as  

the capillary pressure is sufficient enough to drive the process (Faghri, 2014).  

 

Figure 2.8: Schematic of a conventional heat pipe (Faghri, 2014) 

2.4.2 Types of Heat Pipes 

Different heat pipe configurations are available for different applications 

however, to simplify the design and manufacturing process, heat pipe containers are 

generally circular cylinders while others are rectangular (flat heat pipes), conical 

(rotating heat pipes), corrugated flexible heat pipes, and nosecap (Faghri, 2012). 

Furthermore, there are various types of heat pipes commercially viable for various 

applications which require moderate to high temperature fluctuations (Chaudhry et al., 
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2012). In this research, a flat plate microchannel heat pipe (MCHP) is used because it 

is currently one of the most preferred heat pipes because it provides greater heat 

transfer characteristics and a better performance over small temperature gradients due 

to its microchannel structure  (Li et al., 2019a).  

2.4.3 Working Fluid 

The working fluid is one of the three basic components of a heat pipe in 

addition to wick or capillary structure and the container. The operating vapour 

temperature range is an important parameter which must be considered before the 

selection of a suitable working fluid. In addition, thermodynamic considerations 

influence the working fluid selection in terms of various heat transfer limitations in 

the heat pipe.  

2.4.4 Heat Transfer Limits  

In a heat pipe, the maximum heat transfer capacity is hindered by five limits 

including viscous limit, sonic limit, capillary limit, entrainment limit and boiling limit 

(Reay et al., 2014). The heat pipe thermal performance is limited by one of the five 

limits depending on the operating temperature range and heat pipe geometry. A brief 

description of each limit is given as (Byon, 2016):  

1) Viscous limit: The viscous forces prevent the flow of vapor within the heat 

pipe.  

2) Sonic limit: The flow of vapor reaches sonic velocity when leaving the 

evaporator thereby choking the flow.  

3) Capillary limit: The capillary limit occurs when the working fluid circulation 

rate increases till the flow path drop in pressure attains the developed capillary 

pressure.  



CHAPTER 2 LITERATURE REVIEW 

 30 

4) Entrainment limit: This is friction occurring between the working fluid and the 

vapor which both travel in opposite directions.  

5) Boiling limit: This occurs in the wick which prevents the return of the working 

fluid.  

 

2.5 Hybrid Photovoltaic-Thermoelectric Systems   

Integrating thermoelectric devices into photovoltaic systems can enable the 

efficient thermal management of PV thus, enhancing its overall performance. When 

thermoelectric generators are combined with PV, depending on the integration method 

of the PV-TEG, the TEG can utilize the waste heat from the PV to generate some 

electrical energy if it is properly cooled and there is sufficient temperature difference 

across it. In addition, the overall hybrid system performance could potentially be 

enhanced by the integration of thermoelectric generators into PV if the system is 

properly designed although there is a possibility of reduced performance due to the 

complex relationship between PV and TEG.  

2.5.1 Hybrid System Integration Methods 

The combination of photovoltaic and thermoelectric allows for the wider use 

of the solar spectrum. This is because PV converts the ultraviolet and visible regions 

(200 – 800nm) of the solar spectrum into electricity while TEG converts the infrared 

region (800-3000nm) into electricity (Tritt et al., 2008). The two main PV-TEG 

integration methods are the spectrum splitting and direct coupling integration. The 

difference is the presence or absence of a reflective component (e.g. spectrum-splitter 

or prism). Determining the best integration method for the hybrid system by 

comparing the two integration methods (spectrum splitting and direct coupling) is not 

straightforward. This is because, when conversion efficiency is used as the only 
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comparison parameter, the direct coupling hybrid system can perform better than the 

spectrum splitting hybrid system (Contento et al., 2017). However, the spectrum 

splitting hybrid system has an advantage over the direct coupling hybrid system 

because it requires a smaller quantity of active thermoelectric material per unit area 

due to the smaller hybrid system fill factors at maximum efficiency.  

In addition, the spectrum splitting system requires a smaller area which must 

be covered by cooling devices thus, the costs of the spectrum splitting system should 

be lower than that of the direct coupling system (Lorenzi et al., 2017). Nevertheless, 

the larger size of the system along with the additional cost of the splitting device might 

result in a balance between the pros and cons of the spectrum splitting and direct 

coupling integration methods (Contento et al., 2017).  Consequently, the final decision 

on the best integration method for the hybrid system can only be reached upon 

completion of a detailed comparison between the pros and cons (including a cost 

evaluation) of the two integration methods (Lorenzi et al., 2017).  Integrating 

thermoelectric generators into solar panels could provide an additional energy of 2-

10% depending on the thermoelectric material, connection and configuration (Babu 

and Ponnambalam, 2017). Therefore, research on PV-TEG is increasing expeditiously 

due to its huge potential to provide enhanced performance compared to stand alone 

PV or TEG systems.  

2.5.1.1 Spectrum Splitting Method 

Basically, in the spectrum splitting system, the solar radiation is reflected by a 

splitter at a specific wavelength (cut-off wavelength) and this separates the radiation 

used by the PV and TEG for energy conversion as shown in Figure 2.9. The PV and 

TEG are usually placed perpendicularly when the spectrum splitting integration 

method is used and the radiation that is longer than the cut-off wavelength is reflected 
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by the TEG while those shorter than the cut-off wavelength transmit through the 

spectrum splitter and are absorbed by the PV (Huen and Daoud, 2017). It is important 

to note that when this integration method is used, the PV and TEG work independently 

on converting solar energy into electricity thus, the TEG doesn’t cool down the PV or 

use the PV’s waste heat for energy conversion.    

 

Figure 2.9: Schematic of spectrum splitting PV-TEG integration (Tritt et al., 2008) 

Kraemer et al. (2008) presented a general optimization methodology for a 

hybrid PV-TEG system using the spectrum splitting method. Three different PV types 

were studied experimentally, and it was found that the amorphous silicon cell provided 

the best hybrid system efficiency of 13.26% when a TEG with efficiency of 8% was 

used. A comprehensive study of a spectrum splitting concentrated PV-TEG system 

was performed by Ju et al. (2012). The influence of cut-off wavelength, concentration 

ratio and heat transfer coefficient on the performance of the hybrid system were 

studied and optimization of the hybrid system was performed. They found that the 

TEG contributed about 10% of the total hybrid system power and the optimized hybrid 

system efficiency was about 27.49%. A comparison of the hybrid system with the 

conventional PV system was made and it was found that the hybrid system is better 

suited for high concentration conditions due to its enhanced performance. 
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Furthermore, the optimum design for a concentrated spectrum splitting PV-TEG was 

proposed by Yin et al. (2018a) to optimize the distribution of solar energy in a 

spectrum splitting CPV-TEG without compromising the optimum design state of the 

individual systems. The authors argued that the thermoelectric structure factor 

influences the optimum temperature distribution in the TEG. It was also found that the 

spectral splitter optimum cut-off wavelength and thermoelectric figure of merit have 

an inverse relationship.  

Yang et al. (2018) studied the performance of a spectrum splitting PV-TEG 

system using numerical simulation. It was found that the efficiency of the hybrid 

system increased by 2.67% and 2.19% compared to that of the PV only system at 

concentration factors of 30 and 100 respectively. Bjørk et al. (2018) studied the 

maximum theoretical performance of a PV-TEG system without concentration. The 

authors used an analytical model to study the performance of the system and found 

that the hybrid system using spectrum splitting could achieve a maximum efficiency 

increase of 1.8 percentage point compared to the PV only system. Furthermore, Liang 

et al. (2018) performed an experimental and numerical investigation on the 

performance of a spectrum splitting concentrated hybrid PV-TEG system. Results 

showed that the direct normal irradiation (DNI), optical concentration ratio and height 

ratio of the two TEG stages could significantly affect the performance of the hybrid 

PV-TEG system. The performance data for some of the spectrum splitting PV-TEG 

systems reviewed can be found in Table 2.1.  

 

Table 2.1: Summary of some selected spectrum splitting PV-TEG systems reviewed 

Material Efficiency  Remarks 
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Referenc

e 

PV TE Study 

type  

PV-

TEG 

PV 

Kraemer 

et al. 

(2008) 

Monocryst

alline 

silicon  

N/A Simulation  11.45

% 

9.09

% 

TEG efficiency of 

8% corresponding 

to figure of merit 

(ZT = 1.7) was 

used.  

Amorphou

s silicon  

N/A Simulation 13.26

% 

9.40

% 

Polymer 

thin film  

N/A Simulation 8.32% 3.41

% 

Ju et al.  

(2012) 

GaAs Skutte

rudite 

CoSb3 

Simulation 27.49

% 

N/A Figure of merit 

(ZT = 1.4) at 

800K, heat transfer 

coefficient of 4500 

W/m2/K were 

used, and the 

optimized results 

were given.  

Mizoshir

i et al. 

(2012) 

Amorphou

s silicon  

Thin- 

film 

Bismu

th  

Experimen

t 

N/A N/A Open circuit 

voltage of hybrid 

system increased 

by 1.3% compared 

to PV only system.  

Li et al. 

(2014) 

N/A N/A Simulation 31-

34% 

 

N/A Figure of merit 

(ZT = 1) was used 

and 30% power 
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output 

enhancement was 

obtained.  

Elsarrag 

et al. 

(2015) 

Monocryst

alline 

silicon  

Bismu

th 

telluri

de 

Experimen

t and 

simulation 

N/A N/A Hybrid system 

performed better 

than PV only 

system.  

Skjølstru

p et al. 

(2016) 

Amorphou

s silicon  

N/A Simulation 19.1% 15.8

% 

Beam splitter layer 

was 114 and TE 

efficiency was 8%.  

 Microcryst

alline 

silicon 

N/A Simulation 19.8% 17.5

% 

Beam splitter layer 

was 128 and TE 

efficiency was 8%.  

Sibin et 

al. (2017) 

N/A N/A Experimen

t 

N/A N/A ITO/Ag/ITO 

spectral beam 

splitter coating 

was developed, 

and it had a high 

visible 

transmittance of 

88%.  

Yin et al. 

(2018a) 

GaAs N/A Simulation  30% N/A Figure of merit 

was 1 and cut-off 

wavelength was 
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equal to maximum 

wavelength of PV.   

Yang et 

al. (2018) 

Silicon  N/A Simulation  40.2% 39.32

% 

Concentration 

factor was 100.  

Bjørk et 

al. (2018) 

N/A N/A Simulation  1.8 

percen

tage 

points 

increa

se 

N/A Maximum hybrid 

system efficiency 

without 

concentration was 

studied.  

Mustofa 

et al. 

(2018) 

N/A Bismu

th 

telluri

de 

Experimen

t  

N/A N/A Long wavelengths 

of around 800nm 

were emitted by 

the halogen lamps 

for the TEG.  

Shou et 

al. (2012) 

Crystalline 

silicon  

N/A Simulation  3.24% 

increa

se 

N/A Hybrid system had 

a filter at 150 suns.  

 

2.5.1.2 Direct Coupling Method 

In the direct coupling system, no splitter is used thus, the PV and TEG are 

directly coupled and placed in a parallel arrangement. The PV is placed directly above 

the TEG and a heat sink is attached to the bottom of the TEG just as in the case of the 

spectrum splitting as shown in Figure 2.10. The reason for placing the PV above the 

TEG is because the PV absorbs the shorter wavelengths while the TEG absorbs the 
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longer wavelength (Huen and Daoud, 2017). In addition, when the direct coupling 

method is used, the unabsorbed solar radiation from the PV transmits through the PV 

to the TEG below and this serves as the input heat flux for the TEG to generate some 

electrical power. Van Sark (2011) proposed an effective thermal management 

technique for photovoltaic cells by integrating thermoelectric modules into the PV 

using the direct coupling method to form a hybrid PV-TEG system with enhanced 

electrical performance.  Two case studies were presented for Malaga, Spain and 

Utrecht, Netherlands. Using a typical figure of merit value of 0.004/K at 300 K, the 

authors observed an efficiency increase of 23% for the roof integrated PV-TEG. The 

results obtained also showed that by using the annual irradiance and temperature 

profiles of Malaga and Utrecht, the annual energy of these cities could increase by 

about 14.7% and 11% respectively. 

 

Figure 2.10: Schematic of direct coupling PV-TEG integration (Fisac et al., 2014) 

 Yin et al. (2018b, 2018c) performed a couple of detailed investigations on the 

optimum design of hybrid PV-TEG system using direct coupling method. The actual 

performance of a PV-TEG system throughout a single day was studied to see the 
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influence of solar radiation variation with time on the hybrid system performance (Yin 

et al., 2018b). The results obtained showed that the hybrid system performed better 

than the PV only system within a one-day period and a high efficiency of 16.7% was 

achieved by the hybrid system (Yin et al., 2018b). Furthermore, an optimum design 

method and selection principle for a concentrated direct coupling PV-TEG system was 

presented in (Yin et al., 2018c). It was found that the minimum TEG figure of merit 

value can be used to perform a feasibility study for the CPV-TEG and select the 

coupling devices. The authors also found that the optimum temperature and 

thermoelectric thermal resistance both have an inverse relationship with the PV 

temperature coefficient. The performance data for some of the direct coupling PV-

TEG systems reviewed can be found in Table 2.2.   

 

Table 2.2: Summary of some selected direct coupling PV-TEG systems reviewed 

Referenc

e 

Material Study type  Efficiency  Remarks 

PV TE PV-

TEG 

PV 

Guo et al. 

(2010) 

Dye-

sensitized 

solar cell 

(DSSC)  

N/A Experimen

t 

10% 

incre

ase 

N/A Hybrid efficiency 

was compared with a 

single DSSC.  

Wang et 

al. (2011) 

Dye-

sensitized 

solar cell  

N/A Experimen

t 

13.8

% 

9.26

% 

Solar selective 

absorber was used.  
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Van Sark 

(2011) 

Polycryst

alline 

silicon 

Bismuth 

telluride 

(Bi2Te3) 

Simulation 13.98

% 

10.7

8% 

Typical figure of 

merit value of 1.2 

and coefficient c = 

0.058 were used.   

Daud et 

al. (2012) 

Polycryst

alline 

silicon 

Bismuth 

telluride 

Experimen

t 

9.064

% 

5.97

0% 

Solar radiation of 

868 W/m2 and liquid 

cooling was used.  

Park et al. 

(2013) 

Crystallin

e silicon  

Bismuth 

telluride 

Experimen

t and 

simulation  

16.30

% 

12.5

% 

30% optimized 

efficiency increase at 

15oC TE temperature 

difference. 

Zhang et 

al. (2013) 

Polymer Bismuth 

telluride 

Experimen

t 

N/A N/A Hybrid system 

power output 

increase of 46.6% 

compared to PV only 

system was 

observed.  

Li et al. 

(2018b)  

 

Crystallin

e silicon 

N/A Simulation 11.07

% 

9.5

% 

TE load resistance 

was 0.75 and 

figure of merit was 

0.0085/K. 

GaAs N/A Simulation 22.94

% 

21.9

1% 

TE load resistance 

was 1.60 and 

figure of merit was 

0.0022/K 
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Zhang et 

al. (2014) 

Crystallin

e silicon 

Nanostr

uctured 

bismuth

-

antimon

y-

telluride 

Simulation 18.6

% 

18.4

% 

Concentration ratio 

was 16.  

Thin-film 

silicon 

Simulation 14% 11% Concentration ratio 

was 12. 

Polymer Simulation 12% 4% Concentration ratio 

was 5. 

CIGS Simulation 23.5

% 

21.5

% 

Concentration ratio 

was 30. 

Cui et al. 

(2016) 

Crystallin

e silicon 

Bismuth 

telluride 

Simulation 20.1

% 

N/A Operating 

temperature was 

300K, optical 

concentration was 

100 and PCM was 

used.  

CIGS Bismuth 

telluride 

Simulation 20.5

% 

N/A Operating 

temperature was 

300K and optical 

concentration was 0.  

Single-

junction 

GaAs 

Bismuth 

telluride 

Simulation 28.09

% 

N/A Operating 

temperature was 

425K, figure of merit 

was 1.5, and optical 

concentration was 

500. 
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GaInP/In

GaAs/Ge 

(III-V) 

Bismuth 

telluride 

Simulation 38.90

% 

N/A Operating 

temperature was 

300K and optical 

concentration was 

500. 

Liao et al. 

(2014) 

Polycryst

alline  

Bismuth 

telluride 

Simulation 15% N/A CG (Concentration 

ratio x Solar 

irradiance) was 

875W/m2.  

Chen et 

al. (2014) 

DSSC N/A Simulation 24.60

% 

N/A Maximum power 

output of 1.389mW 

was obtained.  

Lin et al. 

(2015) 

Crystallin

e silicon  

Bismuth 

telluride 

Simulation  13% 10.2

4% 

Power and efficiency 

enhancement of 

about 27% was 

observed.  

Beeri et 

al. (2015) 

Multijunc

tion  

Bismuth 

telluride 

Experimen

t and 

simulation 

32.09

% 

32.0

8% 

Concentration factor 

was 20 and hybrid 

power output was 

0.190W.  

Da et al. 

(2016) 

GaAs N/A Simulation 18.51

% 

N/A Figure of merit was 

2.5 and Air Mass was 

1.5.   

Dou et al. 

(2016)  

DSSC Bi2Te3/

ZnO 

Simulation 4.27

% 

N/A Hybrid efficiency 

was 44.3% higher 
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 than efficiency of 

ZnO photoanode.  

Attivissi

mo et al. 

(2015) 

Polycryst

alline  

Bismuth 

telluride 

Simulation N/A N/A TEG contributes 

about 12.2% to the 

hybrid system 

energy in Pachino.  

Luo et al. 

(2016) 

Heterojun

ction  

Bismuth 

telluride  

Experimen

t 

23.30

% 

incre

ase 

N/A Efficiency increase 

was achieved after 1 

min illumination.  

Pang et 

al. (2017) 

Monocry

stalline 

silicon 

Bismuth 

telluride 

Simulation 5.9% 5.7

% 

Efficiency increase 

of 3.9% was 

observed.  

Cotfas et 

al. (2016) 

Monocry

stalline 

silicon 

Bismuth 

telluride 

Simulation  N/A 18.9

3% 

Solar irradiance was 

920W/m2.  

Polycryst

alline 

silicon  

Bismuth 

telluride 

Simulation  N/A 16.7

1% 

Solar irradiance was 

1020W/m2. 

Amorpho

us silicon   

Bismuth 

telluride 

Simulation  N/A 2.88

% 

Solar irradiance was 

720W/m2. 

Lamba et 

al. (2016) 

Monocry

stalline 

silicon 

Bismuth 

telluride 

Simulation 5.8% 5.2

% 

Number of TEG was 

127 and 

concentration ratio 

was 3.  
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Zhu et al. 

(2016) 

Monocry

stalline 

silicon  

N/A Experimen

t and 

simulation  

23% 19% TEG contributed 

extra electrical 

energy of 648J 

during zero solar 

radiation period.   

Hashim et 

al. (2016) 

Amorpho

us silicon  

Bismuth 

telluride 

Simulation  10.2

% 

N/A Hybrid system 

power output 

increased to 163mW.  

Kossyvak

is et al. 

(2016) 

Polycryst

alline 

silicon 

Bismuth 

telluride 

Experimen

t and 

simulation  

22.5

% 

incre

ase 

N/A Hybrid system 

efficiency was 

obtained 

theoretically.  

DSSC Bismuth 

telluride 

Experimen

t and 

simulation 

30.2

% 

incre

ase 

N/A Hybrid system 

efficiency was 

obtained 

theoretically. 

Zhang et 

al. (2016) 

Perovskit

e 

Bismuth 

telluride 

Simulation 18.6

% 

17.8

% 

Solar selective 

absorber was used.  

Cui et al. 

(2017) 

Single-

junction 

GaAs 

Bismuth 

telluride 

Experimen

t 

13.45

% 

13.4

3% 

Phase change 

material (PCM) was 

used.  

Zhou et 

al. (2016) 

DSSC p-type 

Bi0.4Sb1.

6Te3, n-

type 

Experimen

t 

9.08

% 

7.21

% 

Hybrid efficiency 

was greater than 

TEG efficiency by 

725.5%.   
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Bi2.85Se0

.15Te3 

Lamba et 

al. (2018) 

Monocry

stalline 

silicon 

Bismuth 

telluride 

Simulation 7.44

% 

7.06

8% 

Maximum power 

output of the hybrid 

system was 

595.5mW.  

Dallan et 

al. (2015) 

Monocry

stalline 

silicon 

Bismuth 

telluride 

Experimen

t 

13.2

% 

8.05

2% 

PV and TE power 

output were 

60.5W/m2 and 

0.01W/m2 

respectively.  

Kil et al. 

(2017) 

Single 

junction 

GaAs 

Bismuth 

telluride 

Experimen

t 

23.2

% 

22.5

% 

Solar concentration 

was 50 suns.  

Soltani et 

al. (2017) 

Crystallin

e silicon  

Bismuth 

telluride 

Experimen

t 

3.355

% 

incre

ase 

N/A SiO2/water nanofluid 

cooling was used and 

power output was 

increased by 8.26% 

compared to natural 

cooling.  

Li et al. 

(2017) 

CIGS Bismuth 

telluride 

Simulation  21.6

% 

20.7

1% 

Concentration ratio 

was 200.  

Thin film 

silicon 

Bismuth 

telluride 

Simulation  13.1

% 

12.8

9% 

Concentration ratio 

was 200. 
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Polymer  Bismuth 

telluride 

Simulation 8% 7.47

% 

Concentration ratio 

was 180. 

Contento 

et al. 

(2017) 

Amorpho

us silicon 

Nanostr

uctured 

Bi2Te3 

Simulation   

57% 

incre

ase 

N/A  57% increase and  

42% for directly and 

indirectly coupled 

systems respectively.  

Heterojun

ction 

CZTS 

Nanostr

uctured 

Bi2Te3 

Simulation  

35% 

incre

ase 

N/A  35% increase and  

24% for directly and 

indirectly coupled 

systems respectively. 

Liu et al. 

(2017) 

Perovskit

e  

Bismuth 

telluride 

Experimen

t  

22.2

% 

9.88

% 

Ice bath was used for 

TE cooling and Air 

mass was 1.5.  

Zhang et 

al. (2017) 

Silicon  N/A Experimen

t 

N/A N/A Hybrid system 

achieved high 

absorption for 

wavelengths of 0.3-

1.1m.  

Machrafi 

et al. 

(2017) 

Monocry

stalline 

silicon  

p-

Sb2Te3 

n-Bi2Se3 

Simulation  25% N/A Thermoelectric 

nanoparticles were 

used, and optimum 

cooling velocity was 

10m/s.  
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Jeyashree 

et al. 

(2017) 

Polycryst

alline 

silicon  

Bismuth 

telluride 

Experimen

t 

N/A N/A Ice block was used 

for TEG cooling and 

hybrid system power 

output was 10.772W.  

Nishijima 

et al. 

(2017) 

Black 

silicon 

N/A Simulation  N/A N/A Ge-Sn layer was 

added to the solar 

cell and voltage 

increase of 7% was 

observed.  

Babu et 

al. (2018) 

Polycryst

alline  

Bismuth 

telluride 

Simulation  6% 

incre

ase 

N/A TEG contributed 

energy of 1-3% of 

PV rating.  

Li et al. 

(2018) 

InGaP/In

GaAs/Ge 

triple-

junction  

Bismuth 

telluride 

Experimen

t  

33.53

% 

32.8

6 

PCM and water 

cooling were used. 

Average efficiency 

was considered.   

 

2.5.2 PV-TEG Study Type 

Recently, there has been an increasing number of research works published 

relating to PV-TEG due to the high level of interest in such hybrid systems and its 

huge potential for enhanced performance compared to PV only systems. Some of the 

most recently published works on PV-TEG as at the time of writing this review are 

discussed in this section based on the type of study conducted. Generally, hybrid PV-

TEG is usually studied experimentally or theoretically. The theoretical study also 

involves computational/numerical study.  
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2.5.2.1 Experimental Study 

Mahmoudinezhad et al. (2019) presented an experimental study of the transient 

behaviour of a hybrid concentrating triple junction solar cell-thermoelectric generator 

system. Results obtained showed that the use of a thermoelectric generator in a hybrid 

system is an effective way to stabilize the overall power output of the hybrid system. 

In addition, the authors argued that geometry and material optimization are two 

effective ways to enhance the contribution of the thermoelectric generator to the 

overall hybrid system power output. Yin et al. (2019) performed an experimental 

investigation on the feasibility of a concentrated photovoltaic-thermoelectric (CPV-

TE) system with phase change material (PCM) and the thermal resistance analysis of 

such hybrid system. Results obtained showed that the phase change material 

efficiently maintained the temperature of the PV cell in the hybrid CPV-PCM-TE to 

about 50 ℃ while the PV temperature in the hybrid CPV-TE system attained a high 

value of 80 ℃. In addition, the results showed that the average power output of the 

hybrid CPV-PCM-TE system increased by 23.52% compared to that of the hybrid 

CPV-TE system.  

 The feasibility and optimization of a hybrid PV-TEG system was studied 

experimentally by Lekbir et al. (2019). Results from the experiment carried out 

showed that the maximum power output of the hybrid system was 0.12W and this was 

greater than that of the PV cell and TEG therefore, the hybrid system performed better 

under the same environmental conditions. Marandi et al. (2018) performed an 

experimental investigation of a hybrid PV-TEG system with a solar cavity receiver. A 

novel method to reduce re-radiation from PV panels by using cavity receiver was 

presented and the developed cavity hybrid PV-TEG system achieved a peak efficiency 

of 21.9%. Zhang et al. (2019) presented a unique structural arrangement for enhanced 
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performance of hybrid PV-TEG system. In the design, ceramic plates on the TE 

module were eliminated to enhance heat transfer by reducing thermal resistance and a 

V-type groove was used to enhance absorption of solar energy by keeping each PV 

cell in a perpendicular position to its adjacent PV cells. The authors performed an 

experimental investigation and found that the new TE structure enhanced the 

performance of the hybrid system. Some of the other experimental papers on hybrid 

PV-TEG system can be seen under the column ‘study type’ in Table 2.1 and Table 2.2 

with their corresponding performance data. 

2.5.2.2 Theoretical/Computational Study 

Rodrigo et al. (2019) presented a theoretical study on the performance and 

economic limits of passively cooled hybrid PV-TEG systems. Results obtained 

showed that the optimization of the thermoelectric generator area is essential for 

keeping the cell operating temperature within acceptable limits. A detailed parametric 

study on the performance of a hybrid PV-TEG system using numerical simulation was 

performed by Lakeh et al. (2019). Results obtained showed that the electrical 

performance of the hybrid system in terms of maximum power output was highly 

dependent on the geometrical characteristics of the device.  

Lekbir et al. (2018) performed a numerical investigation of a nanofluid based 

concentrated photovoltaic/thermal-thermoelectric generator (CPV/T-TEG) hybrid 

system with a cooling channel. Compared to the nanofluid based CPV/T, CPV and 

CPV-TEG with heat sink, the proposed hybrid system electric energy was higher by 

10%, 47.7% and 49.5% respectively. Lorenzi et al. (2018) presented a model for 

determining the theoretical efficiency of a hybrid PV-TEG system for terrestrial 

application. The authors argued that there is an optimum operating temperature for 

obtaining maximum hybrid system efficiency and this temperature is not influenced 
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by the TEG geometrical dimensions and number of legs. Efficiency increase of 4-5% 

compared to PV only system was observed for the hybrid system.  

Babu et al. (2018) also performed a theoretical investigation of an 

unconcentrated hybrid PV-TEG system using the MATLAB/Simulink environment. 

It was found that the hybrid system had an overall efficiency increase of 6% and 

additional energy projection of 5%. Motiei et al. (2018) performed a numerical 

simulation of a hybrid PV-TEG system using an unsteady, two dimensional numerical 

model. It was found that in the hybrid system, the PV conversion efficiency and 

electrical power output increased by 0.59% and 5.06% respectively compared to the 

PV only system. Similarly, Mahmoudinezhad et al. (2018b) studied the transient 

response of a hybrid CPV-TEG system. A numerical investigation was carried out 

using finite volume algorithm. The results showed that increase in thermal contact 

resistance leads to a decrease in efficiency of the TEG and CPV.  

 A rare three-dimensional numerical simulation of a PV-TEG was performed 

by Fallan Kohan et al. (2018). Electric power output in the hybrid system was 

modelled as an internal energy sink and finite volume method was used for the 

numerical simulation. It was found that under certain environmental conditions, the 

hybrid PV-TEG system generated more power than the PV only system. Zhou et al. 

(2018) developed a Multiphysics coupling mathematical model for studying the 

performance of a hybrid PV-TEG system. It was found that the power output density 

of the PV-TEG increased by 9.1% due to the optimization of the hybrid system heat 

transfer structure. Under the column ‘study type’ in Table 2.1 and Table 2.2, some of 

the other theoretical papers on hybrid PV-TEG system can be seen with their 

corresponding performance data.  
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2.5.3 Current Research Focus Areas  

A plethora of studies on hybrid PV-TEG have been performed recently with 

each study addressing a particular area in the hybrid system research. This section 

presents some of the main research focus areas being explored by researchers on 

hybrid photovoltaic-thermoelectric generator and some niche applications of hybrid 

PV-TEG.  

2.5.3.1 Concentrated Hybrid System 

Vorobiev et al. (2006) presented a theoretical study of two different 

approaches for the thermal management of PV (Figure 2.11). In the first approach, the 

unabsorbed solar radiation from the semiconductor material of the PV was 

concentrated on a thermoelectric generator for further conversion into electrical 

energy thus, the PV operated at a low temperature. The second approach sees the PV 

cell operating at elevated temperatures while the thermoelectric generator is used to 

convert the excess heat. The only difference between both approaches is the position 

of the concentrator and PV.  

 

Figure 2.11: Schematic diagram of PV-TEG with PV operating at (A) low and (B) high 

temperatures (Vorobiev et al., 2006) 

The basic elements of the systems shown in Figure 2.11 are; Concentrator 

(CONC), PV cell (PVC), Thermoelectric Generator/High Temperature Stage (HTS) 

and the 2-axis Solar Tracking System (STS2). The authors found that using the first 
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approach, the hybrid system obtained enhanced efficiency of 5-10% while the second 

approach didn’t significantly improve the overall hybrid system efficiency. A 

drawback from this research is that an assumed high ZT value was used which is not 

currently practical.  

Zhu et al. (2016) performed a detailed experimental and numerical 

investigation of the performance of a thermal concentrated hybrid PV-TEG system 

(Figure 2.12). A copper plate operating as the thermal concentrator and conductor was 

sandwiched between the PV and TEG and it increased the temperature difference 

across the TEG. Finite element simulation software, ANSYS was used to study the 

temperature distribution and water cooling was applied to the hybrid system. Results 

obtained showed that the use of the copper plate enhanced temperature uniformity and 

the efficiency of the hybrid system was about 23%. Lamba et al. (2018, 2016) 

performed a couple of investigations on concentrated PV-TEG systems. Results 

obtained showed that the power output of the hybrid PV-TEG system decreases due 

to Thomson heating when the Thomson effect is considered in the TEG analysis. It 

was found that Thomson effect significantly reduces the hybrid system power output 

especially for highly concentrated systems (Lamba and Kaushik, 2016). It was also 

observed that the TEG contributes more to the total hybrid system power output when 

higher concentration ratios are used. In addition, the hybrid system obtained a 

maximum efficiency of 7.44% which was 5% higher than that of the PV only system 

(Lamba and Kaushik, 2018). 

An additional study on hybrid concentrated PV-TEG system was carried out 

by Rezania and Rosendahl (2017). It was observed that the concentrated photovoltaic-

thermoelectric (CPV-TEG) system using the current available thermoelectric 

materials (ZT1) had a better conversion efficiency compared to the CPV only system. 
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Recently, Mahmoudinezhad et al. (2018a) performed a feasibility study of a hybrid 

CPV-TEG system for low solar concentrations (Figure 2.13). An experimental and 

numerical investigation was carried out to study the performance of the hybrid system. 

It was found via the experiment that the maximum and minimum efficiency of the 

CPV were 35.33% and 23.02% respectively.  

 

Figure 2.12: Hybrid PV-TEG (a) cross-sectional view, (b) bottom view, (c) global view and (d) 

physical diagram (Zhu et al., 2016) 

 

Figure 2.13: Schematic diagram of experimental PV-TEG setup (Mahmoudinezhad et al., 

2018a) 

2.5.3.2 Hybrid System Coupling 

Effective coupling of the photovoltaic and thermoelectric systems can enhance 

the performance of the hybrid system and reduce losses. In fact, it is essential to 

perform a lossless matching of the two different systems (PV and TE) to obtain 

optimized efficiency results. In addition, a TEG possesses an internal resistance which 
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must be adequately matched with that of the PV so as to ensure the hybrid system 

performance is not worse than that of the individual systems. Park et al. (2013) 

performed the optimization of a hybrid PV-TEG system via lossless coupling and 

observed an efficiency enhancement of about 30% in the hybrid system compared to 

the conventional PV system. In addition, Lorenzi et al. (2018) analysed the effect of 

several parameters on the power output of an electrically coupled PV-TEG system. 

Results obtained showed that for solar cells with a small series resistance, the voltage 

needed for electrical lossless coupling was smaller.  

Load resistance matching is another optimization technique to enhance the 

performance of the hybrid system. Successfully matching the internal resistance of the 

hybrid system with the external load resistance would ensure maximum power output 

is obtained. Li et al. (2018b) studied the inconsistent phenomenon of the 

thermoelectric load resistance in PV-TEG systems. Results obtained showed that the 

thermoelectric load resistance for maximum power output from the TEG alone, TEG 

in PV-TEG and PV-TEG are entirely different. Therefore, the authors concluded that 

using the optimum TE load resistance in a TEG only system for the analysis of a PV-

TEG system would cause errors and prevent the attainment of hybrid system 

maximum power output. Lin et al. (2015) performed a similar research to  (G. Li et 

al., 2018b) on hybrid PV-TEG load resistance matching. Results obtained showed that 

the maximum power output and maximum efficiency of the hybrid system could be 

obtained at the same operating current. In addition, hybrid system efficiency and 

power output of about 27% compared to the PV only system were observed.  

The potential negative effect of PV-TEG coupling was presented by Lin et al. 

(2014). The authors placed emphasis on the coupling between discretized nodal 

temperatures and the hybrid system electrical power output. Results obtained showed 
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that for the specific parametric values chosen, the efficiency of the hybrid system was 

lower than that of the PV only system. It is therefore imperative to properly couple the 

PV-TEG for the achievement of enhanced overall efficiency rather than reduced 

efficiency when compared to the PV only system. Similar to (Lin et al., 2014), Bjørk 

et al. (2015) observed a negative effect of hybrid system coupling due to the reduced 

performance of the hybrid system compared to the PV only system. The authors found 

that only the hybrid system with amorphous silicon had an enhanced efficiency and 

power output compared to the PV only system. Contrarily, the hybrid system with the 

other types of PV considered had a worse performance than the PV only system. The 

explanation for this trend was that the PV performance degradation with increased 

temperature was much greater than the TEG power production due to the low 

efficiency of the TEG.  

Hajji et al. (2017) deviated from the norm by presenting an indirect coupling 

of a hybrid PV-TEG system (Figure 2.14). Basically, in the directly coupled system, 

all the components were physically connected while for the indirect coupling, the 

optical concentrator had no direct physical contact with the PV and TEG. The 

developed system was properly insulated to reduce heat loss and it was observed that 

the indirect coupling method significantly improved the hybrid system overall 

efficiency. Adopting a similar approach as (Hajji et al., 2017), Contento et al. (2017) 

investigated the performance of an optically coupled (indirect) PV-TEG system using 

a vacuum-sealed compound parabolic concentrator and a thermally coupled (direct) 

PV-TEG system. Results obtained showed that direct coupling of hybrid PV-TEG 

system enables the achievement of large conversion efficiency while indirect coupling 

reduces the temperature of the PV thus, improving its reliability and lifespan.  
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Figure 2.14: Schematic of PV-TEG system for (a) direct and (b) indirect coupling (Hajji et al., 

2017) 

2.5.3.3 Energy Storage 

Due to the intermittent nature of solar radiation, it is sometimes necessary to 

add an energy storage unit to the hybrid PV-TEG system. The storage unit can help 

store thermal energy for use during periods of low solar radiation. Li et al. (2014) 

investigated the performance of a hybrid PV-TEG system with an energy storage unit 

(Figure 2.15). The thermal energy which was stored in the energy storage unit was 

used as the heat source for the TEG hot side. The authors argued that it is essential to 

store thermal energy for both heating and cooling reservoirs using phase change 

materials (PCMs) so as to maintain stable PV and TE operating temperatures. The 

results obtained showed an overall hybrid system efficiency enhancement of about 31-

34% using thermoelectric materials with ZT = 1.  



CHAPTER 2 LITERATURE REVIEW 

 56 

 

Figure 2.15: Schematic of PV-TEG system with heat storage unit (Li et al., 2014) 

 

Figure 2.16: Schematic diagram and energy flow of the hybrid PV-PCM-TE system   

Similarly, Cui et al. (2016) studied the performance of a novel PV-PCM-TE 

system in which the PCM was used to mitigate the temperature fluctuations in the 

hybrid system thus, enabling the hybrid system to operate at fixed conditions. Four 

PV types were investigated for the PV only, PV-TE and PV-PCM-TE systems and the 

significance of incorporating the PCM into the hybrid PV-TE system was investigated 

under fluctuating solar radiation. Results obtained from this research showed that the 

PV-PCM-TE had a better performance compared to PV only and/or PV-TE systems. 

Subsequent to the theoretical investigation carried out by (Cui et al., 2016), the same 

authors carried out the experimental investigation of the proposed novel hybrid PV-

PCM-TE system (Cui et al., 2017). The schematic diagram of the system is shown in 
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Figure 2.16. The main novelty of this study is the introduction of phase change 

material (PCM) into the hybrid PV-TEG system to maintain the system operating 

temperature. It was observed that the novel hybrid system had a higher efficiency 

compared to the PV only system due to the use of phase change material.  

2.5.3.4 Thermoelectric Generator Cooling  

Adopting a similar approach used by (Vorobiev et al., 2006), Willars-

Rodríguez et al. (2017) performed an experimental investigation of a hybrid PV-TEG. 

The PV cells were operated in a cold area ( 310 K) while the cooling unit and the 

TEG were operated in a high temperature area ( 500 K). The reason for this 

arrangement is because the PV performs better at lower temperatures while the TEG 

requires high temperature for high performance thus, their separation into two areas 

(cold and hot) would enhance the performance. In addition, the TEG was cooled using 

the thermosiphon effect of running water while the hybrid system generated thermal 

energy was stored in the water tank. Results obtained showed that the hybrid system 

generated an electric power of 7 W and thermal power of 30 W.  

Yin et al. (2017) investigated the performance of a hybrid PV-TEG system 

using three different cooling methods (Figure 2.17). Natural cooling, forced air 

cooling and water cooling were compared and the influence of optical concentration 

ratio, water velocity and thermal contact resistance were studied. Results obtained 

showed that a reduction in the cooling system thermal resistance could lead to 

enhanced heat flux to the TEG thus, improving its total power output. The effect of 

the cooling system on the performance of the hybrid system with different PV cells is 

shown in Figure 2.18. It is obvious that natural cooling (free cooling) is not suitable 

for concentrated hybrid systems due to its inferior performance compared to the other 

cooling methods. In addition, Figure 2.18 shows that water cooling is more effective 
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for hybrid systems than natural cooling and forced air cooling.   Therefore, the authors 

concluded that water cooling is the most suitable cooling method for hybrid PV-TEG 

systems, especially highly concentrated systems.  

 

Figure 2.17: Different types of thermoelectric generator cooling systems (Yin et al., 2017) 

 

Figure 2.18: Hybrid system overall efficiency variation with concentration ratio for (a) 

crystalline silicon cell, (b) polycrystalline silicon cell, (c) amorphous silicon cell and (d) polymer 

cell (Yin et al., 2017) 

Adopting a similar research objective as (Yin et al., 2017), Zhang et al. (2016) 

carried out a thermal resistance analysis of a concentrated PV-TEG system. In 

addition, the influence of the cooling system, thermal resistance and concentration 

were studied. Water and air cooling were applied to the hybrid system and the 

performance of the system was observed. It was observed that the insertion of a copper 
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plate between the PV and TE can decrease the thermal resistance between the systems 

as the copper plate improves the temperature uniformity and this is in agreement with 

(Zhu et al., 2016). Furthermore, the authors argued that the natural convection and 

radiation do not affect the performance of highly concentrated PV-TEG systems. 

Finally, water cooling was observed to be more suitable for highly concentrated PV-

TEG systems compared to air cooling. This finding is in agreement with (Yin et al., 

2017).  

Pang et al. (2015) investigated experimentally, the significance of heat sinks 

in a hybrid PV-TEG system. Results obtained showed that the heat sink with natural 

convection cooled the PV-TE system by 8.29 ℃ which was 1.8 ℃ greater than that of 

the PV only system. However, the authors argued that the integration of thermoelectric 

into PV, amplified the fluctuation of the cooling performance of the hybrid system 

with heat sink. Compared to the conventional cooling methods like water and air, 

nanofluid was proposed as a more efficient cooling method for hybrid PV-TEG by 

Wu et al. (2015). The authors used a theoretical approach to investigate the 

performance of glazed and unglazed PV-TEG systems. It was found that the efficiency 

of unglazed PV-TEG is higher than that of the glazed PV-TEG when figure of merit 

Z = 0.0021/K. Finally, the results obtained showed that nanofluid cooling enhances 

the performance of PV-TEG systems compared to water cooling especially for the 

glazed system.  

Soltani et al. (2017) investigated a new nanofluid-based cooling system for 

enhancing the performance of hybrid PV-TEG systems and an experimental 

comparison with conventional cooling systems was presented. The results obtained in 

terms of efficiency and power output enhancement are shown in Table 2.3. It was 

found that the performance of the TEG was mainly affected by the cooling system 
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while the PV cell’s temperature was also influenced by the cooling system. The 

authors argued that nanofluid cooling performed better especially SiO2/water 

nanofluid cooling which enhanced the efficiency and power output of the hybrid 

system by 3.35% and 8.26% respectively compared to the natural cooling.  

 

Table 2.3: Power output and efficiency enhancement of hybrid system using different cooling 

systems (Soltani et al., 2017) 

 Natural 

cooling  

Forced 

cooling  

Water 

cooling  

SiO2/water 

nanofluid 

cooling  

Fe3O4/water 

nanofluid 

cooling  

Total power 

increase 

(%) 

Base 4.885 5.776 8.26 6.284 

Total 

efficiency 

increase 

(%) 

Base 1.865 3.051 3.355 3.131 

 

2.5.3.5 Niche Applications 

Yu et al. (2008) investigated a PV-TEG for powering wireless sensor 

networks. Compared to a single PV, the PV in the hybrid system had an efficiency 

increase of 5.2% due to a solar cell temperature reduction of 13 ℃. Energy storage 

devices were incorporated into the hybrid system to store energy for use during periods 

of low solar irradiance. A lithium ion battery with storage capacity of 1400 mAh and 

an ultra-capacitor with storage capacity of 30 F were used to store energy from the PV 
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and TEG respectively. The developed hybrid system had the capacity to renew energy 

by itself thus it could provide reliable and long-time power to the sensor node.  

Leonov et al. (2010) investigated the use of a PV-TEG to power an 

autonomous medical device: electroencephalography (EEG) in a shirt. The device was 

battery free and the PV was positioned about the radiators used to heat up the TEG 

(Figure 2.19). The authors developed an ultralow power biopotential readout 

integrated circuit which had a power consumption of 60 𝜇𝑊 per channel. The signal 

quality provided by the readout was the same with that of modern ambulatory systems 

and the developed system had an extra advantage of being wireless compared to wired 

commercial systems thus, the biopotential signals could be transmitted to a doctor in 

real time.  

 

Figure 2.19: (a) Electroencephalography diadem: (1) right-side hybrid module, and (2) 

electronic module and 2.4 GHz wireless link. (b) Schematic cross-section of hybrid module: (1) 

thermophile, (2) radiator, (3) PV cells, and (4) thermal shunts (Leonov et al., 2010)  

The feasibility of PV-TEG for terrestrial and space applications was 

investigated by Da et al. (2016). A similar approach used by (Xu et al., 2015) was 

employed in this study which is the use of photon and thermal management to enhance 

the performance of the hybrid PV-TEG system. Results obtained showed that for 

hybrid PV-TEG systems, low concentration ratio is better especially when used in 
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terrestrial and space applications. It was also found that for terrestrial application 

(corresponding to Air Mass 1.5), the overall hybrid system efficiency increased from 

13.79 to 18.51% due to the use of the moth-eye structured surface. While for space 

application (Air Mass 0), the use of the moth-eye structured surface in the hybrid 

system increased the efficiency to 16.84%. 

Kwan et al. (2016) studied the performance of a hybrid PV-TEG system for 

outer space application. Results obtained from this study showed that for space 

applications, the power generation contribution of the thermoelectric generator in a 

hybrid PV-TEG system is negligible. Furthermore, it was observed that single stage 

TEG is for hybrid PV-TEG systems compared to two stage TEG. Finally, the authors 

also argued that the optimized PV-TEG system had a lower efficiency compared to 

the PV only system. This finding is in agreement with other similar findings like (Lin 

et al., 2014) and (Bjørk and Nielsen, 2015). Ariffin et al. (2017) presented a conceptual 

design of a hybrid PV-TEG system for application in an automated greenhouse system 

project (Figure 2.20). The developed system was compared to conventional PV only 

system. They recommended the use of automated semi-transparent thin film solar 

panel to efficiently absorb solar radiation.  

 

Figure 2.20: Conceptual design of a hybrid PV-TEG for automated greenhouse system (Ariffin 

et al., 2017)  



CHAPTER 2 LITERATURE REVIEW 

 63 

 

2.6 Thermoelectric Geometry and Structure Optimization  

Depending on the heat source and heat sink shape, thermoelectric devices 

could have different structures such as the conventional flat plate structure and annular 

structure. In addition, segmented structure can be adopted for high temperature 

applications. Furthermore, different geometries for the thermoelectric leg have been 

studied including conventional rectangular and asymmetrical geometries.  

2.6.1 Thermoelectric Geometry 

The four main parameters which are paid attention to during optimization of 

thermoelectric geometry are leg length/height, cross-sectional area, number of legs 

and leg shape.  

2.6.1.1 Leg Length or Height 

The thermoelectric leg length or height is an important parameter which can 

be optimized for performance enhancement of the thermoelectric generator. 

Optimization of thermoelectric leg length has been performed in flat plate, annular 

and segmented thermoelectric devices. In addition, the thermoelectric leg length has 

been optimized in a hybrid photovoltaic-thermoelectric system and enhanced 

performance was obtained. Min et al. (1992) found that a decrease in thermoelectric 

leg length by 55% caused a 48% increase in power output and a 10% decrease in 

conversion efficiency. Furthermore, Tian et al. (2015) presented a detailed parametric 

optimization of a segmented thermoelectric generator (STEG) for diesel engine 

exhaust waste heat recovery and the authors recommended the use of STEG rather 

than traditional TEG especially for applications with high heat source temperature. In 

addition, results revealed that the highest TEG efficiency and power output had, 
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respectively a linear and inverse relationship, with the thermoelectric leg length as 

shown in Figure 2.21.  

 

Figure 2.21: Effect of leg length on (a) output power and (b) efficiency for three different 

thermoelectric generators (Tian et al., 2015)   

Zhang et al. (2015) optimized the leg length ratio of a STEG for power and 

efficiency enhancement and found the optimum leg length ratios for maximum 

efficiency and output power to be different. Ma et al. (2019) presented a detailed 

investigation on the optimization of STEG leg length ratio for engine exhaust heat 

recovery. It was found that the optimal proportion of medium temperature material 

(CoSb3) increased with longer thermoelectric legs and increased coefficient of heat 

transfer however, the leg area showed hardly any influence on it. In addition, results 

revealed that the application of optimal segmented ratio design in the TEG provided 

an enhanced performance and increased the power output by 6.8%. Asides the 

optimization of thermoelectric leg length in flat plate and segmented thermoelectric 

devices, the idea of leg length optimization has also been utilized in annular 

thermoelectric devices. Shen et al. (2017) studied the performance (power output and 

efficiency) of an annular thermoelectric generator (ATEG) using a theoretical model 

and constant heat flux. They observed an increase in power output as thermoelectric 

leg length increased however, a reverse trend was observed under constant 

temperature condition. Zhang et al. (2018b) used a theoretical model to study the 
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interface layers’ effect on ATEG performance and found that the interface layers 

negatively influenced the ATEG performance. Furthermore, they found that for ATEG 

with very short legs, the annular shape parameter significantly influences the ATEG 

performance.  

Shen et al. (2018) investigated a segmented annular thermoelectric generator 

(SATEG) theoretically and a comparison with ATEG was presented. They found that 

the SATEG efficiency initially increased as the height ratios increased until it reached 

a maximum after which it decreased. The mechanical reliability and thermoelectric 

performance of SATEG was investigated by Fan et al. (2019). Results revealed that 

the SATEG output power increased initially before decreasing as the structural 

parameter increased. In addition, they found that the power output of the SATEG 

increased by 18.3% compared to that of the single-Skutterudite TEG. In a hybrid 

system like photovoltaic-thermoelectric (PV-TE), thermoelectric geometry 

optimization can enhance the hybrid system performance. Hashim et al. (2016) 

optimized the geometry of TE devices in a photovoltaic-thermoelectric system for 

output power enhancement. It was also found that operating the PV-TE in a vacuum 

greatly increased its output power and they recommended the use of thermoelectric 

modules which had a smaller area than the area of photovoltaic.   

Li et al. (2019b) also optimized the geometry of TE in a PV-TE. They found 

that the efficiency of the hybrid PV-TE decreased as the leg height increased. 

Mahmoudinezhad et al. (2019) recommended TE geometry optimization in a PV-TE 

for output power enhancement. In addition, the authors performed a transient 

experimental and numerical study and found that the hybrid system thermal resistance 

increased with leg length. Recently, Cui et al. (2020) optimized the leg height ratio in 

a segmented photovoltaic-thermoelectric system and found that the optimized height 
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of the TE model which corresponds to the highest performance decreases with the 

height ratio of the upper to lower TE leg.  

2.6.1.2 Leg Cross-Sectional Area 

Another important parameter which could be optimized for enhancing the 

performance of the thermoelectric generator is the leg cross-sectional area. Lavric 

(2010) studied the sensitivity of TEG to geometry variation using a one-dimensional 

model and found that a higher power output can be obtained by using thermoelectric 

legs with larger cross-sectional area. Fan et al. (2016) found the optimal thermoelectric 

leg area for enhanced TEG power output. The authors argued that under specific 

thermal boundary conditions, the maximum power output can be obtained at an 

optimal leg cross-sectional area.  In addition, they found that the thermoelectric 

conversion efficiency was almost constant at constant surface temperature boundary 

condition (case 4), while the efficiency was inversely proportional to the leg cross-

sectional area at constant heat transfer coefficient boundary condition (case 5 and 6) 

as shown in Figure 2.22. 

 

Figure 2.22: Conversion efficiency variation with leg cross-sectional areas (Fan et al., 2016)   

He et al. (2019b) presented a comprehensive one-dimensional model for 

thermoelectric generator module geometric optimization based on the Hill-climbing 
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algorithm for power output enhancement. It was found that for any given leg length, 

the maximum power output always increases as the leg area increases. Furthermore, 

using a theoretical model, Zhang et al. (2018a) investigated the effect of the geometry 

of ATEG legs on system performance. Results revealed that the performance of the 

ATEG and flat plate TEG were similar when the TE leg cross-sectional area 

configuration was kept constant. In addition, results showed that the maximum power 

output per unit mass could be obtained only when the leg cross-sectional area is 

constant for the ideal ATEG. Cui et al. (2019) studied the potential of porous ATEG 

for utilization of waste heat and observed a superior performance from the porous 

ATEG compared to the bulk TEG. They found that the TEG output power had a linear 

relationship with temperature difference and an inverse relationship with cross-

sectional area.  

2.6.1.3 Number of Thermoelectric Legs 

Dongxu et al. (2019) performed an experimental and numerical study on 

thermoelectric module geometry optimization for power output enhancement at a low 

cost. Results obtained revealed that the power output monotonically increases as the 

leg number increases due to the decrease in thermal and electrical contact resistances. 

In addition, they found that the efficiency first increases and then decreases as the leg 

number is increased.  Furthermore, Hodes (2010) presented a method to optimize the 

thermoelectric leg number for obtaining maximum power output and conversion 

efficiency for a specified performance. Results showed that in refrigeration mode, the 

number of thermoelectric legs affects neither the performance or efficiency however, 

in generation mode, both the number of thermoelectric legs and height of 

thermoelectric legs must be optimized simultaneously when both power output and 

load resistance are specified. Liang et al. (2014) optimized a two-stage TEG and 
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compared it with a single TEG. They found that the absorbed heat and output power 

increased as the total number of thermoelectric legs increased however, the conversion 

efficiency decreased. The relationship between the total number of thermoelectric legs 

(𝑀), number of thermoelectric legs in bottom stage (𝑛), output power and efficiency 

of the two-stage TEG is shown in Figure 2.23. It was found that the increase of 𝑀 

caused an increase in the maximum optimum output power and a decrease in the 

conversion efficiency. 

 

Figure 2.23: Relationship between number of legs and (a) output power and (b) conversion 

efficiency (Liang et al., 2014) 

Yin et al. (2018d) studied the effect of leg number on the performance of a 

solar thermoelectric generator under non-uniform solar radiation. The authors argued 

that reducing the thermoelectric leg number is an effective method to increase the 

performance of a thermoelectric generator under non-uniform solar illumination. They 

found that under the same non-uniform solar radiation, the maximum power output 

increased by 73.5% when the leg number decreased from 32 to 18 and it increased by 

244.9% when the leg number decreased from 32 to 8. Recently, Luo et al. (2020) 

recommended the use of more thermoelectric legs to achieve a greater power output 

from the TEG. In addition, they found that the maximum power output and maximum 

efficiency of the thermoelectric module with increased thermoelectric leg number 

increased by 1% and 1.2% respectively. Miao et al. (2020) analysed and optimized the 

mechanical stability of thermoelectric modules. They found that optimization of the 
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thermoelectric leg number can reduce the internal stress generated in the module and 

improve the working stability of the module. Furthermore, the effect of TE leg number 

on the PV-TE performance was investigated by Lakeh et al. (2019).  A parametric 

study was performed, and they found that the PV-TE efficiency for any given length 

of arms would have an optimum range versus different number of TE legs.  

2.6.1.4 Thermoelectric Leg Shape 

The conventional thermoelectric legs are rectangular/symmetrical however, 

asymmetrical thermoelectric legs are being researched as a method to improve the 

transfer of heat in the legs and enhance the TE performance. In fact, the TE legs 

temperature gradient can be increased due to the reduction of the TEG overall thermal 

conductance which is achieved by using asymmetrical legs. Furthermore, 

asymmetrical thermoelectric legs usually have variable cross-sectional area resulting 

in a trapezoid shape. Sahin et al. (2013) studied theoretically, the effect of 

thermoelectric geometry on the performance of a TEG. A TEG which had variable 

cross-section legs was studied and they found that the trapezoid shape leg geometry 

significantly improved the TEG efficiency.  

The influence of TE geometry configuration on the TEG performance was 

studied by Lamba et al. (2017). They found that the exergy and energy efficiency of 

the trapezoidal shaped TEG increased by 2.31% and 2.32% respectively. In addition, 

they found that the point at which highest output power was obtained was different 

from that at which the highest exergy and energy efficiency was obtained. Fabián-

Mijangos (2017) investigated numerically and experimentally, thermoelectric 

generators with asymmetrical legs. Figure 2.24 shows the thermoelectric legs 

fabrication process while Figure 2.25 demonstrates the superiority of the asymmetrical 

legs in comparison to the symmetrical legs. This study provided the first experimental 
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proof of concept which showed the feasibility of asymmetrical thermoelectric legs for 

performance enhancement.  

 

Figure 2.24: Fabrication steps for thermoelectric legs (Fabián-Mijangos et al., 2017) 

 

Figure 2.25: Fabricated module (a) with symmetrical legs (b) with asymmetrical legs (c) 

temperature difference (d) open circuit voltage (Fabián-Mijangos et al., 2017) 

Liu et al. (2018) presented a novel solar thermoelectric generator design which 

had thermoelectric materials that were segmented and thermoelectric legs with 

asymmetrical geometry. They found that the use of asymmetrical legs with the 

segmented design enabled a 4.21% additional power output enhancement in 

comparison to the optimized segmented legs without asymmetrical geometry. 

Furthermore, a segmented asymmetrical TEG was studied by Karana et al. (2019) and 

they investigated geometric parameter effect on the system performance. The authors 

argued that due to advancement in the technology required to manufacture the TE legs, 
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the new unconventional shape of the TE leg could be made more cost effective. The 

power generation capability of the newly designed TEG was observed to be higher 

than that of the traditional TEG.  

2.6.2 Thermoelectric Structure 

This section presents a brief overview of the different thermoelectric structure 

currently being researched and some of the results obtained using these structures.  

2.6.2.1 Flat Plate Thermoelectric Generator 

The most common and conventional structure of a thermoelectric module is 

the flat plate as shown in Figure 2.26 (He et al., 2019b). As shown, a thermoelectric 

module consists mainly of ceramic substrate, copper electrode, solder layer and 

semiconductor thermoelectric legs which are usually connected in parallel thermally 

and in series electrically. Thermal and electrical contacts are usually present in a 

thermoelectric module with thermal contact existing between the copper surface and 

the ceramic surface while electrical contact occurs between the thermoelectric leg 

surface and the copper surface. The ceramic substrate provides thermal conductivity 

and electric insulation while the copper electrode provides the electrical connectivity. 

The solder layer connects the copper layer and thermoelectric legs while also helping 

to decrease thermal stress effect.  

Luo et al. (2019) presented a novel thermoelectric module structure. A 

numerical and experimental study was carried out and results showed the new TE 

module structure had a superior performance than the traditional TE module using the 

same material quantity. He et al. (2015a) optimized the design of a TEG for use as an 

engine waste heat recovery system and argued that improved TEG performance can 

be achieved by optimizing the module area.  
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Figure 2.26: Schematic of (a) thermoelectric generator (b) thermoelectric uni-couple and (c) 

energy flow diagram (He et al., 2019b) 

2.6.2.2 Annular Thermoelectric Generator 

When circular heat sinks or heat sources are to be used, annular thermoelectric 

modules are beneficial as shown in Figure 2.27 (Zhang et al., 2018a). This is because 

they can eliminate any contact resistance resulting from mismatch of geometry. 

Applications with a radial heat flow or cylindrical heat source would require a 

different type of thermoelectric configuration asides the conventional flat plate 

thermoelectric configuration which would be unsuitable in such applications (Min and 

Rowe, 2007).  

 

Figure 2.27: Schematic diagram of ATEG: (1) heat source (2) heat sink (3) p-type leg (4) n-type 

leg (5) ceramic (6) copper electrode (Zhang et al., 2018a) 
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Bauknecht et al. (2013) analysed the performance of annular thermoelectric 

couples under non-uniform temperature distribution. Results showed that uniform 

temperature distribution provides a better performance. Manikandan et al. (2016) 

analysed the performance of ATEG with solar heat pipe. They found that in addition 

to the solar ATEG providing better performance compared to the flat plate TEG, it 

also provides improved heat transfer characteristics. Furthermore, the authors argued 

that the new solar ATEG could be installed and maintained easily in comparison to 

the flat plate TEG due to its structure which is cylindrical in nature. Shen et al. (2015) 

presented a one-dimensional steady state model to analyse an ATEG performance. 

They found that the ATEG and flat plate TEG operate using similar fundamental 

formulas with the only difference being the total electrical resistance and thermal 

conductance expressions. In addition, when the annular shaped parameter is 1, the 

ATEG turns into a flat plate TEG. 

2.6.2.3 Segmented Thermoelectric Generator  

Since thermoelectric materials are only efficient in specific temperature 

ranges, the idea of segmented thermoelectric generator has attracted more interest 

recently. The reason for this is that materials that are highly efficient at specific 

temperature ranges can be combined due to segmentation. For example, highly 

efficient medium temperature range thermoelectric material (CoSb3) can be combined 

with a low temperature range TE material with high efficiency (Bi2Te3). 

Consequently, the two materials will function in the temperature range in which they 

are most efficient thereby leading to an enhanced overall performance. However, not 

all thermoelectric materials are compatible (Ursell and Snyder, 2002) therefore, the 

compatibility factor must be considered because for a segmented thermoelectric, it is 
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the most important parameter as thermoelectric material properties are subject to 

change from one segment to another (Snyder, 2004).  

Figure 2.28 shows the compatibility factor (𝑠) for thermoelectric materials. 

When the relative current density (𝑢 = 𝐽/𝜅∇𝑇) is equal to the compatibility factor 

(𝑠 = (√1 + 𝑧𝑇 − 1)/𝛼𝑇), maximum conversion efficiency can be achieved (Snyder 

and Ursell, 2003). Consequently, segmentation will become inefficient if the 

compatibility factor differs by a factor of 2 or more (Snyder, 2004). Generally, spark 

plasma sintering (SPS) method is used to fabricate most non-segmented and 

segmented thermoelectric materials because it is less time consuming and it provides 

improved thermoelectric material performance (Sallehin et al., 2018).  

 

Figure 2.28: Compatibility factor (𝒔) for (a) p-type and (b) n-type thermoelectric materials 

(Snyder, 2004) 

 

Figure 2.29: Schematic of STEG with active cooling heat exchanger (Hadjistassou et al., 2013) 
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Hadjistassou et al. (2013) presented a methodology formulated on computation 

and analytical modelling for designing highly efficient segmented thermoelectric 

generator (STEG) shown in Figure 2.29 and found that the STEG achieved a 5.29% 

maximum efficiency at a 324.6 K temperature gradient. Shu et al. (2018) analysed the 

STEG and TEG performance for diesel engine waste heat recovery. The results 

revealed a 13.4% increase in the solar thermoelectric generator maximum output 

power compared to that of the TEG. The authors recommended the use of STEG for 

waste heat recovery as it was more effective. The design of a STEG with high 

performance and with cost considered was presented by Ouyang et al. (2018). 

Different combinations of segmented thermoelectric legs were considered and the 

most efficient geometry with the best cost performance ratio were analysed. The 

thermoelectric figure of merit was argued by the authors as the top criterion to be 

considered when choosing TE materials.  

2.6.3 Three-Dimensional Finite Optimization Method 

A more accurate simulation could be obtained using three-dimensional 

modelling which also provides a better understanding of temperature distribution and 

heat transfer process in systems thereby enhancing performance predictions. Rezania 

et al. (2014) studied how thermoelectric footprint significantly affected the TEG 

performance. Finite element method (FEM) was used to perform the numerical study. 

Results revealed that when 𝐴𝑛/𝐴𝑝 < 1, maximum TEG output power and cost-

performance could be obtained. Meng et al. (2016) presented a three-dimensional 

numerical study of helical TE module using finite volume method (FVM) and a 

comparison with conventional straight module was also presented. Comparing the 

helical module and straight module, they found that the power output of the helical 
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module was higher and the helical TEG power output and efficiency were positively 

influenced by increasing the pitch.  

Ming et al. (2017a) studied a compact TEG numerically and analytically. The 

numerical study was conducted using ANSYS and results showed that the new 

compact TEG performed excellently. The authors argued that the newly designed TEG 

utilized space efficiently while maximizing output power; therefore it could be applied 

in areas such as automobile and aerospace. Ferreira-Teixeira et al. (2018) used FEM 

and COMSOL Multiphysics software to perform TEG geometric optimization. Cubic 

and cylindrical thermoelectric leg geometries were studied, and they observed an 

identical performance from both geometries under the same conditions. In addition, 

they observed an output power increase as the leg area increased and they 

recommended that the leg area and copper contact area should be the same for output 

power enhancement.  

 

Figure 2.30: TEG (a) voltage and (b) temperature distributions (Liao et al., 2018)  

Liao et al. (2018) presented a three-dimensional finite element model for a 

TEG with 127 thermocouples (shown in Figure 2.30) and an experiment was 

performed to validate the simulation. They found that both the temperature difference 

and maximum output power increased by 10.2% and 14.8% respectively by the use of 

TEG with fins in comparison to when fins were not used. Furthermore, Wang et al. 

(2019) optimized the geometry of a TEG and results showed that larger cross-sectional 

area ratio and lower leg height provided an enhanced power output. Lead telluride 
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thermoelectric material was used, and the authors argued that optimization of 

thermoelectric geometry was a very good approach to achieve performance 

enhancement.  

2.6.4 Thermal Stress Optimization 

Either in cooling/heating or power generation applications, the temperature 

difference in TE legs cause thermal stress due to the fact that the thermal expansion 

of the materials is different. Consequently, it is important to perform thermal stress 

analysis and optimization to provide information on locations of high stress in the legs. 

The main aim of thermal stress optimization study is to significantly decrease the 

thermoelectric legs thermal stress which in turn helps to increase the thermoelectric 

device life span. Clin et al. (2009) observed the high stress locations in the 

thermoelectric legs to be around the corners of the legs. Furthermore, they found that 

the stress at the thermoelectric leg corners could be reduced by soldering alloy plastic 

deformation. In addition, it was found that the distribution of stress in the 

thermoelectric legs was affected greatly by the boundary conditions and the mismatch 

of thermal expansion coefficient between the different materials in the TE module.  

The effect of TE leg geometry on TEG thermal stress was investigated by Al-

Merbati et al. (2013). Three different leg geometries were studied, and they found that 

TE geometry optimization could lower the stress developed in the thermoelectric legs 

greatly. The thermoelectric leg geometry shown in Figure 2.31 was found to provide 

the lowest thermal stress in the thermoelectric legs. Chen et al. (2013) used finite 

element method to investigate the stress developed in a bismuth telluride TEG and 

found that the use of elastic-plastic model provided a more accurate representation of 

the stress levels in the TEG compared to the linear elastic model. This is because in 
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the elastic-plastic model, copper and solder alloy undergo plastic deformation which 

reduces the stress level in the TEG.  

Jia et al. (2014) estimated the mechanical performance of a STEG (Jia and 

Gao, 2014) and TEG (Jia and Guo, 2020). The effect of segment length on the TE 

materials maximum stress level was studied at different temperatures and results 

revealed the significant decrease in STEG stress due to the deformation of solder and 

copper (Jia and Gao, 2014). Furthermore, it was found that the maximum stress of TE 

legs occurs on the hot end face that contacts the welding strips and a reduction of 

thermoelectric leg length increases the maximum stress (Jia and Guo, 2020).  

 

Figure 2.31: (a) 3D temperature distribution and (b) thermal stress distribution (Al-Merbati et 

al., 2013) 

Erturun et al. (2014) presented a series of studies on the relationship between 

thermoelectric leg geometry and TEG mechanical performance. The results reveal a 

thermal stress of 43.3 MPa in the cylindrical legs and 49.9MPa in the rectangular legs 
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at a temperature difference of 100 ℃ (Erturun et al., 2014). Furthermore, it was found 

that the maximum TE legs stress decreased by 10% by the use of coaxial-leg 

configuration (Erturun and Mossi, 2015). In addition, the authors found that 

decreasing leg height, increasing leg width and spacing all led to an increase in thermal 

stress (Erturun et al., 2015). Ming et al. (2015)  studied how heat flux with a non-

uniform distribution affected the stress developed in a TEG (Ming et al., 2015) and 

STEG (Ming et al., 2017b). Results revealed that the TEG mechanical performance 

was negatively impacted by the non-uniform heat flux (Ming et al., 2015). In addition, 

it was found that an increase of heat concentration led to an increase in thermal stress 

(Ming et al., 2017b).  

Fan and Gao (2018) studied the effect of geometric parameters on ATEG 

thermal stress. They found that increasing the thermoelectric leg angle ratio resulted 

in an initial stress decrease before it increased. In addition, results revealed the less 

impact of thermoelectric leg number on maximum stress in ATEG legs. It was also 

observed that the mechanical reliability of the ATEG could be improved by increasing 

the thermoelectric leg length although doing that will cause a decrease in the electrical 

performance of the ATEG. Ibeagwu (2019) performed a comprehensive investigation 

on the influence of variable leg geometry on TEG stress. The authors considered four 

different leg geometries and they found that the thermal stress in their new geometry 

was lower than that in the conventional geometries. 

2.6.5 Finite Element Method  

Finite element method (FEM) can be used to solve partial differential 

equations which are too complex to solve using analytical methods. Finite element 

method operates such that the spatial domain is broken up into a number of simple 

geometric elements such as triangles or quadrilaterals and a weighted residual concept 



CHAPTER 2 LITERATURE REVIEW 

 80 

is then used to approximate the solution function over each finite element domain. The 

continuity of dependent variables and their first partials in moving from element to 

element must be ensured thus, partial differential equations are transformed into sets 

of ordinary differential equations in time (Ramirez, 1997). Furthermore, using finite 

element method for numerical solutions involves the discretization of a physical 

problem and the degree of discretization determines the accuracy of the solution. An 

example of the basic unit of a mesh-suitable finite element method is a triangle as 

shown in Figure 2.32 (Rapp, 2017). It can be seen from Figure 2.32 that the domain is 

subdivided into an arbitrary number of individual triangles which are indexed using 

Roman numerals while the corners of the triangles are indexed using Arabic numbers. 

In addition, regions where large changes of the dependent variable are expected should 

be resolved at a higher accuracy by using more and smaller triangles while regions 

where only slight changes are expected can be approximated using larger and few 

triangles (Rapp, 2017).  

 

Figure 2.32: Mesh discretization used in finite element method (Rapp, 2017)  

The finite element analysis process is shown in Figure 2.33 (Bathe, 2014). A 

physical problem is usually described with a mathematical model which would require 

certain assumptions that then produce a set of differential equations governing the 

mathematical model. Subsequently, finite element method is used to solve the 

mathematical model and the accuracy of the solution can be further enhanced by 
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refining solution parameters such as mesh size until the accuracy criteria are met 

(Bathe, 2014).  

 

Figure 2.33: Finite element analysis process (Bathe, 2014)  

2.6.6 Computational Procedure 

The numerical study carried out in this research is performed using finite 

element method in COMSOL Multiphysics software and the simulation process is 

shown in Figure 2.34. Physical problems requiring multi-physics solutions can be 

solved using COMSOL which already has the governing equations for various physics 

inbuilt.  The main steps involved in numerical simulation with COMSOL are briefly 

described below.  

1) Geometry creation: This is the first step in the numerical simulation and in this 

research three-dimensional geometries are considered. The photovoltaic, 

thermoelectric generator and heat pipe geometries are created in COMSOL 
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while some of the innovative thermoelectric geometries studied are created in 

AutoCAD before being imported into COMSOL. 

2) Material selection: Each domain in the model must be assigned a material 

corresponding to the physical entity being modelled. Materials can be assigned 

from the inbuilt material library in COMSOL while new materials can be 

assigned, and the values of the material properties can be modified as required. 

Furthermore, temperature dependent material properties can be assigned by 

using the interpolation function especially for thermoelectric material 

properties which are temperature dependent.  

3) Boundary conditions: The initial and boundary conditions for the numerical 

model must be assigned before the model can be solved. Boundary conditions 

such as fixed temperature boundary, thermal contact, convective heat flux, 

radiative heat flux and fixed constraints can be assigned as required.  

4) Physics selection: Depending on the system being studied, different physics 

interfaces are used together including heat transfer in solids and liquids, 

electric currents, laminar flow and electrical circuit. The Multiphysics 

considered are thermoelectric effect, electromagnetic heating and non-

isothermal flow. 

5) Mesh creation: Meshing is a very important part of the numerical solution 

using finite element method because it determines the accuracy of the model. 

Different mesh sizes can be used for different parts of the model geometry and 

COMSOL inbuilt mesh settings can be used to perform mesh independence 

test to ensure the numerical model converges.  

6) Study selection: Different types of studies can be performed including 

stationary, time dependent/transient, eigenfrequency, eigenvalue and 



CHAPTER 2 LITERATURE REVIEW 

 83 

frequency domain. In this research, stationary and transient studies are 

considered. After selecting a study, the relevant solvers are configured by 

COMSOL and the numerical model is solved by computing a solver 

configuration.  

7) Postprocessing: Postprocessing tools help to understand the results obtained 

from the solved numerical model. The specific required results including 

temperature, voltage, current and von Mises stress must be extracted from the 

generated simulation results. In addition, three dimensional plots can be used 

to visualise the temperature, voltage and thermal stress distributions.  

 

Figure 2.34: Simulation process in COMSOL  

 

2.7 Discussion and Recommendations 

This section presents a summary of the research achievement, research gaps 

and challenges, potential opportunities in the development of hybrid PV-TE systems 

and added value of present research relative to the current state-of-art.  

2.7.1 Summary of Research Achievement  

Several researchers (Li et al., 2019b; Mahmoudinezhad et al., 2019) have 

agreed that the performance of a thermoelectric generator in a hybrid system can be 

enhanced by material and structural optimization. A lot of material optimization 

efforts are being carried out on improving the efficiency of the PV and TE. Some of 

this research have obtained significant results as presented above. Improving the 
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thermoelectric figure of merit is the major research task for increasing the efficiency 

of the TE. A 50% increase in hybrid system efficiency could be achieved simply by 

using TEG with a higher figure of merit compared to the currently available ones (Van 

Sark, 2011). The use of nanostructured materials has also been gaining momentum 

recently due to the good results obtained thus, more research is encouraged on hybrid 

PV-TEG systems with nanostructure materials. In addition, more research is 

encouraged in the area of PV surface absorptivity. Increasing the absorptivity of PV 

could significantly increase its efficiency thus, more research on photon management 

of hybrid PV-TEG is highly recommended. 

In spite of the plethora of research available on TEG optimization, its 

integration with PV necessitates new investigations be made due to the complex 

relationship between the PV and TEG. While one requires more temperature for higher 

performance (TEG), the other system (PV) prefers the opposite. Thus, more research 

on the efficient coupling of PV-TEG is needed especially considering the thermal 

contact resistance in the hybrid system. In addition, a lossless coupling would be very 

good for the hybrid system performance and it is very important to remember that 

results obtained from TEG only optimization is not sufficient for the hybrid system 

optimization. Therefore, the optimized load resistance and geometry of the TEG in a 

TEG only system is different from the one in a hybrid system due to the influence of 

the PV. 

Due to the intermittent nature of solar energy, storage systems have been 

incorporated into the hybrid PV-TEG to store energy for use during periods of low 

irradiance. The use of phase change material (PCM) seems to be the best option due 

to its unique capability to store a significant amount of heat and thus mitigate the 

temperature fluctuations in the hybrid system. More research on the hybrid systems 
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with PCM is suggested however, again the extra cost must be considered. A limiting 

factor to the enhancement of hybrid system performance is the need for opportunity 

cost analysis. While there are obvious ways to easily improve the performance of the 

system, a trade-off must be made due to the high cost of such optimization. The use 

of concentrated solar energy is an easy way to improve the hybrid system efficiency 

however, care must be taken not to damage the PV by over applying high 

concentration. It is widely known that the performance of the PV reduces with 

temperature however, when high concentration is properly applied, the overall 

performance of the system could be increased. Thus, there is a need to properly 

determine the concentration ratio for optimized performance. 

Thermoelectric geometry and structure optimization are hot research fields 

currently being paid a lot of attention due to the huge potential for performance 

enhancement. Regarding the optimization of thermoelectric leg length or height, it has 

been reported that the thermoelectric generator efficiency and power output have a 

linear and inverse relationship respectively, with the thermoelectric leg length. 

Furthermore, the optimum leg length ratios for maximum efficiency and output power 

in a segmented thermoelectric generator have been reported to be different. Therefore, 

optimizing the thermoelectric leg length for linear enhancement of power output and 

efficiency of TEG and STEG is a main issue which should be paid more attention in 

future. While the efficiency of a thermoelectric generator increases as the leg length 

increases, the hybrid photovoltaic-thermoelectric system efficiency decreases as the 

leg length increases.  

2.7.2 Research Gaps and Challenges  

Effective thermal management of photovoltaic (PV) with thermoelectric 

generator (TEG) typically requires the use of several thermoelectric generators to 
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completely cover the back surface of the photovoltaic in the direct coupling method. 

However, this is not cost effective as thermoelectric generators are expensive. In 

addition, the integration of thermoelectric generators to the back surface of the 

photovoltaic will enhance the heat extraction and improve thermal management 

however, the power generation cost will be increased because of the increased amount 

of thermoelectric generators needed to cover the photovoltaic back surface. 

Furthermore, the optimal operation of PV-TE systems depend on effective heat 

transfer from the photovoltaic to the thermoelectric generator thus, the PV and TEG 

must be thermally matched and the thermal resistances must be adjusted properly to 

ensure optimal hybrid system performance.  

 Cooling is an integral part of any TEG system as it directly affects the system 

performance significantly. Therefore, the hybrid PV-TEG system needs efficient 

cooling systems capable of creating a larger temperature difference across the TE 

while also reducing the temperature of the PV. Although there are several cooling 

systems currently available including free air, forced air, water and nanofluid cooling, 

the cooling and cost effectiveness must be considered before the cooling system is 

selected. Furthermore, very few research works on hybrid PV-TEG systems have been 

conducted with the use of three-dimensional finite element method (FEM). Contrarily, 

there is an abundance of research on the one-dimensional simulation using 

MATLAB/Simulink and two-dimensional simulation. Three-dimensional simulation 

provides greater information on temperature distribution in the system and it provides 

more accurate prediction of the actual system performance. 

Results from thermoelectric geometry optimization in a thermoelectric 

generator only cannot be used as reference for TE geometry optimization in hybrid 

PV-TE systems due to the complex relationship between the photovoltaic and 
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thermoelectric generator therefore, new optimization studies need to be carried out. 

Furthermore, while a lot of attention has been paid to improving the conversion 

efficiency and power output of thermoelectric generators through geometry 

optimization, the mechanical performance (thermal stress) optimization has been 

neglected. Finally, the main drawback of all the interesting research being carried out 

on thermoelectric geometry optimization is the lack of experimental results to validate 

the numerical results and performance enhancement being predicted. There are few to 

none experimental research available on the effect of thermoelectric geometry on 

electrical and mechanical reliability of TEG.  

2.7.3 Potential Opportunities in the Development of Hybrid PV-TE Systems 

Passive cooling of photovoltaic-thermoelectric generator is an interesting 

research area being explored due to the effectiveness of passive cooling devices like 

heat pipe in significantly reducing the temperature of photovoltaic cells. Heat pipes 

are efficient heat transfer devices that can transport heat over a long distance with a 

small temperature gradient (Makki et al., 2016). Therefore, the use of heat pipes in a 

hybrid PV-TEG system could reduce the quantity of TEG used in the thermal 

management of photovoltaic cells while also providing an enhanced overall 

performance (Li et al., 2016b). Flat plate microchannel heat pipes are more efficient 

than cylindrical heat pipes because of the reduced thermal contact resistance between 

the surface of the PV and heat pipe due to the shape of the heat pipe. Therefore, more 

research on the integration of hybrid PV-TEG with flat plate microchannel heat pipes 

are strongly recommended especially because of the encouraging results reported from 

such heat pipe hybrid systems by (Li et al., 2016b; Makki et al., 2016). 

From the detailed review carried out, the consensus is that water cooling is 

more effective than air cooling. However, the introduction of nanofluid cooling into 
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hybrid PV-TEG systems has resulted in significantly lower temperature on the TEG 

cold side compared to water cooling therefore, more research on PV-TEG using 

nanofluid is suggested. Nevertheless, the extra cost of nanofluid must be taken into 

consideration and a justification must be made in terms of overall performance 

compared to hybrid systems with cheap conventional cooling. More research on PV-

TE using a three-dimensional finite element method is recommended instead of one-

dimensional and two-dimensional simulation methods. The advantage of using FEM 

is that it can be used for three-dimensional study of the actual system. Thus, it provides 

more realistic results and better optimization efforts can be made using this method. 

Finite element method has Multiphysics capability thus it is highly suggested for deep 

research on hybrid PV-TEG. In addition, FEM allows the Thomson effect and 

temperature dependent thermoelectric properties to be easily coupled and it provides 

a user-friendly interface for easy visualization of results.   

Furthermore, it was reported that the optimum leg cross-sectional area in a 

thermoelectric generator and hybrid photovoltaic-thermoelectric system is different. 

This difference is due to the presence of the photovoltaic in the hybrid system which 

contributes the greater percentage of the hybrid system efficiency and power output. 

Consequently, it is recommended to perform leg length and leg cross-sectional area 

optimization in both a thermoelectric only device and a hybrid system as the results 

might be different. In addition, more studies on the combined effects of thermoelectric 

leg length, area, number and shape on thermal stress in a thermoelectric generator are 

recommended. Only a few research has been conducted on spectrum splitting PV-TEG 

however, sufficient works have been done on direct coupling PV-TEG system. It is 

therefore recommended that more attention be paid to spectrum splitting hybrid 

systems due to their potentially high performance when properly optimized. A 
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profusion of literature exists on the steady state performance of hybrid PV-TEG 

systems however, the actual performance of the hybrid system is affected by the daily 

variations in weather conditions. Thus, more research is needed on the hybrid system 

performance under transient conditions. 

Three-dimensional finite optimization studies are very important as they 

provide more information about temperature distribution in TEG as well as providing 

more accurate results close to real values. More three-dimensional parametric studies 

are encouraged for optimizing the TE geometry for the different geometry and 

structure types. Multi-objective optimization is an efficient method to perform 

comprehensive and simultaneous optimization of various thermoelectric geometry 

parameters. The combination of three-dimensional finite optimization and multi-

objective optimization is very important and significant as it combines the advantages 

of each of the individual optimization methods. Therefore, research on combined 

three-dimensional and multi-objective optimization of TEG geometry for electrical 

and mechanical performance enhancement is recommended. Another major future 

research direction is experimental investigation of various thermoelectric geometries 

for electrical and mechanical performance enhancement.  

2.7.4 Added Value of Present Research Relative to the Current State-of-Art 

Considering the results from the detailed literature review carried out and the 

future potential opportunities in the development of hybrid PV-TE systems, this 

research will address the following aspects: (1) reducing the quantity of thermoelectric 

generators needed and cost of the hybrid system by the use of a flat plate microchannel 

heat pipe which also increases the heat transfer in the system by reducing thermal 

resistance; (2) using water cooling for the TEG cold side due to its better cooling and 

cost effectiveness, while the hybrid system feasibility for co-generation of electricity 
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and hot water is demonstrated; (3) developing detailed three-dimensional simulation 

models using finite element method to predict and optimize the performance of the 

hybrid PV-TE system with and without flat plate heat pipe; and (4) performing 

thermoelectric geometry optimization in a thermoelectric generator only and hybrid 

PV-TE system while also considering the mechanical performance optimization of 

TEG. These works are intended to enhance the development of a new hybrid PV-TE 

system and fill some of the gaps identified from the literature review. The research 

results will contribute significantly to the development of the hybrid PV-TE systems.  

 

2.8 Chapter Summary  

Owing to the fast rate at which the field of PV-TEG is growing and the 

numerous significant research being carried, this review was written to present and 

discuss the state-of-art in the field of PV-TEG. This review presented an explanation 

of basic operating principles of the technologies considered. In addition, a detailed 

overview of all research areas and optimization efforts relating to hybrid PV-TEG was 

provided. Key focus areas in the hybrid system research such as: concentrated hybrid 

system, hybrid system coupling, energy storage and TEG cooling were all discussed 

in detail. Niche applications of PV-TEG were also presented to show its wide 

applicability in various fields and not just electricity generation.  

Optimization of thermoelectric generator is a key research objective to 

increase its conversion efficiency. This review also presented an in-depth analysis of 

thermoelectric geometry and structure optimization. The main significance of 

geometry and structure optimization is that quantity of material needed for optimum 

performance could be reduced thereby providing a dual function of increasing 

efficiency and reducing material cost. The four main parameters including leg length 
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or height, cross-sectional area, number of legs and leg shape which are paid attention 

to during optimization of thermoelectric geometry were discussed in detail.  

In addition, a review of the different thermoelectric structure currently 

available was provided including flat plate, annular and segmented thermoelectric 

generators. Furthermore, three-dimensional finite optimization method was discussed. 

An in-depth review of thermal stress optimization studies was presented and the effect 

of thermal stress on mechanical reliability of thermoelectric generators was discussed. 

Finite element method was explained and the computational procedure using 

COMSOL Multiphysics software was presented.  

Finally, a thorough investigation of hybrid PV-TEG systems and 

thermoelectric geometry optimization has been presented in this chapter in addition to 

recommendations for future research. It is envisaged that this review would serve as 

an indispensable literature on hybrid PV-TEG and thermoelectric geometry 

optimization. 
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CHAPTER 3 CONCEPTUAL DESIGN, 

MATHEMATICAL ANALYSIS AND SIMULATION 

MODEL DEVELOPMENT 

3.1 Chapter Introduction 

This chapter presents the conceptual design of the proposed hybrid 

photovoltaic-thermoelectric-flat plate microchannel heat pipe (PV-TE-MCHP) system 

for electricity generation and the computer simulation models for the hybrid system 

and individual components. The following tasks are addressed in this chapter:  

1) Presenting the design of the PV-TE-MCHP system including sketch drawings.  

2) Describing the basic operating principle and mathematical equations of the 

hybrid system. 

3) Describing the components and dimensions of the hybrid system.  

4) Simulating and analysing the performance of the system under steady state and 

transient conditions.  

The conceptual design and computer simulation models presented in this chapter 

will provide the foundation for the research methodology which includes numerical 

simulation and experimental study.   

 

3.2 System Design  

The proposed hybrid system incorporates three main components including 

photovoltaic, thermoelectric generator and heat pipe as shown in Figure 3.1. The heat 

pipe is used for thermal management of the photovoltaic therefore it is placed directly 

behind the PV module while the thermoelectric generator is used for additional 
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electrical power generation thus, it is placed at the condenser section of the flat plate 

microchannel heat pipe. Furthermore, as shown in Figure 3.1a, the photovoltaic 

module is attached to the top surface of the heat pipe evaporator section therefore, the 

accumulated heat at the rear surface of the PV is extracted by the heat pipe thereby 

cooling the PV and improving its efficiency. Figure 3.1b shows the system design in 

three-dimension however, a single PV cell is shown instead of the actual four PV cells 

in the module which are shown in Figure 3.1a. This is because the drawings are to 

scale thus to ensure the components of the system are clearly seen, the figure is cut 

and just one PV cell is shown.     

 

Figure 3.1: Schematic diagram of PV-TE-MCHP system in (a) 2-dimension and (b) 3-dimension  

The proposed system can be divided into two main parts including the PV-

MCHP and TEG-cooling block as shown in Figure 3.2. In this study, the effect of back 

surface insulation is considered therefore, the insulation layer which covers the back 

surface of the photovoltaic and flat plate microchannel heat pipe is shown in Figure 

3.2a. Thermal insulation is placed at the back surface of the PV-MCHP to minimize 

thermal losses. In addition, the experimental study carried out in this research which 

will be presented in subsequent chapters considered the effect of back surface 

insulation on the hybrid system performance thus, results were obtained for the case 
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with and without insulation. Furthermore, the second part of the hybrid system is the 

TEG-cooling block which is shown in Figure 3.2b. Water cooling is used in this study 

due to its superior performance compared to air cooling as observed from the literature 

review conducted. Therefore, a cooling block which has an inlet and outlet was placed 

on the cold side of the thermoelectric generator to ensure sufficient temperature 

difference is maintained across the sides of the thermoelectric generator. The inlet and 

outlet of the cooling block are connected to the water tank via water pipes and a small 

pump for constant circulation. The external wires of the thermoelectric generator are 

connected to an external load resistance where voltage and current can be measured 

and thus, the TEG power output is obtained.  

 

Figure 3.2: (a) PV-MCHP layout with back surface insulation and (b) TEG-cooling block layout 

 The incorporation of the thermoelectric generator and water-cooling block on 

the condenser section of the flat plate microchannel heat pipe is shown in Figure 3.3. 

The heat extracted from the PV back surface which is attached to the upper surface of 

the MCHP evaporator section is transferred via the vapour-condensation process to 

the condenser section of the heat pipe where the thermoelectric generator is attached. 
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As shown in Figure 3.3, the hot side of the TEG is attached to the lower surface of the 

MCHP condenser section which provides the heat input while the cooling block is 

attached to the cold side of the TEG to maintain a temperature difference. The 

thermoelectric generator utilizes the temperature difference to generate electricity 

directly thereby increasing the electrical output of the hybrid system.    

 

Figure 3.3: Layout of waste heat recovery system attached to MCHP condenser section  

3.2.1 Research Questions 

The following research questions are envisaged to be answered in this 

research:   

1) What is an effective strategy to reduce the quantity of thermoelectric 

generators needed for effective photovoltaic thermal management? 

2) What are the performance improvements achievable through the use of a 

thermoelectric generator and a flat plate heat pipe for photovoltaic thermal 

management?  

3) What is the feasibility of the hybrid system for co-generation of electricity and 

hot water?  

4) What is the optimum thermoelectric geometry in a thermoelectric generator 

only and hybrid photovoltaic-thermoelectric for performance enhancement?  



CHAPTER 3 CONCEPTUAL DESIGN, MATHEMATICAL ANALYSIS AND 

SIMULATION MODEL DEVELOPMENT  

 96 

3.2.2 Potential Solutions  

Based on the research questions proposed, the following potential solutions 

will be explored:  

1) A novel conceptual hybrid photovoltaic system with a single thermoelectric 

generator and flat plate microchannel heat pipe (MCHP) will be designed.  

2) A PV-TE-MCHP prototype will be set up and tested under laboratory 

conditions to investigate the performance of the hybrid system in terms of 

overall system efficiency and power output.  

3) Heat removed from the thermoelectric generator cold side will be recirculated 

into the water tank to increase the water temperature while the system 

generates electricity.  

4) Thermoelectric geometry optimization will be performed in a thermoelectric 

generator only and in a hybrid PV-TE system using validated three-

dimensional simulation models. 

 

3.3 Operating Principle 

This research is on solar energy harvesting therefore, solar energy is used as 

the input energy source. Solar radiation is impinged on the PV module and it is 

transmitted via the transparent cover of the PV and absorbed mainly by the 

photovoltaic cells. The PV cells convert part of the absorbed solar radiation into 

electricity directly via the photovoltaic effect while the remaining solar radiation is 

accumulated as waste heat at the back surface of the PV. As a result of the low 

conversion efficiency of most photovoltaic, a large part of the solar radiation is 

converted into waste heat while only a small part is converted into electricity. In 

addition, the increase in temperature of the photovoltaic causes a decrease in its 
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efficiency therefore, cooling of the PV is essential. Furthermore, the accumulated heat 

at the PV back surface will be transferred to the MCHP evaporator section since they 

are attached together. Subsequently, the absorbed heat vaporizes the working fluid 

inside the flat plate MCHP and this vaporized heat is transferred to the condenser 

section of the microchannel heat pipe. At the condenser section, condensation of the 

vapor occurs therefore, the latent heat of vaporization is released to the attached 

thermoelectric generator. Since a water-cooling block is attached to the TEG cold side, 

a temperature difference is achieved across the TEG due to the heat from the MCHP 

condenser and the water cooling at the bottom of the TEG. Therefore, the TEG 

generates additional electricity via the Seebeck effect.  

 

3.4 Components and Dimensions 

The main components of the hybrid system are described in this section 

including photovoltaic module, flat plate microchannel heat pipe, thermoelectric 

generator, cooling block and water tank. In addition, the dimensions of these 

components are provided.  

3.4.1 Photovoltaic Module 

The photovoltaic module considered in this research is shown in Figure 3.4. It 

consists of five layers as shown in Figure 3.4a which are laminated together to form a 

module. The top surface of the PV is the transparent cover sheet which is a transparent 

tedlar polyester tedlar (TPT) in this research. The PV used in this research is unglazed 

therefore instead of a glass cover, a transparent TPT is present at the top surface. The 

transparent TPT helps to prevent accumulation of dust and enhance solar radiation 

transmission to the solar cells because of its high transmittance and low reflectance. 

Furthermore, the ethylene vinyl acetate (EVA) is used to encapsulate the solar 



CHAPTER 3 CONCEPTUAL DESIGN, MATHEMATICAL ANALYSIS AND 

SIMULATION MODEL DEVELOPMENT  

 98 

photovoltaic cells therefore the EVA is present on top and bottom of the PV cells while 

it provides adhesion between the solar cell, transparent front cover and back sheet. 

The photovoltaic cells used in this research are crystalline silicon cells which absorb 

the solar radiation and generate electricity via the photovoltaic effect. There are four 

PV cells in the PV module used in this research as shown in Figure 3.4b. Furthermore, 

the TPT back sheet provides durability and reliability for the PV module under 

extreme weather conditions. The dimensions of the PV module and PV cell in 

millimetres are shown in Figure 3.4b and the height of the PV module is 2 mm.  

 

 

Figure 3.4: Photovoltaic module (a) layers and (b) dimensions  

3.4.2 Flat Plate Microchannel Heat Pipe 

The flat plate microchannel heat pipe used in this research is shown in Figure 

3.5. The advantage of using a flat plate structure is that it can easily be integrated with 

the photovoltaic module which also has a flat structure thereby eliminating the thermal 
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contact resistance from geometry mismatch. The MCHP has the evaporator section 

which is attached to the photovoltaic and the condenser section where the 

thermoelectric generator is attached. As shown in Figure 3.5a, the working fluid is 

transferred from the evaporator section to the condenser section due to vaporization 

of the work fluid by the absorbed heat at the evaporation section. At the condenser 

section, the working fluid undergoes a phase change from vapour to liquid state and 

returns to the evaporator section after releasing its heat to the attached TEG. 

Furthermore, the inner structure of the MCHP is shown in Figure 3.5b including the 

channel, groove and fin. In addition, the dimensions of the flat plate microchannel heat 

pipe in millimetres are shown in Figure 3.5b and the height of the MCHP is 3 mm.  

 

Figure 3.5: Flat plate microchannel heat pipe (a) outer structure and (b) inner structure  

3.4.3 Thermoelectric Generator  

The thermoelectric generator used in this research is shown in Figure 3.6. A 

typical thermoelectric generator is made up of several layers including ceramic, 

copper, n-type and p-type thermoelectric legs as shown in Figure 3.6a. In addition, 

two external wires (positive and negative) are used to connect the thermoelectric 

generator to the external load resistance. The ceramic layers enhance the heat transfer 

across the TEG and provide electrical insulation. Copper is the electrical conducting 
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material which allows an electrical circuit to be formed in the TEG. The n-type and p-

type legs are made of bismuth telluride (Bi2Te3) thermoelectric material. Furthermore, 

the commercial TEG used (GM250-127-14-16) has 127 pairs of n-type and p-type legs 

therefore there are 254 legs in the module which are connected electrically in series 

and thermally in parallel as shown in Figure 3.6b. The dimensions of the 

thermoelectric generator in millimetres are shown Figure 3.6b and the height of the 

TEG is 3.4 mm.  

 

Figure 3.6: Thermoelectric generator in (a) 3-dimension and (b) 2-dimension  

3.4.4 Cooling Block and Water Tank 

The schematic and connection of the cooling block and water tank used in this 

research is shown in Figure 3.7. The dimensions of the cooling block in terms of length 

and width are exactly the same with those of the thermoelectric generator therefore, it 
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covers the entire surface of the TEG cold side thus, heat removal is more effective. 

Furthermore, the cooling block has an inlet and outlet where water pipes are connected 

to the outlet and inlet of the water tank respectively for water circulation as shown in 

Figure 3.7. Therefore, the thermoelectric generator is cooled by the water flowing 

through the cooling block and eventually, the heat removed from the TEG is circulated 

to the water tank which in turn increases the temperature of the water in the tank thus 

demonstrating the feasibility of the hybrid system for electricity generation and hot 

water production.    

 

Figure 3.7: Schematic of cooling block and water tank  

 

3.5 Computer Simulation Models 

Numerical modelling approach is one of the methodologies applied in this 

research in addition to experimental investigation. In this section, the computer 

simulation models which describe the energy balance of the system components are 
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presented. The numerical investigation in this research is performed using COMSOL 

Multiphysics software and the equations used for the modelling are presented. The 

three main sub-systems in the hybrid system are the photovoltaic module, 

thermoelectric generator and heat pipe therefore, simulation models for each system 

is presented in addition to that of the hybrid system. In subsequent chapters, the models 

presented in this section will be validated with experimental results and published 

data.  

3.5.1 Modelling Equations 

The principles of heat transfer described above are applied to model the hybrid 

system and its individual subsystems. The modelling equations are based on the law 

of conversation of energy which is the principle underlying energy balance 

calculations. The photovoltaic, thermoelectric generator, heat pipe and hybrid system 

models used in this research are described below. The subsystems are firstly modelled 

separately before being integrated to form the hybrid PV-TE-MCHP system.  

3.5.1.1 Photovoltaic Model 

The governing equations for the temperature distribution in each layer of the 

PV are given as (Fallah Kohan et al., 2018):   

𝜌𝐶𝑝
𝜕𝑇

𝜕𝑡
− ∇ ∙ (𝑘∇𝑇) = 𝑞𝑠𝑜𝑙 − 𝑃𝑔𝑒𝑛 − 𝑞𝑟𝑎𝑑 − 𝑞𝑐𝑜𝑛𝑣                       (3.1) 

where 𝜌, 𝐶𝑝 and 𝑘 are density, specific heat capacity and thermal conductivity of each 

layer. 𝑞𝑟𝑎𝑑 is the radiative heat loss and 𝑞𝑐𝑜𝑛𝑣 is the convective heat loss. 𝑇 is the 

temperature, 𝑞𝑠𝑜𝑙 can be defined as the volumetric solar energy absorption by each 

layer and 𝑃𝑔𝑒𝑛 is the electrical power generation per volume which is zero for all layers 

except the crystalline silicon cell layer.  

 The solar energy absorption and power generation in each layer of the PV can 

be modelled by firstly specifying the solar radiation intensity (𝐺0), after which the 
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energy absorption in each layer can then be calculated and considered as an internal 

heat generation. In this study, the cell surface is assumed to always be uniformly 

illuminated. The volumetric energy absorption of each layer is given as:  

𝑞𝑠𝑜𝑙,𝑖 =
𝐺𝑟𝑒𝑐,𝑖×𝛼𝑖×𝐴𝑖×𝐶

𝑉𝑖
                (3.2) 

𝐺𝑟𝑒𝑐,𝑖 = 𝐺𝑟𝑒𝑐,𝑖−1 × [(1 − 𝛼𝑖−1) − 𝜌𝑖−1]                        (3.3) 

where 𝛼𝑖, 𝜌𝑖 and 𝑉𝑖 are the absorptivity, reflectivity and volume of the ith layer 

respectively. 𝐺𝑟𝑒𝑐,𝑖 can be defined as the solar radiation intensity received at each 

layer, 𝑞𝑠𝑜𝑙,𝑖  is the associated volumetric heat source at each layer, 𝐴𝑖 is the area of the 

ith layer and 𝐶 is solar concentration ratio.  

 In the crystalline silicon layer, power generation is considered as an internal 

heat sink and can be defined as (Evans, 1981): 

𝜂𝑝𝑣 = 𝜂𝑟𝑒𝑓[1 − 𝛽(𝑇𝑝𝑣 − 𝑇𝑟𝑒𝑓)]              (3.4)            

𝑃𝑔𝑒𝑛 = 𝑞𝑠𝑜𝑙,3 × 𝜂𝑝𝑣                           (3.5) 

where 𝜂𝑟𝑒𝑓 is the reference efficiency of the crystalline silicon solar cell and 𝛽 is the 

temperature coefficient. In addition, 𝑇𝑝𝑣 is the average temperature of the silicon layer, 

𝑇𝑟𝑒𝑓 is the reference temperature of 298.15 K, 𝑞𝑠𝑜𝑙,3 is the volumetric solar energy 

absorption at the silicon layer and 𝜂𝑝𝑣 is the efficiency of the PV.   

 The electrical power generation obtained from Eq. (3.5) is dependent entirely 

on the temperature distribution in each of the layers therefore, Eq. (3.1) – Eq. (3.5) are 

coupled together and solved simultaneously to obtain the temperature distribution 

using finite element method.  

The radiative heat loss at the top surface of the photovoltaic is given as, 

𝑞𝑟𝑎𝑑 = 𝜀𝜎𝑏(𝑇𝑠𝑘𝑦
4 − 𝑇𝑡𝑠

4 )                           (3.6) 
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where 𝜎𝑏 is Stefan-Boltzmann’s constant and 𝑇𝑡𝑠 is the temperature of the photovoltaic 

top surface.  

The sky temperature is used for the radiative heat loss calculation and it is 

given as (G. Li et al., 2018b),  

𝑇𝑠𝑘𝑦 = 0.0552𝑇𝑎
1.5                                      (3.7) 

where 𝑇𝑎 is the ambient temperature and 𝑇𝑠𝑘𝑦 is sky temperature.  

The convective heat loss at the top surface of the photovoltaic is given as,  

𝑞𝑐𝑜𝑛𝑣 = ℎ(𝑇𝑎 − 𝑇𝑡𝑠)                           (3.8) 

The convective heat transfer coefficient of the PV is given in terms of the wind 

speed as (Zhou et al., 2015):  

ℎ = 5.82 + 4.07𝑣                (3.9) 

where ℎ is the convective heat transfer coefficient 𝑣 is the wind speed (m/s).  

3.5.1.2 Thermoelectric Generator Model 

The thermoelectric generator operation is governing by the following 

equations which are solved using finite element method (Xiao et al., 2012): 

𝜌𝐶𝑝
𝜕𝑇

𝜕𝑡
+ ∇ ∙ �⃗� = �̇�              (3.10) 

where 𝐶𝑝 is specific heat capacity, �⃗� is heat flux vector, 𝜌 is the density, 𝑇 is 

temperature and �̇� is the heat generation rate per unit volume.  

 Electric charge continuity equation is expressed as,  

∇ ∙ (𝐽 +
𝜕�⃗⃗⃗�

𝜕𝑡
) = 0              (3.11) 

where �⃗⃗⃗� is the electric flux density vector and  𝐽 is the electric current density vector.  

 The following thermoelectric constitutive equations are used to couple the Eq. 

(3.10) and (3.11) (Antonova and Looman, 2005), 

�⃗� = 𝑇[𝛼] ∙ 𝐽 − [𝜅] ∙ ∇𝑇             (3.12) 
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𝐽 = [𝜎] ∙ (�⃗⃗� − [𝛼] ∙ ∇𝑇)             (3.13) 

where [𝜅] is the thermal conductivity matrix, [𝛼] is the Seebeck coefficient matrix, 

and [𝜎] is the electrical conductivity matrix.  

�⃗⃗� = −∇𝜑                (3.14) 

where 𝜑 is the electric scalar potential and �⃗⃗� is the electric field intensity vector.   

 The combination of the above equations results in the coupled thermoelectric 

equations which are expressed as,  

𝜌𝑑𝐶𝑝
𝜕𝑇

𝜕𝑡
+ ∇ ∙ (𝑇[𝛼] ∙ 𝐽) − ∇ ∙ ([𝛼] ∙ ∇𝑇) = �̇�           (3.15) 

∇ ∙ ([𝜀] ∙ ∇
𝜕𝜑

𝜕𝑡
) + ∇ ∙ ([𝜎] ∙ [𝛼] ∙ ∇𝑇) + ∇ ∙ ([𝜎] ∙ ∇𝜑) = 0         (3.16) 

where [𝜀] represents the dielectric permittivity matrix.  

 Rewriting Eq. (3.13) and (3.14) results in (Ezzat, 2011),  

∇ ∙ (𝑇𝛼𝐽) − ∇ ∙ (𝜆∇T) = �̇�             (3.17) 

∇ ∙ (𝜎𝛼∇T) + ∇ ∙ (𝜎∇𝜑) = 0             (3.18) 

where ∇ is the vector differential operator and ∇2 is the Laplace operator which is a 

scalar operator and is expressed as the divergence of the gradient of T and 𝜑 in 

the above equations.   

 The thermoelectric generator electrical performance (power output and 

efficiency) are derived from the equations below:  

𝑉𝑂𝐶 =  𝛼∆𝑇               (3.19) 

where 𝛼 is the Seebeck coefficient, 𝑉𝑂𝐶 is the open circuit voltage, and ∆𝑇 is the 

temperature difference between the hot and cold sides of the TEG.  

𝑉𝐿 = 𝑉𝑂𝐶 − 𝑅𝑖𝑛𝐼 = 𝑅𝐿𝐼             (3.20) 

where 𝑅𝑖𝑛 is the TEG internal resistance, 𝑉𝐿 is the output load voltage, and 𝐼 is the 

TEG current which is expressed as,  
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𝐼 =
𝑉𝑂𝐶

𝑅𝑖𝑛+𝑅𝐿
               (3.21) 

 The thermoelectric generator power output is expressed as,  

𝑃𝑡𝑒𝑔 = 𝑉𝐿𝐼 = 𝑅𝐿𝐼
2              (3.22) 

 The efficiency of the thermoelectric generator is given as,  

𝜂𝑡𝑒𝑔 =
𝑃𝑡𝑒𝑔

𝑄ℎ
               (3.23) 

where 𝑄ℎ is the input power at the top surface of the TEG and 𝜂𝑡𝑒𝑔 is the 

thermoelectric generator efficiency.   

3.5.1.3 Flat Plate Heat Pipe Model 

The flat plate heat pipe model used in this study is a simplified model given 

by (COMSOL Multiphysics, 2018a) and modified for this particular study.  

The capillary pressure is given as:  

∆𝑝𝑐 =
2𝜎

𝑟𝑐
               (3.24) 

where 𝑟𝑐 is the capillary radius and 𝜎 is the surface tension.  

The capillary pressure must be greater than all other pressure drops in the heat 

pipe therefore,  

∆𝑝𝑐 ≥ ∆𝑝𝑣 + ∆𝑝𝑙 + ∆𝑝𝑔             (3.25) 

where ∆𝑝𝑣 is the vapor pressure drop, ∆𝑝𝑐 is capillary pressure drop, ∆𝑝𝑙 is liquid 

pressure drop in wick and ∆𝑝𝑔 is pressure drop due to gravitation and acceleration.  

∆𝑝𝑙 = (
𝜇𝑙

𝐾𝐴𝑤𝐿𝑣𝑝𝑙
) 𝐿𝑒𝑓𝑓𝑞                        (3.26) 

where 𝜇𝑙 is the liquid viscosity, 𝐾 is wick permeability, 𝐴𝑤 is wick area, 𝐿𝑒𝑓𝑓 is the 

heat pipe effective length and 𝑞 is the capillary limit.    

The vapor pressure drop ∆𝑝𝑣 can often be neglected and if the effect of gravity 

is not considered then,  
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∆𝑝𝑐 = ∆𝑝𝑙               (3.27) 

The capillary limit is given as:  

𝑞 =
2𝜎𝐾𝐴𝑤𝐿𝑣𝑝𝑙

𝐿𝑒𝑓𝑓𝑟𝑐𝜇𝑙
               (3.28) 

𝐿𝑒𝑓𝑓 =
𝐿𝑒𝑣𝑎𝑝

2
+
𝐿𝑐𝑜𝑛𝑑𝑒𝑛

2
              (3.29) 

where 𝐿𝑒𝑣𝑎𝑝 is the length of evaporator section and 𝐿𝑐𝑜𝑛𝑑𝑒𝑛 is the length of condenser 

section of the heat pipe.  

  The effective thermal conductivity of the sintered copper powder wick is given 

as (COMSOL Multiphysics, 2018a):  

𝑘𝑒𝑓𝑓 =
𝑘𝑓(𝑘𝑓+𝑘𝑠−(1−𝜑)(𝑘𝑓−𝑘𝑠))

𝑘𝑓+𝑘𝑠+(1−𝜑)(𝑘𝑓−𝑘𝑠)
                        (3.30) 

where 𝜑 is porosity, taken as 0.5,  𝑘𝑓 and 𝑘𝑠 are thermal conductivity of fluid (water) 

and thermal conductivity of solid (copper) respectively, taken as 0.61 and 400 

respectively. 

The vapor density according to the Ideal gas law is given as:  

𝜌𝑣 =
𝑝

𝑅𝑠𝑇
=

𝑝 × 𝑀𝑛

𝑅𝑠𝑇
              (3.31) 

where 𝑝 is pressure and 𝑀𝑛 is the molar mass (18.01528[g/mol]).  

Laminar compressible flow is used and the saturation pressure (from Clausius-

Clapeyron) at the inlet/outlet at evaporator/condenser side of the wick/vapor interface 

is given as:  

𝑝 = 𝑝𝑠𝑎𝑡(𝑇) = 𝑝𝑟𝑒𝑓 ∙ 𝑒𝑥𝑝 (
𝜆

𝑅𝑠
(

1

𝑇𝑟𝑒𝑓
−

1

𝑇
))           (3.32) 

𝜆 = ℎ𝑓𝑔 ×𝑀𝑛               (3.33) 

where 𝜆 is the enthalpy of vaporization, 𝑀𝑛 is the molar mass, ℎ𝑓𝑔 is the latent heat 

(2473 [kJ/kg]),  𝑝𝑠𝑎𝑡 is saturation pressure, 𝑅𝑠 is specific gas constant (8.3144621 
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[J/mol/K]), 𝑇𝑟𝑒𝑓 is reference temperature (100 ℃), 𝑇 is temperature and 𝑝𝑟𝑒𝑓 is 

reference pressure (1atm).  

A global analytical function is used to define the saturation pressure and the 

vapor density is calculated from the equation.  

The resulting normal mass flux of the evaporating/condensing water at the 

wick/vapor interface is given as,  

�̇� = 𝜌𝑣(𝑣 ∙ 𝑛)               (3.34) 

where 𝜌𝑣 is vapor density, 𝑣 is velocity field component and 𝑛 is normal direction. 

Viscous dissipation is included in this model and heat conduction is present in 

the container and wick. In the vapor chamber, heat transfer is via conduction and 

convection.  

The boundary heat source that accounts for the heat of 

evaporation/condensation at the wick/vapor interface is given as: 

𝑞𝑒𝑣𝑎𝑝 = �̇�𝜆                          (3.35) 

where �̇� is normal mass flux and 𝜆 is the enthalpy of vaporization.  

 A global variable is used to define the heat of vaporization 𝑞𝑒𝑣𝑎𝑝 and a 

boundary heat source is used to apply it to the wick/vapor interface.  

3.5.1.4 Hybrid System Model 

In this research, the model for the hybrid PV-TE and PV-TE-MCHP are 

essentially the same because the heat pipe is simply a passive cooling device with no 

electrical contribution to the hybrid system. Instead, the heat pipe cools the PV thereby 

increasing the PV efficiency while also providing some heat flux at its condenser 

section for the TEG to generate electricity simultaneously.  
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 The total power output of the hybrid system is a sum of the crystalline silicon 

cell layer power output and the TEG power output at matched load resistance. This is 

given as:  

𝑃ℎ𝑦𝑏𝑟𝑖𝑑 = 𝑃𝑔𝑒𝑛 + 𝑃𝑡𝑒𝑔              (3.36) 

Similarly, the overall efficiency of the hybrid system is given as the sum of the 

PV and TEG efficiencies.  

𝜂ℎ𝑦𝑏𝑟𝑖𝑑 = 𝜂𝑝𝑣 + 𝜂𝑡𝑒𝑔              (3.37) 

 In the experimental study carried out, a pump is used to circulate the water for 

cooling the thermoelectric generator. Therefore, the overall power output of the 

experimental PV-TE-MCHP system is given as,  

𝑃𝑝𝑣−𝑡𝑒−𝑚𝑐ℎ𝑝 = 𝑃𝑔𝑒𝑛 + 𝑃𝑡𝑒𝑔 − 𝑃𝑝𝑢𝑚𝑝            (3.38) 

where 𝑃𝑝𝑢𝑚𝑝 is the power consumed by the pump.  

 The overall electrical efficiency of the experimental PV-TE-MCHP is given 

as,  

𝜂𝑝𝑣−𝑡𝑒−𝑚𝑐ℎ𝑝 =
𝑃𝑔𝑒𝑛+𝑃𝑡𝑒𝑔−𝑃𝑝𝑢𝑚𝑝

𝐺×𝐴𝑐
            (3.39) 

where 𝐺 is the solar radiation and 𝐴𝑐 is the area of the PV collector.  

 Since the heat removed from the TEG is transported back to the water tank 

which then increases the temperature of the water, the heating capacity obtained by 

the water in the tank can be expressed as (Guiqiang Li et al., 2015b), 

�̇�𝑡ℎ = 𝑚𝑤_𝑡𝑎𝑛𝑘𝑐𝑤
𝑑�̅�

𝑑𝑡
              (3.40) 

where 𝑚𝑤_𝑡𝑎𝑛𝑘 is the mass of water tank, 𝑐𝑤 is the specific heat capacity of water and 

�̅� is the average temperature of water in the tank.  

 The thermal efficiency of the system is given as, 

𝜂𝑡ℎ =
∫ �̇�𝑡ℎ
𝑡2
𝑡1

𝑑𝑡

𝐴𝑐 ∫ 𝐺𝑑𝑡
𝑡2
𝑡1

                         (3.41) 
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where 𝐴𝑐 is the area of the PV collector.  

The exergy analysis is based on second law of thermodynamics and it is used 

to present the maximum quantity of work that can be produced in a given environment 

(Chow et al., 2009). The exergy efficiency of the PV-TE-MCHP is given as,  

𝜂𝑥𝑝𝑣−𝑡𝑒−𝑚𝑐ℎ𝑝 = 
𝐸𝑥𝑝𝑣+𝐸𝑥𝑡𝑒+𝐸𝑥𝑤_𝑡𝑎𝑛𝑘−𝑃𝑝𝑢𝑚𝑝

𝐸𝑥𝑖𝑛
           (3.42) 

where 𝐸𝑥𝑝𝑣, 𝐸𝑥𝑡𝑒 are the exergy outputs of PV and TE respectively and 𝐸𝑥𝑤_𝑡𝑎𝑛𝑘 is 

the exergy obtained in the water tank.  

𝐸𝑥𝑝𝑣 = 𝑃𝑔𝑒𝑛               (3.43) 

𝐸𝑥𝑡𝑒 = 𝑃𝑡𝑒𝑔               (3.44) 

 Assuming that the temperature value in the water tank is the average of three 

thermocouple temperature values, 𝐸𝑥𝑤_𝑡𝑎𝑛𝑘 can be expressed as (Gang et al., 2012),  

𝐸𝑥𝑤_𝑡𝑎𝑛𝑘 = �̇�𝑡ℎ (1 −
𝑇𝑎

�̅�
)             (3.45) 

 The exergy from the sun 𝐸𝑥𝑖𝑛 is given as (Gang et al., 2011),  

𝐸𝑥𝑖𝑛 = 𝐴𝑐𝐺𝜑𝑠𝑟𝑎𝑑,𝑚𝑎𝑥              (3.46) 

where 𝜑𝑠𝑟𝑎𝑑,𝑚𝑎𝑥 is the maximum efficiency ratio for determining the exergy of 

thermal emission at temperature 𝑇𝑠𝑢𝑛 and it is expressed using Petela equation as 

(Petela, 2003), 

𝜑𝑠𝑟𝑎𝑑,𝑚𝑎𝑥 = 1 +
1

3
(
𝑇𝑎

𝑇𝑠𝑢𝑛
)
4

−
4

3

𝑇𝑎

𝑇𝑠𝑢𝑛
            (3.47) 

where 𝑇𝑎 is ambient temperature and 𝑇𝑠𝑢𝑛 is the solar irradiance temperature which is 

taken as 6000 K (Li et al., 2016a). 

 The experimental error of the corresponding independent variables such as 

solar radiation, current, voltage and temperature are determined by the accuracy of the 

measuring instrument used. The relative error (RE) of the dependent variable 𝑦 is 

given as (Ji et al., 2009),  



CHAPTER 3 CONCEPTUAL DESIGN, MATHEMATICAL ANALYSIS AND 

SIMULATION MODEL DEVELOPMENT  

 111 

𝑅𝐸 = 
𝑑𝑦

𝑦
=

𝜕𝑓

𝜕𝑥1

𝑑𝑥1

𝑦
+

𝜕𝑓

𝜕𝑥2

𝑑𝑥2

𝑦
+⋯+

𝜕𝑓

𝜕𝑥𝑛

𝑑𝑥𝑛

𝑦
           (3.48) 

𝑦 = 𝑓(𝑥1, 𝑥2, … 𝑥𝑛)              (3.49) 

where 𝑥1(𝑖 = 1, … , 𝑛) is defined as variable of dependent variable 𝑦, and 
𝜕𝑓

𝜕𝑥
 is defined 

as error transferring coefficient of the variables.  

 During test period, the experimental relative mean error (RME) is given as,  

𝑅𝑀𝐸 =
∑ |𝑅𝑒|𝑁
1

𝑁
               (3.50) 

3.5.2 Other Optimization Models  

Asides the hybrid PV-TE-MCHP model which is described above, some other 

models are used in this research to optimize the performance of the thermoelectric 

generator and the hybrid photovoltaic-thermoelectric system while the results obtained 

will be presented in subsequent chapters. These models are used in conjunction with 

the sub-system models described above.  

3.5.2.1 Solar TEG Model 

At the top surface of the solar TEG, the input power is given as (P. Li et al., 

2010) 

𝑄𝑖𝑛 = 𝐶𝐺𝐴𝑠𝛼𝑠𝜂𝑜𝑝𝑡              (3.51) 

where 𝐴𝑠 is the area of solar selective absorber which is placed on the top surface of 

the solar thermoelectric generator, 𝛼𝑠 is the SSA absorptivity (0.95), 𝜂𝑜𝑝𝑡 represents 

the optical efficiency (0.90) and the SSA emissivity is 0.05 (Yin et al., 2018d). 𝐶 

represents the concentration ratio and 𝐺 represents the solar radiation.   

 Heat loss due to radiation and convection at the top surface of the solar TEG 

are considered in this study. The sky temperature is used for the radiative heat loss 

calculation which is shown in Eq. (3.7) and the convective heat transfer coefficient is 

given in Eq. (3.9). 
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The Solar TEG efficiency is given as (Xiao et al., 2012):  

𝜂𝑠𝑜𝑙𝑎𝑟𝑇𝐸𝐺 = 𝜂𝑡𝑒𝑔𝛼𝑠𝜂𝑜𝑝𝑡                                                                    (3.52) 

3.5.2.2 Phase Change Material Model 

The phase change numerical model used in this study is based on the apparent 

heat capacity method. Initially, the phase change material (PCM) is in solid phase and 

the conduction equation in solid PCM is given as (Kylili et al., 2016):  

𝜌𝐶𝑒𝑞
𝜕𝑇

𝜕𝑡
+ ∇ ∙ (−𝑘𝑒𝑞∇𝑇) = 𝑄             (3.53) 

where 𝐶𝑒𝑞 is the effective heat capacity and 𝑘𝑒𝑞 is the effective thermal conductivity.  

When the phase change material reaches its phase change temperature i.e. 

melting temperature (𝑇𝑚), it is assumed that the phase change process occurs over a 

time period. Consequently, this time interval is defined between 𝑇𝑚 − ∆𝑇/2 and 𝑇𝑚 +

∆𝑇/2 and the phase of the PCM during this time period is defined by the function, 𝜃. 

This function, 𝜃 is called the liquid fraction or phase transition function because it 

presents the fraction of the phase before the phase transition. Furthermore, the phase 

transition function is equal to 1 before 𝑇𝑚 − ∆𝑇/2 (i.e. solid phase) and 0 after 𝑇𝑚 +

∆𝑇/2 (i.e. liquid phase). Furthermore, the density, 𝜌 and specific enthalpy, 𝐻 are given 

as (COMSOL Multiphysics, 2018b):  

𝜌 = 𝜃𝜌𝑝ℎ1 + (1 − 𝜃)𝜌𝑝ℎ2             (3.54) 

𝐻 =
1

𝜌
(𝜃𝜌𝑝ℎ1𝐻𝑝ℎ1 + (1 − 𝜃)𝜌𝑝ℎ2𝐻𝑝ℎ2)                       (3.55) 

where 𝑝ℎ1 and 𝑝ℎ2 represent a material in phase 1 and phase 2 respectively.  

The specific heat capacity is given as (COMSOL Multiphysics, 2018b):  

𝐶𝑝 =
1

𝜌
(𝜃1𝜌𝑝ℎ1𝐶𝑝,𝑝ℎ1 + 𝜃2𝜌𝑝ℎ2𝐶𝑝,𝑝ℎ2) + (𝐻𝑝ℎ2 − 𝐻𝑝ℎ1)

𝑑𝛼𝑚

𝑑𝑇
        (3.56)  

where 𝜃1 = 𝜃 and 𝜃2 = 1 − 𝜃. 

The mass fraction 𝛼𝑚 is given as:  
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  𝛼𝑚 =
1

2

𝜃2𝜌𝑝ℎ2−𝜃1𝜌𝑝ℎ1

𝜌
             (3.57) 

The specific heat capacity is the sum of an equivalent heat capacity, 𝐶𝑒𝑞 

(COMSOL Multiphysics, 2018b): 

 𝐶𝑒𝑞 =
1

𝜌
(𝜃1𝜌𝑝ℎ1𝐶𝑝,𝑝ℎ1 + 𝜃2𝜌𝑝ℎ2𝐶𝑝,𝑝ℎ2)           (3.58) 

The distribution of latent heat 𝐶𝐿 is given as:  

𝐶𝐿(𝑇) = (𝐻𝑝ℎ2 − 𝐻𝑝ℎ1)
𝑑𝛼𝑚

𝑑𝑇
             (3.59) 

𝐶𝐿 is approximated so that the total heat per unit volume released during the phase 

transformation is equal to the latent heat 𝐿: 

∫ 𝐶𝐿(𝑇)𝑑𝑇 = 𝐿
𝑇𝑚 + 

∆𝑇

2

𝑇𝑚 − 
∆𝑇

2

∫
𝑑𝛼𝑚

𝑑𝑇
𝑑𝑇 = 𝐿

𝑇𝑚 + 
∆𝑇

2

𝑇𝑚 − 
∆𝑇

2

           (3.60) 

In the heat equation, the apparent heat capacity, 𝐶𝑝 used is given as:  

𝐶𝑝 =
1

𝜌
(𝜃1𝜌𝑝ℎ1𝐶𝑝,𝑝ℎ1 + 𝜃2𝜌𝑝ℎ2𝐶𝑝,𝑝ℎ2) + 𝐶𝐿                      (3.61) 

 The effective thermal conductivity is given as:  

𝑘𝑒𝑞 = 𝜃1𝑘𝑝ℎ1 + 𝜃2𝑘𝑝ℎ2             (3.62) 

 While the effective density is given as:  

𝜌 = 𝜃1𝜌𝑝ℎ1 + 𝜃2𝜌𝑝ℎ2              (3.63) 

3.5.2.3 Contact Resistance Model 

Thermal contact resistance can be defined as a ratio between the interface 

temperature drop and the interface average heat flow expressed as (Mahmoudinezhad 

et al., 2018b),  

𝑅𝑐 = 𝑅𝑝𝑣_𝑡𝑒 = 𝑅𝑡𝑒𝑔_ℎ𝑠𝑖𝑛𝑘 =
∆𝑇𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒

�̇�
𝐴
⁄

 (𝑚𝑚2 ∙ 𝐾/𝑊)         (3.64) 

Interface heat transfer equation, which is given below, is used to evaluate the 

effect of thermal contact resistance between the thermoelectric copper-ceramic upper 
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and lower interface, photovoltaic-thermoelectric generator interface and 

thermoelectric generator-heat sink interface.  

�̇� = ℎ𝑐𝐴∆𝑇𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒              (3.65) 

where ℎ𝑐 is the thermal contact conductance which is simply the inverse of the thermal 

contact resistance and ∆𝑇𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 is the effective temperature difference at the 

interface.  

The thermal contact is implemented using COMSOL Multiphysics thermal 

contact boundary feature under the heat transfer in solids interface. Equivalent thin 

resistive layer contact model is used, and the thermal contact resistance is provided. 

Furthermore, the surface emissivity of the upper and lower interface layers is provided.  

The electrical contact is implemented using the electrical contact boundary 

feature under the electric current interface. The constriction conductance is provided 

which is the inverse of the electrical contact resistance (𝑅𝑐𝑜𝑛𝑡) and it is solved using 

the equation from COMSOL Multiphysics shown below.  

𝑛 ∙ 𝐽1 = ℎ𝑐𝑜(𝑉1 − 𝑉2)              (3.66) 

where ℎ𝑐𝑜 is the electrical contact conductance, 𝑉1 − 𝑉2 is the interface voltage 

difference, 𝑛 is normal vector and 𝐽1 is the current density.  

3.5.2.4 Thermal Stress Model 

Since the thermal conductivity of the materials considered are temperature 

dependent, the thermoelectric module is not entirely one-dimensional. Thus, 

thermodynamic and mechanical characteristics of the system in the z-axis direction 

are nonlinear. The temperature field is used to calculate the thermal stress field since 

temperature influences deformations in the system.  

The thermodynamic equation can be express as (Wu et al., 2014),  

𝜕

𝜕𝑥
[𝑘

𝜕𝑇

𝜕𝑥
] +

𝜕

𝜕𝑦
[𝑘

𝜕𝑇

𝜕𝑦
] +

𝜕

𝜕𝑧
[𝑘

𝜕𝑇

𝜕𝑦
] = 0            (3.67) 
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where 𝑘 = 𝑓(𝑇) and 𝑇 = 𝑓(𝑥, 𝑦, 𝑧). The temperature field is obtained by the 

numerical simulation and is used in the thermal stress analysis.  

 Thermal stress is generated due to the uneven expansion of the materials 

making up the thermoelectric generator. The equations governing the displacement-

strain relations for the thermal stress can be expressed as (Ming et al., 2017b),  

𝜀�̅�𝑥 =
𝜕𝑢

𝜕�̅�
, 𝜀�̅�𝑦 =

𝜕�̅�

𝜕�̅�
, 𝜀�̅�𝑧 =

𝜕�̅�

𝜕�̅�
             (3.68) 

𝜀�̅�𝑦 = 0.5 (
𝜕𝑢

𝜕�̅�
+
𝜕�̅�

𝜕�̅�
) , 𝜀�̅�𝑧 = 0.5 (

𝜕�̅�

𝜕�̅�
+
𝜕�̅�

𝜕�̅�
) , 𝜀�̅�𝑧 = 0.5 (

𝜕�̅�

𝜕�̅�
+
𝜕𝑢

𝜕�̅�
)          (3.69) 

The stress-strain relation can be expressed in a dimensionless form using a 

nonsymmetrical Jacobian matrix as,  

{
 
 

 
 
𝜎𝑥𝑥
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�̅�𝐸𝑇̅̅ ̅̅

1−2𝑣
              (3.70) 

The three principal stress are represented as 𝜎1, 𝜎2 and  𝜎3 respectively. The 

von Mises equivalent stress can be obtained from the fourth strength theory of 

mechanics of materials also known as the distortion of energy theory. It describes the 

total combined stresses in all three dimensions as,  

𝜎 = √
[(𝜎1−𝜎2)2+(𝜎2−𝜎3)2+(𝜎3−𝜎1)2]

2
            (3.71) 

The difficulty encountered in trying to solve the above equations analytical 

due to the temperature dependence of the material properties necessitates the need to 

use finite element method to obtain the solution to these equations. The electrical, 
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thermal and mechanical behaviours of the thermoelectric generator can be obtained 

from the coupled equations described above.  

 

3.6 Modelling Results and Discussion 

In this section, results obtained from the numerical simulation are presented 

and discussed in detail. Three different systems are studied under identical operating 

conditions and compared including photovoltaic (PV) only, photovoltaic-

thermoelectric (PV-TE) and photovoltaic-thermoelectric-flat plate microchannel heat 

pipe (PV-TE-MCHP). The hybrid PV-TE system consists of a single thermoelectric 

generator which is directly coupled to the photovoltaic and positioned at the middle 

of the PV. Consequently, the PV-TE can be compared to the PV-TE-MCHP which 

also consists of a single thermoelectric generator placed at the condenser section of 

the MCHP. The photovoltaic only has no additional component attached to it therefore 

it represents the conventional PV module. The schematic diagram of the hybrid 

systems studied is shown in Figure 3.8 including PV-TE-MCHP (shown in Figure 

3.8a) and PV-TE (shown in Figure 3.8b).  

3.6.1 Boundary Conditions 

To accurately model and simplify the hybrid system, the following boundary 

conditions and assumptions are considered.  

1) PV reference efficiency at 298.15 K is 15% and temperature coefficient is 

0.0045 1/K.  

2) Steady state and transient conditions are considered.  

3) Convective and radiative heat loss are considered at the top surface of the 

photovoltaic.  
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4) In terms of radiative heat loss, the front and back surface of the PV are taken 

to view the sky and ground respectively. 

5) The initial temperature of the system is assumed to be equal to the ambient 

temperature. 

6) Heat loss through convection and radiation on all surfaces of the TEG are 

assumed to be zero. 

7) Thermoelectric electrical and thermal contact resistances are considered.  

8) The heat sink of the TEG is considered as a thermal boundary condition with 

a fixed temperature value.  

9) The copper on the n-type thermoelectric leg is assumed to be at zero potential 

while the one at the p-type leg is connected to the external load resistance 

circuit.  

10) Effect of gravity is neglected  (COMSOL Multiphysics, 2018a).  

11) Heat transfer is mainly due to evaporation/condensation and convection of 

vapor. Therefore, heat transport in the wick is simplified as conduction with 

an effective heat transfer coefficient.  

12) Constant material properties are used except for that of the vapor density.  

13) This simplified model does not predict the operating limits of the heat pipe.  

14) Convective heat transfer coefficient used at the top surface of the heat pipe is 

variable and dependent on the wind speed.  
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Figure 3.8: Schematic diagram of (a) PV-TE-MCHP and (b) PV-TE 

3.6.2 Effect of Wind Speed  

The effect of wind speed on the performance of the PV only and the hybrid 

PV-TE systems is studied at a constant solar radiation of 1000 𝑊/𝑚2, ambient 

temperature of 25 ℃ and thermoelectric cold side temperature of 20 ℃ under steady-

state conditions. The electrical response of the studied systems to wind speed variation 

is shown in Figure 3.9. It can be seen from Figure 3.9a that the overall efficiency of 

the PV only, PV-TE and PV-TE-MCHP all increase as the wind speed is increased. 

This is because the wind speed affects the convective heat transfer coefficient which 

accounts for the convective heat loss from the surface of the photovoltaic. Therefore, 

increase in wind speed leads to an increase in the convective cooling of the 

photovoltaic thereby increasing the efficiency of the PV. There is an inverse 
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relationship between the temperature and efficiency of the photovoltaic therefore, 

thermal management of the PV is essential.  

Furthermore, it can be seen from Figure 3.9a that the PV-TE-MCHP provides 

the highest overall efficiency at different wind speeds while the efficiency of the PV-

TE is the lowest. In fact, at a wind speed of 0 𝑚/𝑠 which is the assumed wind speed 

condition in a laboratory, the overall efficiency of the PV-TE-MCHP is 4.04% and 

10.75% greater than that of the PV only and PV-TE systems respectively. 

Furthermore, it can be seen that the overall efficiency of the PV, PV-TE and PV-TE-

MCHP all increase by 13.03%, 16.94% and 9.04% respectively when the wind speed 

increased from 0 𝑚/𝑠 to 5 𝑚/𝑠.  

The efficiency of the thermoelectric in the PV-TE and PV-TE-MCHP is shown 

in Figure 3.9b. It is obvious that the TE efficiency in PV-TE-MCHP is higher than 

that of the TE in PV-TE. This is because the single thermoelectric generator attached 

to the PV in the PV-TE system cannot sufficiently extract all the waste heat from the 

back surface of the PV. Therefore, several thermoelectric generators would be 

required to completely cover the back surface of the photovoltaic so as to enhance its 

thermal management capabilities. However, the use of flat plate microchannel heat 

pipe eliminates this challenge as the heat pipe can effectively extract the waste heat 

from the back surface of the PV and transfer this heat to its condenser section for 

additional electricity generation by the single thermoelectric generator attached. 

Consequently, the use of the flat plate microchannel heat pipe eliminates the need for 

a high quantity of thermoelectric generators thus, reducing the overall system cost and 

increasing the hybrid system performance.  
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Figure 3.9: Variation of wind speed with (a) overall efficiency and (b) TE efficiency  

The temperature response of the studied systems to wind speed variation is 

shown in Figure 3.10. It is clear from Figure 3.10a that the temperature of the 

photovoltaic sharply decreases as the wind speed is increased as a result of the 

improved convective cooling. Furthermore, the back surfaces of the PV-TE-MCHP 

and PV-TE are insulated asides the thermoelectric cold side. Consequently, the PV 

temperature in the PV only is slightly lower due to the absence of any insulation or 

additional component at the back surface therefore, convective heat loss occurs at the 

top and back surfaces of the PV only. Furthermore, Figure 3.10b shows that the 

temperature difference across the hot and cold sides of the thermoelectric generator in 

the PV-TE-MCHP and PV-TE decrease as the wind speed increases. This is because 

of the opposing relationship the PV and TE individually have with temperature. Since 
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the wind speed increase reduces the temperature of the PV, the input heat flux to the 

TE will thus be reduced thereby reducing its temperature difference.  

 

Figure 3.10: Variation of wind speed with (a) PV temperature and (b) TE temperature 

difference  

3.6.3 Effect of Ambient Temperature 

The effect of ambient temperature on the performance of the PV only and the 

hybrid PV-TE systems is studied at a constant solar radiation of 1000 𝑊/𝑚2, wind 

speed of 0 𝑚/𝑠 and thermoelectric cold side temperature of 20 ℃ under steady-state 

conditions. The electrical response of the studied systems to wind speed variation is 

shown in Figure 3.11. It can be seen from Figure 3.11a that the overall efficiency of 

the PV only and hybrid systems all decrease as the ambient temperature increases. 

This decrease in overall efficiency is caused by the increase in temperature of the 
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photovoltaic as the ambient temperature is increased. Furthermore, it can be seen from 

Figure 3.11a that the PV-TE-MCHP provides the highest overall efficiency at different 

ambient temperatures while the efficiency of the PV-TE is the lowest. In fact, at an 

ambient temperature of 25 ℃ the overall efficiency of the PV-TE-MCHP is 4.04% 

and 10.75% greater than that of the PV only and PV-TE systems respectively. 

However, at a high ambient temperature of 50 ℃, the PV-TE-MCHP overall 

efficiency is greater than that of the PV only and PV-TE systems by 9.76% and 

14.46% respectively. Therefore, it is obvious that the hybrid PV-TE-MCHP system is 

better for sunny regions with high ambient temperature.  Furthermore, it can be seen 

that the overall efficiency of the PV, PV-TE and PV-TE-MCHP all decrease by 

12.80%, 10.50% and 6.91% respectively when the ambient temperature increased 

from 25 ℃ to 50 ℃. 

 

Figure 3.11: Variation of ambient temperature with (a) overall efficiency and (b) TE efficiency  
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Figure 3.11b shows the thermoelectric efficiency in the hybrid PV-TE-MCHP 

and PV-TE. It is clear that the TE efficiency increases as the ambient temperature 

increases. This is because, an increase in ambient temperature causes an increase in 

PV temperature thus, a greater amount of heat is available for the attached 

thermoelectric generator. Therefore, the ambient temperature increase has a positive 

effect on the thermoelectric generator and a negative effect on the photovoltaic 

module. Furthermore, it is clear from Figure 3.11b that the thermoelectric performs 

better in the PV-TE-MCHP compared to the PV-TE due to the greater amount of heat 

input to the TE in the PV-TE-MCHP.  

 

Figure 3.12: Variation of ambient temperature with (a) PV temperature and (b) TE 

temperature difference  



CHAPTER 3 CONCEPTUAL DESIGN, MATHEMATICAL ANALYSIS AND 

SIMULATION MODEL DEVELOPMENT  

 124 

The temperature response of the studied systems to ambient temperature 

variation is shown in Figure 3.12. The negative effect of the ambient temperature on 

the photovoltaic temperature is clearly seen in Figure 3.12a. The photovoltaic 

temperature in PV only, PV-TE and PV-TE-MCHP all increase by 32.08%, 21.88% 

and 22.88% respectively when the ambient temperature increased from 25 ℃ to 50 ℃. 

In addition, it is obvious that the photovoltaic temperature in PV-TE-MCHP is the 

lowest for all ambient temperatures considered. Furthermore, Figure 3.12b shows the 

positive effect of ambient temperature on the thermoelectric temperature difference. 

The increase in TE temperature difference as ambient temperature increases is the 

reason for the thermoelectric efficiency increase explained above.   

3.6.4 Transient Response 

The transient response of the PV only and the hybrid PV-TE systems under a 

constant solar radiation of 1000 𝑊/𝑚2, ambient temperature of 25 ℃, wind speed of 

0 𝑚/𝑠 and thermoelectric cold side temperature of 20 ℃ is studied for a period of 

1800 s (30 mins). This test condition is similar to that of the experimental study in a 

laboratory which will be explained in subsequent chapters. The electrical performance 

of the studied systems in terms of conversion efficiency is shown in Figure 3.13. It 

can be seen from Figure 3.13a that the overall efficiency of the studied systems all 

decrease as the time increases. This is expected because, the longer the systems are 

studied under a constant solar radiation, the higher the total amount of energy absorbed 

by the photovoltaic and the higher its operating temperature becomes. Therefore, the 

efficiency of the photovoltaic which accounts for the larger percentage of the overall 

efficiency decreases as the temperature increases.  
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Figure 3.13: Time variation with (a) overall efficiency and (b) TE efficiency  

Nevertheless, it is clear from Figure 3.13a that the hybrid PV-TE-MCHP 

provides the better electrical performance compared to the other studied systems. In 

fact, after 1800 s, the overall efficiency of the PV-TE-MCHP is greater than that of 

the PV-TE and PV only by 10.87% and 4.55% respectively. The reason for the low 

performance of the PV-TE system is due to the poor heat extraction capability of the 

single thermoelectric generator attached. However, if several TEGs are used to 

completely cover the back surface of the PV, its performance will be better than that 

of the PV only. In addition, it is important to note that efficiency enhancement 

achievable via the use of the hybrid systems especially the PV-TE-MCHP compared 

to the PV only becomes more significant under highly concentrated solar radiation. 
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Furthermore, the thermoelectric efficiency in the hybrid systems is shown in 

Figure 3.13b. It can be seen that the thermoelectric efficiency increases as the time is 

increased until it attains an optimum value at which it then becomes steady. This is 

because initially, as the time increases, the amount of heat input available to the 

thermoelectric generator increases thus, its efficiency increases.  

 

Figure 3.14: Time variation with (a) PV temperature and (b) TE temperature difference  

The temperature response of the studied systems under transient conditions is 

shown in Figure 3.14. The temperature response of the systems explains the electrical 

response of the systems shown above. It can be seen from Figure 3.14a that the 

photovoltaic temperature in the PV-TE-MCHP is the lowest and this is the reason for 

its higher overall efficiency. In addition, it is obvious that the photovoltaic temperature 

increases as the systems are studied for longer time periods.  Furthermore, it is clear 



CHAPTER 3 CONCEPTUAL DESIGN, MATHEMATICAL ANALYSIS AND 

SIMULATION MODEL DEVELOPMENT  

 127 

from Figure 3.14b that the thermoelectric temperature difference also increases as the 

systems are studied for longer time periods. However, both the electrical and 

temperature responses of the studied systems attain a steady state after a period of 

time.  

3.6.5 Temperature and Voltage Distributions 

One of the advantages of the three-dimensional numerical study carried out 

with COMSOL Multiphysics is the ability to observe the temperature and voltage 

distributions in the systems. The PV temperature distributions in the three studied 

systems are shown in Figure 3.15. It can be seen from Figure 3.15a that the 

temperature is non-uniformly distributed across the photovoltaic surface due to the 

absence of any additional cooling component.  

Furthermore, Figure 3.15b shows the PV temperature distribution in the PV-

TE and it can be seen that the region where the thermoelectric generator is attached 

has the lowest temperature and this creates a non-uniform temperature distribution 

across photovoltaic surface. In addition, Figure 3.15c shows the PV temperature 

distribution in the PV-TE-MCHP and it can be seen clearly that the temperature is 

uniformly distributed across the photovoltaic cell surface due to the presence of the 

flat plate microchannel heat pipe. This is another advantage of using the MCHP in the 

hybrid system as it helps to prevent the development of hotspots across the 

photovoltaic cell surface. 
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Figure 3.15: Three-dimensional PV temperature distribution in (a) PV only (b) PV-TE and (c) 

PV-TE-MCHP  
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Figure 3.16: PV-TE-MCHP temperature distribution (a) side view and (b) back view 

 

Figure 3.17: PV-TE temperature distribution (a) side view and (b) back view 
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The other views of the temperature distribution in the hybrid PV-TE-MCHP 

and PV-TE are shown in Figure 3.16 and Figure 3.17 respectively. The side view of 

the PV-TE-MCHP is shown in Figure 3.16a while its back view is shown in Figure 

3.16b and the location of the thermoelectric generator at the condenser section of the 

flat plate microchannel heat pipe can be seen clearly. Furthermore, the side view of 

the PV-TE is shown in Figure 3.17a while its back view is shown in Figure 3.17b and 

the location of the thermoelectric generator at the centre of the photovoltaic can be 

seen clearly. 

 

Figure 3.18: Voltage distribution in (a) PV-TE-MCHP and (b) PV-TE  

The voltage distributions in the hybrid systems are shown in Figure 3.18. The 

use of COMSOL Multiphysics enables the coupling of different physics therefore, 

both temperature and voltage distributions can be obtained. In the hybrid systems, the 
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voltage distribution is clearly seen in the thermoelectric generator. The thermoelectric 

legs are connected electrically in series and thermally in parallel as shown in Figure 

3.18. Furthermore, the voltage distribution in the PV-TE-MCHP is shown in Figure 

3.18a while Figure 3.18b shows the voltage distribution in the PV-TE. In addition, the 

location of the thermoelectric generator in the hybrid systems can be clearly seen and 

it is obvious that the thermoelectric generator in the PV-TE-MCHP generates more 

voltage than that in PV-TE under similar conditions. 

 

3.7 Chapter Summary 

This chapter presented the conceptual design of the proposed hybrid system 

and the computer simulation models used for studying the system numerically. The 

design of the PV-TE-MCHP system including sketch drawings was presented. The 

proposed system design includes the use of flat plate microchannel heat pipe (MCHP) 

for thermal management of the photovoltaic (PV) by placing it directly behind the 

photovoltaic module and the use of thermoelectric generator for additional power 

generation by placing it at the condenser section of the flat plate MCHP. Furthermore, 

drawings for the two main parts of the hybrid system including the PV-MCHP and 

TEG-cooling block were provided. The operating principle of the proposed hybrid 

system was explained in detail while the components used in the hybrid system were 

presented including their dimensions and drawings.  

Based on the conceptual design, system components and dimensions, the 

computer simulation models of the system were developed. The modelling equations 

for the three main components in the hybrid system including photovoltaic, 

thermoelectric generator and flat plate heat pipe were presented individually. 

Furthermore, the hybrid system model was presented and other optimization models 
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including solar thermoelectric generator, phase change material, contact resistance and 

thermal stress models were presented.  

The performance of the proposed PV-TE-MCHP was simulated and compared 

to that of photovoltaic only and photovoltaic-thermoelectric (PV-TE) systems under 

steady state and transient conditions. Results showed that the overall efficiency of the 

PV-TE-MCHP was 4.04% and 10.75% greater than that of the PV only and PV-TE 

systems respectively at a wind speed of 0 𝑚/𝑠. Furthermore, it was found that the use 

of the flat plate microchannel heat pipe eliminates the need for a high quantity of 

thermoelectric generators thus, reducing the overall system cost and increasing the 

hybrid system performance. At a high ambient temperature of 50 ℃, the PV-TE-

MCHP overall efficiency was found to be greater than that of the PV only and PV-TE 

systems by 9.76% and 14.46% respectively. Therefore, the hybrid PV-TE-MCHP is 

recommended for sunny regions with high ambient temperature.  

Under the transient conditions, the overall efficiency of the PV-TE-MCHP was 

found to be greater than that of the PV-TE and PV only by 10.87% and 4.55% 

respectively after 1800 s. In addition, the three-dimensional study carried out showed 

that in the hybrid PV-TE-MCHP, the temperature is uniformly distributed across the 

photovoltaic surface due to the presence of the flat plate microchannel heat pipe unlike 

the non-uniform temperature distribution observed in the photovoltaic only and 

photovoltaic-thermoelectric systems. Therefore, the use of the MCHP in the hybrid 

system prevented the development of hotspots across the photovoltaic surface. 
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CHAPTER 4 EXPERIMENTAL TESTING AND MODEL 

VALIDATION 

4.1 Chapter Introduction  

This chapter presents the experimental test rig setup and the experimental 

testing of the hybrid PV-TE-MCHP prototype under laboratory conditions. The 

following tasks are addressed in this chapter:  

1) Describing the system and measuring components used in the experimental 

study.  

2) Presenting the experimental setup and procedure for testing the system under 

laboratory conditions.  

3) Presenting and discussing the experimental results obtained.  

4) Validating the computer simulation models using the experimental results and 

published data.  

The experimental study presented in this chapter along with the results will provide 

real data to access the feasibility and performance of the proposed hybrid PV-TE-

MCHP system.  

 

4.2 System and Measuring Components 

The experimental study is conducted to investigate the performance of the 

hybrid PV-TE-MCHP using several components which are listed in Table 4.1.  

4.2.1 PV-TE-MCHP Prototype and Major Components 

The PV-TE-MCHP comprises of three main components including, photovoltaic 

module, flat plate microchannel heat pipe and thermoelectric generator which are 

shown in Figure 4.1, Figure 4.2 and Figure 4.3 respectively. The flat plate MCHP and 
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the photovoltaic module which is an unglazed polycrystalline silicon module with 

15% reference efficiency were manufactured by Guangdong Five-Star Solar Energy 

Ltd. The working fluid in the experimental MCHP is acetone which is compatible with 

the aluminium material of the MCHP. The operating temperature range of acetone is 

-40 ℃ to 140 ℃ and its pressure is between 0.01 to 10.49 bar (Byon, 2016). The 

thermoelectric generator used is a commercial TEG (GM250-127-14-16) which was 

manufactured by European thermodynamics and its manufacturer performance data is 

listed in Table 4.2. It is made up of 127 pairs of n-type and p-type bismuth telluride 

thermoelectric legs. 

 

Table 4.1: Experimental test rig component specification 

Component Specification Accuracy Manufacturer Quantity 

Voltmeter Pocket digital 

multimeter 

±0.5% Neoteck 1 

Ammeter Digital 

multimeter 

AN8009 

±0.5% Aneng  1 

Solar module 

analyser 

ISM 490 ±1% RS Pro 1 

Resistor box Variable 

decade resistor 

±1% Earlywish 1 

DC power 

supply 

KPS305D - Eventek 1 

Water tank Tower water 

tank 

- Tanks direct 1 
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Flowmeter DigiFlow ±5% Vyair 1 

Pump Water pump  - RS Pro 1 

Solar 

simulator 

Solar constant 

MHG 

4000/2500 

- Atlas 1 

Pyranometer SR20-D2  ±1.2% Hukseflux  1 

Data logger Memory 

HiLogger 

LR8400 

- Hioki 1 

PV Unglazed 

polycrystalline 

silicon 

- Guangdong 

five-star solar 

energy 

1 

MCHP Flat plate  - Guangdong 

five-star solar 

energy 

1 

TEG Peltier module 

GM250-127-

14-16 

- European 

thermodynamics 

1 

Cooling block Aluminium 

water block  

- Yeeco 1 

Thermocouple Type K ±0.5% RS Pro 16 

 

 

Figure 4.1: Photovoltaic module used in experiment  
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Figure 4.2: Flat plate microchannel heat pipe used in experiment  

 

Figure 4.3: Thermoelectric generator module used in experiment  

 

Table 4.2: Thermoelectric generator module manufacturer data 

Parameter Value 

Matched load output power 6.99 W 

Matched load resistance 3.65    15% 

Open circuit voltage 10.11 V 

Matched load output 1.38 A 

Matched load output voltage 5.05 V 

Heat flow through module  139.8 W 

Maximum compress (non-destructive) 1.2 MPa 

Maximum operation temperature  Hot side - 250 ℃   

Cold side - 175 ℃ 

Parameters for hot side temperature 250 ℃ and cold side temperature 30 ℃. 
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4.2.2 Test Rig and Major Components 

Asides the three main components of the hybrid system described above, 

several components are used to setup the experimental test rig and these are briefly 

described in this section.  

4.2.2.1 Solar Simulator 

Since the experimental study is conducted in a laboratory, a solar simulator is 

used as the source of solar radiation impinged on the hybrid PV-TE-MCHP system. 

The solar simulator used is an Atlas SolarConstant MHG 4000/2500 which is specially 

designed for large luminaires for solar simulation. This solar simulator is typically 

used for photovoltaic module testing and it offers high irradiance efficiency and 

superior spatial irradiance uniformly over the target area. Figure 4.4 shows the actual 

solar simulator used in the experiment and it can be seen that large ventilation hoses 

are placed directly under the solar simulator to cool the simulator by extracting heat 

through a ventilator.  

 

Figure 4.4: Solar simulator used in experiment  
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4.2.2.2 Water Tank 

A 28-litre tower tank manufactured by Tanks direct is used in the experiment as shown 

in Figure 4.5.  The outlet size of the tank is 1/2 British standard pipe (BSP) female 

and a valve was used to regulate the flow of water from the tank. Furthermore, a hose 

connector 1/2 BSP thread to Ø 8 mm was used to ensure the water tank can be 

connected to the cooling block through a water pipe/hose. The water tank without 

insulation is shown in Figure 4.5a while the insulated water tank is shown in Figure 

4.5b. Insulation is used on the water tank to minimise heat loss since the temperature 

in the water tank is an important parameter which is measured. In addition, the water 

tank has an outlet and inlet through which water is circulated.  

 

Figure 4.5: Water tank (a) without insulation and (b) with insulation  

4.2.2.3 Cooling Block  

An aluminium water-cooling block shown in Figure 4.6 is used in this 

experiment to cool the thermoelectric generator. The cooling block has an M-shape 

flow channel therefore, the hot and cold-water alternating area is maximized. 

Furthermore, the flat surface of the cooling block facilitates its integration with the 

flat surface of the thermoelectric generator used. In addition, the cooling block has an 
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inlet and outlet which is connected to the outlet and inlet of the water tank respectively 

via a water pipe/hose.  

 

Figure 4.6: Cooling block used in experiment  

4.2.2.4 Pump 

A direct coupling water pump with maximum flow rate of 2L/min shown in 

Figure 4.7 is used to circulate the water from the water tank through the cooling block 

in order to continuously cool the thermoelectric generator. The pump is a high-quality 

miniature liquid pump which uses centrifugal principle to provide smooth pulseless 

flow. In addition, the pump provides a reliable and quiet operation.  

 

Figure 4.7: Pump used in experiment  

4.2.2.5 DC Power Supply 

The direct current power supply which is used in this experiment to power the 

pump is shown in Figure 4.8. The output voltage and current of the power supply are 
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adjustable continuously at nominal value. Furthermore, it offers high accuracy and 

reliability. The output voltage is DC 0-30 V and output DC current is 0-5 A.   

 

Figure 4.8: DC power supply used in experiment  

4.2.2.6 Resistor Box  

The thermoelectric generator output power can be obtained by connecting an 

external load resistor which is varied till the maximum power output is obtained. 

Therefore, a resistor box shown in Figure 4.9 is used for impedance matching and to 

close the circuit of the thermoelectric generator. The external wires of the 

thermoelectric generator are connected to the resistor box. The resistor box provides 

0.1 to 99999.9  variable resistance.  

 

Figure 4.9: Resistor box used in experiment  

4.2.2.7 Insulation 

Figure 4.10 shows the insulation materials used in this experiment to minimise 

heat loss. Neoprene sponge foam rubber sheet roll is used as the insulation material 



CHAPTER 4 EXPERIMENTAL TESTING AND MODEL VALIDATION 

 141 

because it is durable, easy cut, non-slip and non-absorbent. The insulation material is 

1/4 thick dense sponge foam which is waterproof. The water tank, the thermoelectric 

generator, cooling block and the connection pipes are insulated with the same material 

shown in Figure 4.10a while the back surface of the photovoltaic, MCHP are insulated 

using the insulation material shown in Figure 4.10b. .    

 

Figure 4.10: Insulation material with (a) rubber and (b) foam  

4.2.2.8 Thermal Grease and Adhesive 

Thermal grease and adhesive shown in Figure 4.11 are used to couple the 

different components used in this experiment. Silicone thermal grease shown in Figure 

4.11a and silicone thermal adhesive shown in Figure 4.11b are used to attach the flat 

plate microchannel heat pipe to the photovoltaic module. In addition, they are used to 

attach the thermoelectric generator to the cooling block and attach the thermoelectric 

generator-cooling block to the condenser section of the flat plate MCHP. They are 

used for thermal coupling of the components due to their excellent thermal 

conductivity.  

 

Figure 4.11: Thermal (a) grease and (b) adhesive  
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4.2.3 Other Measurement Instruments and Elements  

Several components are used to measure the performance of the hybrid system 

under laboratory conditions. These measuring components are briefly explained 

below.  

4.2.3.1 Pyranometer  

A pyranometer shown in Figure 4.12 is used in the experiment to measure the 

solar radiation intensity from the solar simulator. A SR20-D2 pyranometer 

manufactured by Hukseflux is used and it provides irradiance output in the form of 

analogue 4-20 mA current output. The pyranometer is fixed on the back board upon 

which the hybrid system is placed therefore, it is at the same inclination angle as the 

studied systems.  

 

Figure 4.12: Pyranometer used in experiment  

4.2.3.2 Thermocouple  

Several thermocouples are used in this experiment to measure the temperature 

at different locations. The thermocouples are attached directly to the surface of the 

components measured while the other ends are connected to the data logger for data 

recording. The K-type thermocouples used in this experiment are shown in Figure 4.13 

and they have a temperature range −75 ℃ to +260 ℃. The thermocouples with a 5 
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mm cable length are used for water tank temperature measurements while the other 

temperature measurements are obtained using the same thermocouple but with a 2 mm 

cable length due to the shorter distance required.  

 

Figure 4.13: K-type thermocouples used in experiment  

4.2.3.3 Data Logger 

The data logger used to record the temperature readings from the 

thermocouples is a Hioki Memory Hilogger LR8400 shown in Figure 4.14. The data 

logger offers 30-channel standard capabilities which is expandable to 60 channels. 

Furthermore, it logs data at 10 ms speeds and can save data to a USB memory stick. 

Several thermocouples are connected to the data logger and temperature readings from 

different locations in the system are recorded.  

 

Figure 4.14: Data logger used in experiment  
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4.2.3.4 Solar Module Analyser 

The performance of the photovoltaic module is measured using the RS Pro 

ISM 490 solar module analyser shown in Figure 4.15. It can be used to determine the 

efficiency of the photovoltaic module and its maximum voltage and current 

measurements are 60 V DC and 12 A respectively. Furthermore, the current and 

voltage accuracy of the solar module analyser are both 1% while its operating 

temperature range is 0 − 50 ℃. In addition, the two leads of the photovoltaic module 

are connected to the solar module analyser using kelvin clips. The solar module 

analyser is used to measure the electrical performance (open circuit voltage, short 

circuit current, maximum power, maximum voltage, maximum current and fill factor) 

of the PV.  

 

Figure 4.15: Solar module analyser used in experiment  

4.2.3.5 Voltmeter and Ammeter  

The voltage and current of the thermoelectric generator which is connected to 

an external load resistance box are measured using a voltmeter and an ammeter 

respectively as shown in Figure 4.16. The power output of the thermoelectric generator 

can be calculated easily from its voltage and current outputs.  A Neoteck pocket digital 
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multimeter is used for the voltage measurement while an Aneng digital multimeter is 

used for the current measurement.  

 

Figure 4.16: Voltmeter and ammeter used in experiment  

4.2.3.6 Flowmeter  

The water flow rate in the experiment is measured using a Vyair DigiFlow 

6710M flowmeter shown in Figure 4.17. It has a flow rate display of 0.2 – 5L/min and 

operating temperature range of 0 − 80 ℃. The flowmeter is connected to the outlet of 

the water tank after the pump so as to measure the water flow rate.  

 

Figure 4.17: Flowmeter used in experiment  

4.2.3.7 Computer  

Computers shown in Figure 4.18 are used during the experiment to observe 

and analyse the data recorded from the data logger, solar module analyser, voltmeter 

and ammeter. In addition, the output data from the pyranometer is observed using a 

computer.  
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Figure 4.18: Computers used in experiment  

 

4.3 Experimental Setup and Procedure  

The arrangement of the PV, TEG, MCHP and cooling block is shown in Figure 

4.19 and it can be seen that the MCHP is attached directly to the back surface of the 

PV. In addition, it can be seen that the hot side of the thermoelectric generator is 

attached to the condenser of the flat plate microchannel heat pipe while the cooling 

block is attached to the cold side of the TEG. Furthermore, the experimental setup of 

the hybrid PV-TE-MCHP is shown in Figure 4.20. Water is used to cool the 

thermoelectric generator in the hybrid system and the surfaces of the components are 

insulated to minimise heat loss. In this experimental study, two different test cases 

shown in Figure 4.21 are considered including PV-TE-MCHP with back surface 

insulation (Figure 4.21a) and without insulation (Figure 4.21b). The effect of the 

insulation on the performance of the hybrid system is studied and results are presented 

in subsequent section.  

 

Figure 4.19: PV-TE-MCHP arrangement  
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Figure 4.20: PV-TE-MCHP experimental setup  

 

Figure 4.21: PV-TE-MCHP (a) with back surface insulation and (b) without insulation  

The performance of the hybrid PV-TE-MCHP is compared to that of a 

conventional photovoltaic only system shown in Figure 4.22. The PV only system 

does not have any additional component attached to it. The complete experimental 
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setup can be seen in Figure 4.23 which consists of various components such as 

photovoltaic, thermoelectric generator, flat plate microchannel heat pipe, solar 

simulator, pyranometer, insulated water tank, direct current (DC) power supply, pump, 

flowmeter, solar module analyser, thermocouples, data logger, resistor box, cooling 

block, voltmeter and ammeter. Furthermore, several thermocouples are used to 

measure the temperature at different locations in the system and the position of the 

thermocouples in the experimental setup is listed in Table 4.3. In this experiment, three 

thermocouples are used to measure the average temperature of the PV while two 

thermocouples are used for obtaining the TEG cold side temperature. In addition, one 

thermocouple is used to obtain the TEG hot side temperature which is the same as the 

temperature of the MCHP condenser. Furthermore, three thermocouples are used to 

obtain the average temperature of the water in the tank and an additional thermocouple 

is used to measure the ambient temperature. 

 

Figure 4.22: Photovoltaic experimental setup  
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Figure 4.23: Complete experimental setup for testing  

 

Table 4.3: Position of thermocouples in experimental setup 

Number Position 

PV-TE-MCHP 

1 PV front surface top 

2 PV front surface middle 

3 PV front surface bottom 

4 TEG cold surface right 

5 TEG cold surface left 

6 TEG hot surface 
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7 Heat pipe surface middle 

8 Water tank bottom 

9 Water tank middle 

10 Water tank top 

11 Cooling block left 

12 Cooling block right 

13 Ambient temperature 

PV only 

14 PV front surface top 

15 PV front surface middle 

16 PV front surface bottom 

 

4.3.1 Experimental Procedure  

An experimental methodology is utilized in this study therefore, the hypothesis 

that hybrid PV-TE-MCHP can provide enhanced performance compared to 

conventional PV only is tested experimentally. The experimental setup has been 

described in the section above while the experimental procedure is described here. 

This experiment is carried out in a laboratory at the University of Hull, UK in April 

and the testing is done for several days. The intensity of the solar radiation is varied 

for different test scenarios and all surfaces except the front surface of the PV are 

insulated. However, the insulation on the back surface of the MCHP was removed 

during a test scenario to investigate its effect on the performance of the hybrid system. 
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In addition, a comparison between the performance of the hybrid system and that of 

the PV only system is made. The electrical performance of the PV is measured every 

10 minutes alongside the voltage and power output of the TEG. Therefore, the solar 

module analyser and multimeters are used simultaneously to obtain the electrical 

performance of the PV and TEG at an interval of 10 minutes.  

Furthermore, a time interval of 20 seconds is used to record the temperature 

readings on the data logger. Depending on the test scenario, the systems are run for 

several hours to obtain valuable experimental data. The MCHP is placed directly 

behind the PV in parallel as shown in Figure 4.19. During the experiment, the PV-TE-

MCHP and PV only systems are both placed at a title angle of 34o as shown in Figure 

4.23. The pump is operated at a constant speed during the experiment therefore, 

throughout the system operation, the flow rate is maintained at 1 L/min while the water 

volume is kept constant at 10 L.  

4.3.2 Laboratory Health and Safety 

Since this experiment is carried out in a laboratory and it involves the use of a 

solar simulator, some health and safety procedures are observed to ensure the 

experiment is performed under safe conditions. Each of the components used in the 

experiment pose a unique safety concern therefore, risk assessment is performed. The 

laboratory condition when the system is in operation is shown in Figure 4.24. 

Furthermore, the routine start-up procedure for the experiment is as follows:  

1) Put on the relevant personal protective equipment including ultraviolet glasses. 

2) Check electrical connections for the photovoltaic, thermoelectric generator and 

pump.  

3) Ensure the water connections have no signs of leakage, especially the water 

tank.  
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4) Check the bulb in the solar simulator for signs of damage or wear. 

5) If any faults are noticed, perform relevant maintenance upon the piece of 

equipment and stop the start-up procedure. 

6) Position the solar simulator and set experimental parameters. 

7) Draw the lab curtains and fit with the interlock so that the light will be enclosed 

upon turning on. 

8) Turn on the DC power supply for the pump and the pyranometer.  

9) Turn on the ventilation system for the solar simulator. 

10) Turn on the solar simulator and set the required radiation intensity.  

11) Record and monitor the system parameters to ensure safe operation. 

 

Figure 4.24: Laboratory condition during system operation  
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4.4 Results and Discussion   

The experimental results from this study are presented in this section and 

analysed in detail. The experiment was carried out under laboratory conditions and the 

solar radiation is varied using a solar simulator. The relative mean error of all the 

experimental variables are obtained and shown in Table 4.4. Where 𝑇 is temperature, 

𝐺 is solar radiation, 𝐼 is electric current, 𝑈 is electric voltage, 𝑃 is power output and 𝜂 

is efficiency.  

Table 4.4: Experimental relative mean error of variables 

Variable 𝑻 𝑮 𝑰 𝑼 𝑷 𝜼 

RME 0.33% 2% ±1% ±1% ±2% ±4% 

 

4.4.1 Effect of Thermoelectric Load Resistance 

The maximum power output of the thermoelectric generator can be obtained 

by impedance matching. Therefore, the external load resistance can be varied to obtain 

the maximum power output. Figure 4.25 shows the variation of load resistance with 

the current, voltage and power output of the TE in the hybrid system. The experiment 

was conducted using two different solar radiation values and the results obtained are 

shown in Figure 4.25. It can be seen from Figure 4.25a that the current of the 

thermoelectric decreases rapidly as the load resistance increases however, the voltage 

of the thermoelectric shows an opposing trend. A better understanding of the effect of 

external load resistance on thermoelectric power output is shown in Figure 4.25c. It 

can be seen that the power output firstly increases before decreasing as the load 

resistance is varied from 1 Ω to 10 Ω. In fact, the maximum power output of the 

thermoelectric is obtained at a load resistance value of 3 Ω. Therefore, it is important 

to investigate the optimum load resistance at which maximum power output can be 
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obtained. In addition, it can be seen from Figure 4.25c that the power output increases 

as the solar radiation increases because of the increase in absorbed energy by the 

thermoelectric and the greater temperature difference. Furthermore, the result in 

Figure 4.25b shows the rising tendency of the thermoelectric voltage as the load 

resistance is increased. 

 

Figure 4.25: Variation of load resistance with (a) current (b) voltage and (c) power output of TE 
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4.4.2 Effect of Solar Radiation  

Solar radiation is one of the most important parameters that significantly 

affects the performance of the hybrid system. Therefore, the effect of solar radiation 

variation on PV-TE-MCHP electrical performance is shown in Figure 4.26. It can be 

seen from Figure 4.26a that the open circuit voltage and short circuit current of the PV 

in the hybrid system show an opposing trend as the solar radiation is varied from 500 

W/m2 to 1000 W/m2. While the short circuit current increases rapidly, the open circuit 

voltage decreases slowly as the radiation increases. In addition, it can be seen from 

Figure 4.26a that the voltage and current of the thermoelectric increases as the solar 

radiation increases. This shows that the PV and TE have a complex relationship as the 

photovoltaic performance (efficiency) decreases under high radiation values while that 

of the TE increases under high radiation values.  

Furthermore, the average power output of the hybrid system is shown in Figure 

4.26b. As expected, the power output of the hybrid system increases as the solar 

radiation increases. It is also important to note that the PV provides the greater 

percentage of the overall power output of the hybrid system. The power output of the 

PV-TE-MCHP increases from 1.86 W to 3.92 W as the solar radiation increases from 

500 W/m2 to 1000 W/m2. Therefore, increased power output can be obtained from the 

hybrid system at high radiation values. However, the efficiency of the hybrid system 

decreases as the solar radiation increases as shown in Figure 4.26c.  

The temperature response of the hybrid system to solar radiation variation is 

shown in Figure 4.27. The decrease in hybrid system efficiency as solar radiation 

increases can be explained by the increase in average PV temperature as the solar 

radiation increases as shown in Figure 4.27a. An increase in temperature of PV 

generally leads to a decrease in efficiency. In addition, Figure 4.27a shows the 
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temperature of the TE hot side increases rapidly with solar radiation increase and the 

cold side temperature also increases. The reason for the increase in cold side 

temperature is that the heat removed from the TE cold side is transported to the water 

tank, which is also recirculated back to the TE. As shown in Figure 4.27b, the 

temperature of water in the tank also increases as the solar radiation increases. 

Furthermore, the ambient temperature values recorded for the different test days the 

solar radiation was varied is shown in Figure 4.27b.  

 

Figure 4.26: Solar radiation variation with (a) voltage, current (b) power output and (c) efficiency 
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 The initial and final temperature of the water in the tank after a 5 h period is 

shown in Figure 4.27c. The hybrid system was run under a constant radiation value 

for 5 h to investigate the capacity of the system to increase the water temperature in 

the tank. In addition, the thermal efficiency of the system is calculated and shown in 

Figure 4.27c. It can be seen that the thermal efficiency gradually decreases as the solar 

radiation increases. This is because, although the difference between the initial and 

final water temperature increase with solar radiation increase, this difference is not 

significant enough to compensate for the increased solar energy absorbed therefore, 

the thermal efficiency which is a ratio between the useful thermal energy output and 

the input energy decreased as the solar radiation increased. Nevertheless, it can be 

seen from Figure 4.27c that the highest thermal efficiency of 69.53% is obtained for 

the day the system was run under a solar radiation value of 500 W/m2. The lowest 

thermal efficiency value obtained is 56.57%, which is still very high thereby 

demonstrating the feasibility of the hybrid system for water heating and electricity 

production.  

Furthermore, the exergy of the PV, TE and water tank in the hybrid system is 

calculated and shown in Figure 4.27d. It can be seen that the exergy of the TE in PV-

TE-MCHP is very low although it increases from 0.13% to 0.18% as the solar radiation 

increases from 500 W/m2 to 1000 W/m2. In addition, the highest exergy efficiency of 

the PV in PV-TE-MCHP was 6.39% under a solar radiation of 700 W/m2. The exergy 

efficiency of the PV and TE in the hybrid system are lower than their corresponding 

electrical efficiency because for the exergy efficiency calculation, the collector area is 

used while the PV cell area is used for the electrical efficiency calculation because the 

PV cells do not completely cover the surface. Furthermore, it can be seen from Figure 

4.27d that the highest exergy efficiency obtained from the water tank is 1.63% at a 
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solar radiation of 1000 W/m2. The water tank exergy efficiency is highly dependent 

on the thermal efficiency and the environmental conditions, especially the ambient 

temperature. 

 

Figure 4.27: Variation of solar radiation with (a) PV, TE temperature (b) water tank, ambient 

temperature, (c) thermal efficiency and (d) exergy efficiency  
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4.4.3 Effect of Insulation and Comparison with Photovoltaic Only 

To study the effect of insulation at the back surface of the MCHP on the 

performance of the hybrid system, two different cases were compared as shown in 

Figure 4.21a and Figure 4.21b respectively and the results obtained were compared to 

those of a PV only system as shown in Figure 4.28. It can be seen from Figure 4.28a 

that the presence of insulation at the back of the MCHP significantly lowers the 

efficiency of the hybrid system. The reason for this is that the presence of insulation 

at the rear of the microchannel heat pipe contributes to the additional increase of the 

photovoltaic temperature. In fact, after running the system for 1 h, the efficiency of 

the hybrid system with and without insulation is 11.98% and 12.19% respectively. In 

comparison, the efficiency of the PV only at that time is 11.94% thereby showing the 

advantage of the hybrid system over PV only system. In addition, as expected the 

efficiency of the hybrid system with and without insulation and that of the PV all 

decrease as the running time increases as shown in Figure 4.28a due to the increase in 

operating temperature.  

Consequently, effective thermal management of photovoltaic is essential for 

maintaining high conversion efficiency during long operational periods. Furthermore, 

Figure 4.28a shows that the advantage of the hybrid system with insulation over PV 

only system is lost after running the system for a long period because of the 

ineffectiveness of the cooling system due to the increase in the water temperature in 

the tank. Therefore, the temperature of the cooling water in the tank must be 

maintained at a low value by introducing fresh cold water if only high electrical 

conversion efficiency is desired. Figure 4.28b shows that the PV-TE-MCHP without 

insulation provides the highest power output compared to the other systems. It can 

also be seen that the power output of the PV only stabilises after some time while those 
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of the PV-TE-MCHP with and without insulation continues to decrease due to the 

ineffectiveness of the cooling system after a long period of time. Consequently, there 

has to be a trade-off between obtaining increased power output or efficiency from the 

hybrid system and obtaining additional hot water as a by-product. 

 

Figure 4.28: Time variation with (a) efficiency and (b) power output 

The temperature response of the studied systems for a period of time is shown 

in Figure 4.29. The average temperature of the PV in the PV-TE-MCHP with and 

without insulation and the PV only is shown in Figure 4.29a. It can be seen clearly 

that the temperature of the PV in the PV only system is the highest therefore; the 

effectiveness of the hybrid system in providing reduced PV temperature is 

demonstrated. In fact, after running the system for 1 h, the PV temperature in the 

hybrid system with and without insulation is 62.2 ℃ and 61.9 ℃ respectively. In 
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comparison, the temperature of the PV in PV only at that time is 67.9 ℃. Therefore, it 

can be concluded that the PV-TE-MCHP without insulation provides the lowest PV 

temperature. This is significant because there is an inverse relationship between the 

temperature and photovoltaic efficiency. Furthermore, the temperature difference 

across the hot and cold sides of the thermoelectric in the PV-TE-MCHP with and 

without insulation is shown in Figure 4.29b. As expected, the temperature difference 

of the TE in PV-TE-MCHP with insulation is higher than that without insulation due 

to the heat loss from absence of insulation. However, the contribution of the TE to the 

overall power output and efficiency of the hybrid system is not that significant to 

warrant the use of insulation.  

In addition, it can be seen that the thermoelectric temperature difference 

gradually decreases as the time increases due to the reduction in the cooling 

effectiveness of the water tank with time.  Similarly, as shown in Figure 4.29c, the 

temperature of the water in the tank when an insulation is used in the PV-TE-MCHP 

is higher than that without insulation because of better prevention of heat loss. 

Consequently, if water heating is the main requirement of the hybrid system, an 

insulation should be used, however, if enhanced electricity generation is desired, 

insulation should not be used on the back surface of the microchannel heat pipe. There 

is a direct relationship between the thermoelectric temperature difference and the 

water tank temperature because the water tank provides the cooling water for the 

thermoelectric cold side. Therefore, as the thermoelectric temperature difference in 

the hybrid systems decreases with increase in time (Figure 4.29b), the water tank 

temperature increases (Figure 4.29c). This means that the water tank is no longer 

effectively removing the waste heat from the thermoelectric cold side thus, the TE 

temperature difference decreases. 
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Figure 4.29: Time variation with (a) PV temperature (b) TE temperature difference and (c) 

water tank temperature 

 

4.5 Model Validation/Refinement  

The computer simulation models used in this research are validated with 

experimental results and published data. Results obtained from the hybrid PV-TE-
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MCHP and PV only experiments carried out under laboratory conditions are used to 

validate the photovoltaic, thermoelectric generator and heat pipe models while the 

phase change material, contact resistance and thermal stress models are validated with 

published data obtained from literature. The modelling results are in very good 

agreement with the experimental results thereby showing the accuracy of the models 

without any need for refinement.  

4.5.1 Validation with Experimental Results 

The performance of a conventional photovoltaic module was measured during 

the laboratory experiment carried out under a solar radiation of  1000 𝑊/𝑚2 for a 

period of time. Therefore, to validate the photovoltaic model, the simulation is 

performed using similar conditions as the experiment and results obtained are 

compared as shown in Figure 4.30.  

 

Figure 4.30: Variation of experimental and simulation (a) efficiency and (b) temperature of a 

conventional photovoltaic module  
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The electrical conversion efficiency of the photovoltaic module is shown in 

Figure 4.30a for a period of 3600 s (1 h). As expected, the photovoltaic efficiency 

decreases as the time increases due to the increase in temperature. Furthermore, it can 

be seen that the experimental and simulation results are in perfect agreement, with a 

root mean square error (RMSE) of 0.02. The temperature response of the photovoltaic 

module is shown in Figure 4.30b. It can be seen that the temperature of the 

photovoltaic increases as the time increases thereby leading to decrease in efficiency. 

In addition, the close agreement between the experimental and simulation results for 

the photovoltaic temperature response can be seen, with a RMSE of 0.28.  

 

Figure 4.31: Variation of experimental and simulation (a) efficiency and (b) temperature of PV 

in PV-TE-MCHP  

Furthermore, the performance of the photovoltaic in the hybrid PV-TE-MCHP 

system was measured during the laboratory experiment carried out under a solar 
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radiation of  1000 𝑊/𝑚2 for a period of time and compared with the simulation 

results as shown in Figure 4.31. It can be seen from Figure 4.31a that the electrical 

efficiency of the PV in the PV-TE-MCHP reduces as the time increases. In addition, 

it can be seen that the experimental and simulation results follow the same trend and 

have a RMSE of 0.01. The temperature of the PV in the PV-TE-MCHP is shown in 

Figure 4.31b. A similar increasing trend in photovoltaic temperature is observed for 

both the experimental and simulation results as the system is studied for a longer 

period, with a RMSE of 0.84. Consequently, the photovoltaic simulation model is 

validated with experimental results and simulation results are justifiable.  

The performance of the thermoelectric generator in the hybrid PV-TE-MCHP 

system was measured during the laboratory experiment carried out under a solar 

radiation of 1000 𝑊/𝑚2 for a period of time and compared with the simulation results 

as shown in Figure 4.32. The electrical conversion efficiency of the TE in PV-TE-

MCHP is shown in Figure 4.32a. A similar increasing trend is observed in the 

experimental and simulation thermoelectric efficiency in the hybrid PV-TE-MCHP, 

with a root mean square error (RMSE) of 0.05. In addition, it is obvious that the 

thermoelectric efficiency in the hybrid system increases initially as the time increases 

until it reaches a steady state. Furthermore, the temperature difference between the hot 

and cold sides of the thermoelectric generator in the hybrid PV-TE-MCHP is shown 

in Figure 4.32b. A good agreement between the experimental and simulation results 

is observed, with a RMSE of 1.33. Consequently, the thermoelectric generator 

simulation model is validated with experimental results and simulation results are 

justifiable. 



CHAPTER 4 EXPERIMENTAL TESTING AND MODEL VALIDATION 

 166 

 

Figure 4.32: Variation of experimental and simulation (a) efficiency and (b) temperature 

difference of TE in PV-TE-MCHP 

 The performance of the flat plate microchannel heat pipe in the hybrid PV-TE-

MCHP system was measured during the laboratory experiment carried out under a 

solar radiation of 1000 𝑊/𝑚2 for a period of time and compared with the simulation 

results as shown in Figure 4.33. The average temperature of the MCHP back surface 

was measured during the experiment and this is compared to the simulation results 

obtained. As shown in Figure 4.33, the simplified heat pipe model is able to accurately 

predict the temperature at the back surface of the MCHP in the hybrid PV-TE-MCHP. 

A close agreement between the experimental and simulation results is observed, with 

a RMSE of 0.84. Furthermore, it is obvious that the temperature of the MCHP 

increases as time increases due to the increase in the waste heat transferred from the 

photovoltaic module which is attached to the top surface of the MCHP evaporator. In 
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addition, since the heat pipe is a passive device, it does not generate any electrical 

power output therefore, the MCHP model is validated with the experimental 

temperature results and the simulation results are justifiable.  

 

Figure 4.33: Variation of experimental and simulation temperature difference of MCHP in PV-

TE-MCHP  

4.5.2 Validation with Published Data 

Firstly, the commercial thermoelectric generator module (GM250-127-14-16) 

used in this research is validated with the datasheet from the manufacturer, which 

contains the experimental results obtained. Therefore, the operating parameters of the 

thermoelectric generator including matched load power output at different hot and 

cold sides temperature is used to validate the simulation model and the result obtained 

is shown in Figure 4.34. It is obvious that the simulation results agree closely with the 

manufacturer data therefore, the thermoelectric generator model used in this research 

is accurate and justifiable.  

Furthermore, the phase change material (PCM) model used in this research is 

validated with a similar PCM model used in the published paper (Manikandan et al., 

2019). Since the objective is to ensure the simulation model is accurate, the material 

properties and simulation conditions are set to those in the referenced paper and the 

result obtained is shown in Figure 4.35. It can be seen clearly that the results obtained 
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in the previous study and this present study are in good agreement consequently, the 

PCM model is validated. 

 

Figure 4.34: Validation of thermoelectric generator model with manufacturer datasheet 

(European Thermodynamics Limited, 2014a)  

 

Figure 4.35: Validation of PCM model with previous study  (Manikandan et al., 2019)  

The contact resistance model used in this research is validated with a similar 

contact resistance model used in the published paper (He et al., 2019a). This model 

was for a thermoelectric generator which accounted for the thermoelectric thermal 

contact resistance (𝑅𝑐) and electrical contact resistance (𝑅𝑐𝑜𝑛𝑡). In addition, 

simulation conditions are set to those in the referenced literature. The results obtained 

in the previous study [PS] and this current research are shown Figure 4.36 and it is 
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very clear that the results are closely matched therefore, the contact resistance model 

is validated.  

Furthermore, the thermal stress model used in this research is validated with a 

similar thermal stress model used in the published paper (Yilbas et al., 2016) and 

simulation conditions are set to those in the referenced paper for proper comparison. 

The results obtained are shown in Figure 4.37. It can be seen clearly that both results 

are very identical and therefore, the thermal stress model is validated.   

 

Figure 4.36: Validation of contact resistance model with previous study (He et al., 2019a) 

 

Figure 4.37: Validation of thermal stress model with previous study (Yilbas et al., 2016) 
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4.6 Chapter Summary  

This chapter presented the experimental testing of the proposed hybrid system 

and computer simulation model validation. The main PV-TE-MCHP components 

including photovoltaic module, thermoelectric generator, flat plate microchannel heat 

pipe were described in addition to the other test rig components including solar 

simulator, water tank, cooling block, pump, DC power supply, resistor box, insulation, 

thermal grease and adhesive. Additional measurement instruments used in the 

experiment including pyranometer, thermocouple, data logger, solar module analyser, 

voltmeter, ammeter, flowmeter and computer were described in detail. The 

experimental setup and procedure followed were explained in addition to the 

laboratory health and safety procedures. Furthermore, the experimental results for a 

hybrid photovoltaic-thermoelectric with flat plate microchannel heat pipe and water 

cooling were presented and the feasibility of the hybrid system for electricity 

generation and hot water production was demonstrated.  

Using a solar simulator, solar radiation was varied for different test scenarios 

and exergy analysis was performed. The effects of thermoelectric load resistance, 

insulation layer on the back surface of the flat plate microchannel heat pipe and solar 

radiation on the performance of the hybrid system were presented and a comparison 

with a photovoltaic only system was made. The experiment was carried out in a 

laboratory at the University of Hull, United Kingdom in April. Furthermore, the 

computer simulation models used in this research were validated with experimental 

results and published data. The main conclusions from the experimental study carried 

out are:  

1) The efficiencies of the photovoltaic-thermoelectric-microchannel heat pipe 

with and without insulation and that of the photovoltaic only after 1 h were 
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11.98%, 12.19% and 11.94% respectively. Therefore, the hybrid system 

provided an enhanced performance.  

2) There has to be a trade-off between obtaining increased power output or 

efficiency from the hybrid system and obtaining additional hot water as a by-

product.  

3) The photovoltaic temperature in the hybrid system with and without insulation 

(62.2 ℃ and 61.9 ℃ respectively) was lower than that in the photovoltaic only 

system (67.9 ℃) after 1 h.  

4) There is an optimum load resistance for obtaining maximum power output 

from the thermoelectric generator.  

5) The average power output of the hybrid system increased from 1.86 W to 3.92 

W when the solar radiation increased from 500 W/m2 to 1000 W/m2.  

6) The highest and lowest thermal efficiencies obtained were 69.53% and 56.57% 

respectively under certain conditions. 
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CHAPTER 5 HYBRID PHOTOVOLTAIC-

THERMOELECTRIC OPTIMIZATION RESULTS 

5.1 Chapter Introduction 

This chapter presents the results obtained using the validated simulation 

models for optimization of hybrid photovoltaic thermoelectric system and hybrid 

photovoltaic-thermoelectric-heat pipe system. Innovative asymmetrical 

thermoelectric geometry and conventional symmetrical thermoelectric geometry are 

utilized in the hybrid system for performance enhancement. The following tasks are 

addressed in this chapter:  

1) Presenting steady state photovoltaic-thermoelectric optimization results.  

2) Presenting transient state photovoltaic-thermoelectric optimization results.  

3) Presenting photovoltaic-thermoelectric contact resistance optimization results.  

4) Presenting photovoltaic-thermoelectric-heat pipe optimization results.  

The optimization results presented in this chapter will provide valuable 

information on the feasibility of hybrid photovoltaic-thermoelectric systems with 

and without heat pipe. In addition, the results will provide useful insights into 

thermoelectric geometry optimization in hybrid systems and photovoltaic-

thermoelectric accurate modelling.  

 

5.2 Steady State Photovoltaic-Thermoelectric  

The schematic diagrams of the different geometries of the hybrid system 

simulated are shown in Figure 5.1, Figure 5.2 and Figure 5.3 corresponding to the 

range 0.5 ≤ 𝑅𝐴 ≤ 2 and 0.5 ≤ 𝑅𝑆 ≤ 2. 𝑅𝐴 is the cross-sectional area ratio of the 

thermoelectric element hot and cold junctions (𝑅𝐴 = 𝐴𝐻/𝐴𝐶) and 𝑅𝑆 is the area ratio 
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of the n-type and p-type thermoelectric elements (𝑅𝑆 = 𝐴𝑛/𝐴𝑝). The system consists 

of a solar concentrator, PV module, tedlar, and TEG module. The PV module is a 

silicon cell and the TEG module consists of bismuth telluride thermoelectric elements 

which are connected electrically in series and thermally in parallel.  

The nine different geometric configurations analysed are shown in Figure 5.1, 

Figure 5.2 and Figure 5.3. The geometric configurations when 𝑅𝐴 = 0.5 are shown in 

Figure 5.1. For this case, Figure 5.1a, Figure 5.1b, Figure 5.1c show the configurations 

when 𝑅𝑆 = 0.5, 𝑅𝑆 = 1 and 𝑅𝑆 = 2 respectively. Furthermore, the geometric 

configurations when 𝑅𝐴 = 1 are shown in Figure 5.2. The configurations when 𝑅𝑆 =

0.5, 𝑅𝑆 = 1 and 𝑅𝑆 = 2 are shown in Figure 5.2a, Figure 5.2b and Figure 5.2c 

respectively for this case. Finally, Figure 5.3 shows the geometric configurations when 

𝑅𝐴 = 2. For this case, Figure 5.3a, Figure 5.3b, Figure 5.3c show the configurations 

when 𝑅𝑆 = 0.5, 𝑅𝑆 = 1 and 𝑅𝑆 = 2 respectively. The PV efficiency at standard test 

conditions is 10% for a PV cell with temperature coefficient of 0.001 K-1 (Cell A).  

The PV efficiency at standard test condition is 15% for a PV cell with temperature 

coefficient of 0.004 K-1 (Cell B).  

Different geometrical configurations investigated are shown in Figure 5.1, 

Figure 5.2 and Figure 5.3. The temperature and voltage distributions corresponding to 

the maximum efficiency obtained are shown in Figure 5.4, Figure 5.5 and Figure 5.6 

for 𝑅𝐴 = 0.5, 𝑅𝐴 = 1 and 𝑅𝐴 = 2 respectively. These figures all correspond to the 

case when 𝑅𝑆 = 1 and 𝜑𝑃𝑉 = 0.001/𝐾 (Cell A). Furthermore, temperature coefficient 

affects the temperature and voltage distributions in all the geometrical configurations 

investigated. Figure 5.4a, Figure 5.5a, and Figure 5.6a show the temperature 

distributions for 𝑅𝐴 = 0.5, 𝑅𝐴 = 1 and 𝑅𝐴 = 2 respectively. While Figure 5.4b, Figure 
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5.5b and Figure 5.6b show the voltage distributions for 𝑅𝐴 = 0.5, 𝑅𝐴 = 1 and 𝑅𝐴 = 2 

respectively. In this study, a concentration ratio of 5 is used unless otherwise stated. 

 

Figure 5.1: Schematic diagrams of a PV-TE with different leg geometries for 𝑹𝑨 = 𝟎. 𝟓 and a) 

𝑹𝑺 = 𝟎. 𝟓 b) 𝑹𝑺 = 𝟏 c) 𝑹𝑺 = 𝟐 

 

Figure 5.2: Schematic diagrams of a PV-TE with different leg geometries for 𝑹𝑨 = 𝟏 and a) 

𝑹𝑺 = 𝟎. 𝟓 b) 𝑹𝑺 = 𝟏 c) 𝑹𝑺 = 𝟐 
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Figure 5.3: Schematic diagrams of a PV-TE with different leg geometries for 𝑹𝑨 = 𝟐 and a) 

𝑹𝑺 = 𝟎. 𝟓 b) 𝑹𝑺 = 𝟏 c) 𝑹𝑺 = 𝟐 

 

Figure 5.4: PV-TE 3-dimensional a) Temperature and b) Voltage distributions for 𝑹𝑨 = 𝟎. 𝟓 
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Figure 5.5: PV-TE 3-dimensional a) Temperature and b) Voltage distributions for 𝑹𝑨 = 𝟏 

 

Figure 5.6: PV-TE 3-dimensional a) Temperature and b) Voltage distributions for 𝑹𝑨 = 𝟐 
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5.2.1 Boundary Conditions 

To simplify the model used in this numerical study, the following assumptions 

have been taken:  

1) Only steady state conditions are considered. 

2) The cold side of the TEG is maintained at a constant temperature of 273 K. 

3) Heat transfer occurs only in one dimension. 

4) Two conversion efficiencies of PV (Cell A and Cell B) are considered (10% 

and 15%) for the two temperature coefficients used (0.001 K-1 and 0.004 K-1) 

respectively and they change with temperature. 

5)  External heat flux is applied at the upper surface of the PV cell.  

6) Convective and radiative loss are considered at the upper surface of the PV 

cell.  

5.2.2 Geometry Area Ratios 

The geometry of the thermoelectric elements in a hybrid PV-TE system 

influence the overall performance of the system which is measured in terms of its 

overall power output and conversion efficiency. Therefore, the two geometry area 

ratios which completely describe the geometry of thermoelectric elements in a hybrid 

PV-TE system are studied for the range 0.5 ≤ 𝑅𝐴 ≤ 2 and 0.5 ≤ 𝑅𝑆 ≤ 2  and 

optimized to obtain the maximum efficiency from the hybrid system. In addition, the 

geometry area ratios are investigated for the two different PV temperature coefficient 

values considered and the results obtained are shown in Figure 5.7 and Figure 5.8.   

It can be seen clearly from Figure 5.7 and Figure 5.8 that the maximum hybrid 

PV-TE system efficiency depends greatly on the geometry of the thermoelectric 

elements in the hybrid system. Furthermore, it can be seen that the temperature 

coefficient value plays an important role in determining the optimum geometry for the 
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hybrid PV-TE system and consequently the maximum efficiency obtainable. The 

cross-sectional area ratio of the thermoelectric element hot and cold junctions (𝑅𝐴 =

𝐴𝐻/𝐴𝐶) and the area ratio of the n-and p-type thermoelectric elements (𝑅𝑆 = 𝐴𝑛/𝐴𝑝) 

are the two geometry area ratios analysed.  

Figure 5.7 shows that when 𝜑𝑃𝑉 = 0.001/𝐾 (Cell A), the optimum geometry 

for the thermoelectric element in the hybrid PV-TE system is dissymmetrical i.e. 𝑅𝐴 =

𝑅𝑆 ≠ 1. In essence, the optimum geometry of the TEG in the hybrid system is the 

same as its geometry in a TEG only system because the temperature coefficient value 

of the PV is too low to affect its geometry in the hybrid system. Rezania et al. (2014) 

and Al-Merbati et al. (2013) found the optimum geometry of the thermoelectric 

elements in a TEG only system to be dissymmetrical. Furthermore, it can be seen that 

for all the values of 𝑅𝑆 considered, the minimum efficiency all occurs when 𝑅𝐴 = 1. 

In addition, efficiency increase can be observed for 𝑅𝐴 = 𝑅𝑆 = 0.5 and 𝑅𝐴 = 𝑅𝑆 = 2 

thus, implying that the optimum geometry of the thermoelectric element in a hybrid 

system to obtain the maximum overall efficiency is dissymmetrical. Although the 

efficiency improvements might not be very significant now, the combination of 

several thermoelectric devices in series would lead to a more significant overall 

efficiency improvement.  

 

Figure 5.7: Overall PV-TE efficiency vs geometry area ratios for Cell A 
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Figure 5.8 shows an opposite trend to results from Figure 5.7 because the PV 

temperature coefficient has been increased to 0.004/K (Cell B). Furthermore, it is clear 

that the percentage increase in hybrid system efficiency values obtained for the 

different geometry area ratios in Figure 5.8 is lower than those obtained in Figure 5.7. 

This is because the efficiency of the hybrid PV-TE system decreases as the PV 

temperature coefficient increases (Yin et al., 2018b). In addition, the optimum 

geometry of the TEG in the hybrid system is symmetrical for this temperature 

coefficient value (0.004/K). Furthermore, it can be seen from Figure 5.8 that the 

maximum efficiency occurs when 𝑅𝐴 = 1 for all the values of 𝑅𝑆 considered. 

Therefore, it can be concluded that when a high temperature coefficient value is used, 

the optimum geometry of the TEG in a hybrid system is different from its geometry 

in a TEG only system.  This is a very important finding that will help researchers 

accurately choose the PV temperature coefficient value and geometrical configuration 

to be used for obtaining maximum efficiency. 

 

Figure 5.8: Overall PV-TE efficiency vs geometry area ratios for Cell B 

5.2.3 Geometric Parameters  

The thermoelectric element geometric parameters such as Height and Area can 

affect the maximum efficiency of the hybrid system. Furthermore, these geometric 
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parameters also affect the temperature difference across the thermoelectric device and 

consequently, the power output from these devices. The effects of these geometric 

parameters on the overall hybrid system efficiency and TE temperature difference are 

shown in Figure 5.9, Figure 5.10, Figure 5.11, Figure 5.12, Figure 5.14 and Figure 

5.15 for 0.5 ≤ 𝑅𝐴 ≤ 2 , 𝑅𝑆 = 1, 𝜑𝑃𝑉 = 0.001/𝐾 (Cell A) and 𝜑𝑃𝑉 = 0.004/𝐾 (Cell 

B).  

5.2.3.1 Case A (𝑹𝑨 = 𝟎. 𝟓) 

It can be seen from Figure 5.9a and Figure 5.9b that the overall efficiency of 

the hybrid system shows a decreasing trend as the thermoelectric element height 

increases. In addition, it is clear that the PV temperature coefficient value affects the 

steepness of the efficiency drop as thermoelectric element height increases. Therefore, 

shorter thermoelectric elements should be used to obtain improved hybrid PV-TE 

efficiency.  

Furthermore, it can be seen from both Figure 5.9a and Figure 5.9b that the 

overall efficiency of the hybrid system increases as the cross-sectional area of the 

thermoelectric element increases. This is true no matter the temperature coefficient 

value used thus, there is an optimum thermoelectric element height and area which 

gives the maximum hybrid system efficiency. In addition, it can be seen from Figure 

5.9b that the efficiency of the hybrid system for some thermoelectric element height 

and area is lower in comparison with the standard efficiency of the PV cell (15%). 

This can also be observed from Figure 5.9a where the standard efficiency of the PV 

cell (10%) is greater than that of the hybrid system for some thermoelectric element 

height and area. This implies that it is very important to find the optimum geometry 

for the thermoelectric element in the hybrid PV-TE system if high overall efficiency 

is desired.  
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Figure 5.9: Hybrid system efficiency vs thermoelectric element height for 𝑹𝑨 = 𝟎. 𝟓 and a) Cell 

A b) Cell B 

5.2.3.2 Case B (𝑹𝑨 = 𝟏) 

Figure 5.10 shows the variation of overall system efficiency with 

thermoelectric element height and area. It can be seen from Figure 5.10b that the 

hybrid system efficiency shows a decreasing trend as the thermoelectric element 

height increases and an increasing trend as the thermoelectric element area increases 

when 𝜑𝑃𝑉 = 0.004/𝐾. However, Figure 5.10a shows that when 𝜑𝑃𝑉 = 0.001/𝐾, the 

overall efficiency initially increases before decreasing as the thermoelectric element 

height increases for some certain thermoelectric element area. This implies that 

maximum hybrid system efficiency can be obtained using some specific geometry 

parameters.  
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Figure 5.10: Hybrid system efficiency vs thermoelectric element height for 𝑹𝑨 = 𝟏 and a) Cell A 

b) Cell B 

5.2.3.3 Case C (𝑹𝑨 = 𝟐) 

The variation of overall hybrid system efficiency with thermoelectric element 

height and area is shown in Figure 5.11a and Figure 5.11b for both temperature 

coefficient values considered respectively. In addition, it can be seen from Figure 

5.11a that the overall efficiency values obtained for this Case C are slightly higher 

than those obtained for Case A (Figure 5.9a). Therefore, the optimum geometry for a 

thermoelectric element in a hybrid PV-TE system when 𝜑𝑃𝑉 = 0.001/𝐾 is 𝑅𝐴 = 2. 

However, the optimum geometry when 𝜑𝑃𝑉 = 0.004/𝐾 is 𝑅𝐴 = 1.  
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Figure 5.11: Hybrid system efficiency vs thermoelectric element height for 𝑹𝑨 = 𝟐 and a) Cell A 

b) Cell B 

5.2.4 Section Conclusion 

The optimum geometry of a thermoelectric element in a hybrid PV-TE system 

has been investigated in this research using finite element method. Two geometry area 

ratios which completely describe the geometry of the thermoelectric element was 

investigated for the range 0.5 ≤ 𝑅𝐴 ≤ 2 and 0.5 ≤ 𝑅𝑆 ≤ 2. 𝑅𝐴 is the cross-sectional 

area ratio of the thermoelectric element hot and cold junctions (AH/AC) while 𝑅𝑆 is the 

area ratio of the n- and p-type thermoelectric elements (An/Ap). 

Nine different geometric configurations were analysed for two different PV 

cells. The results obtained show that the PV temperature coefficient value affects the 

geometry and efficiency of the hybrid system. It was found that the hybrid PV-TE 
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system performs better with symmetrical TEG geometry (𝑅𝐴 = 𝑅𝑆 = 1) if a PV 

temperature coefficient of 0.004/K (Cell B) is used. This is different from the optimum 

geometry for a TEG only system. However, the optimum geometry of the TEG in a 

hybrid system will be the same as that of a TEG only system (dissymmetrical i.e. 𝑅𝐴 =

𝑅𝑆 ≠ 1) if a PV temperature coefficient of 0.001/K (Cell A) is used.  

Geometric parameters such as thermoelectric element height and area were 

found to influence the performance of the hybrid PV-TE system. In general, 

thermoelectric element with shorter heights and higher cross-sectional area should be 

used to obtain maximum hybrid system efficiency.  

 

5.3 Transient State Photovoltaic-Thermoelectric  

The four different thermoelectric leg geometries which are considered in this 

study are shown in Figure 5.12. All layers of the photovoltaic are in direct contact and 

of equal area. A commercial bismuth telluride (Bi2Te3) thermoelectric generator 

(40mm x 40mm) manufactured by Thermonamic Co. (TEP1-1264-3.4) is used in this 

study. The TEG is made up of 126 n-type and p-type thermoelectric leg pairs which 

are connected in series electrically and thermally in parallel. Furthermore, air cooling 

is used in this study and the heat sink is made of copper material. Figure 5.12a shows 

the schematic of the hybrid system with symmetrical n-type and p-type thermoelectric 

leg geometry which corresponds to Case 1. Figure 5.12b corresponds to Case 2 which 

is asymmetrical n-type and symmetrical p-type thermoelectric leg geometry. 

Similarly, Case 3 shown in Figure 5.12c corresponds to symmetrical p-type and 

asymmetrical n-type TE leg geometry. Lastly, Case 4 shown in Figure 5.12d is the 

hybrid system with asymmetrical n-type and p-type TE leg geometry.  
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In all the cases, the leg dimensions are equal. However, the asymmetrical leg 

is obtained by the variation of cross-sectional area along the height of the 

thermoelectric leg. Therefore, the hot side (top) cross-sectional area of the 

asymmetrical leg is half that of the cold side (bottom).  Between the thermoelectric 

legs and copper electrodes, thermoelectric electrical contact resistance is considered 

while thermoelectric thermal contact resistance is considered between the ceramic 

plates and copper electrodes. Furthermore, thermal contact resistance is considered 

between the tedlar and ceramic top surface, and between the ceramic lower surface 

and heat sink. The values of the thermoelectric electrical and thermal contact 

resistance are 6.5 × 10−9 Ω𝑚2 and 2 × 10−4 𝑚2𝐾/𝑊 

respectively (Högblom and Andersson, 2014). The values of the other two thermal 

contact resistance are 2 × 10−4 𝑚2𝐾/𝑊 each (Yin et al., 2017). 

 

Figure 5.12: Schematic of hybrid system with different geometries (a) Case 1 (b) Case 2 (c) Case 

3 and (d) Case 4 
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Actual variable weather conditions are considered in this study for summer 

climatic conditions in Heathrow, Greater London, United Kingdom for 2nd July 2017. 

The computation is run for 24 hours (one-day). The hourly solar radiation data is 

obtained from (Met Office, 2019a) and shown in Figure 5.13a while the hourly 

ambient temperature and wind speed are obtained from (Met Office, 2019b) and 

shown in Figure 5.13b. Furthermore, since this study involves the comparison of 

different thermoelectric leg geometries, the power output parameter will be expressed 

per volume as power output density to enable an adequate balance of material volume 

for the different leg geometries. In this study, a concentration ratio of 30 is used unless 

otherwise stated. 

 

Figure 5.13: Hourly weather data (a) solar radiation (Met Office, 2019a) and (b) ambient 

temperature and wind speed (Met Office, 2019b) 



CHAPTER 5 HYBRID PHOTOVOLTAIC-THERMOELECTRIC OPTIMIZATION 

RESULTS 

 187 

5.3.1 Boundary Conditions  

To simply the model without much deviation from the actual reality, the following 

assumptions are made.  

1) Transient conditions are assumed in this study.  

2) The initial temperature of the system is assumed to be equal to the ambient 

temperature. 

3) Convective and radiative heat loss are considered at the top glass surface of 

the photovoltaic.  

4) For radiative heat loss calculation, the PV top glass surface is taken to view 

the sky while the bottom tedlar surface is taken to view ground/ambient. 

5) Adiabatic conditions are assumed on the side surfaces of the thermoelectric 

generator. 

6) Convective heat transfer coefficient is used to model the TEG cooling with 

heat sink.  

7) Polycrystalline silicon solar cell is used with reference temperature of 298.15 

K, reference efficiency of 17% and temperature coefficient of 0.0045 1/K 

(Zhou et al., 2017). 

5.3.2 Effect of Thermoelectric Leg Height and Area 

The height and cross-sectional area of thermoelectric legs significantly affect 

the thermoelectric generator performance. Therefore, the effect of thermoelectric leg 

height on the performance of the hybrid CPV-TE is shown in Figure 5.14 using the 

base values at a peak time of 13:00 pm. It can be seen from Figure 5.14a that the 

temperature of the concentrated photovoltaic cell in the hybrid system significantly 

increases linearly as the leg height is increased. This implies that long thermoelectric 

legs reduce the heat removal capacity of the thermoelectric generator which is attached 
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to the concentrated photovoltaic. Furthermore, from Figure 5.14a, it can be seen that 

the CPV-TE system with a thermoelectric geometry of Case 4 has the highest CPV 

cell temperature while Case 1 provides the lowest CPV cell temperature. 

Consequently, it is clear that in a hybrid CPV-TE, the asymmetrical n-type and p-type 

thermoelectric leg geometry (Case 4) provides the worst heat removal performance.  

Furthermore, the most important performance parameter considered in this 

study is the power output density of the concentrated photovoltaic-thermoelectric 

system, which is shown in Figure 5.14a. It can be seen clearly that the power output 

density of the hybrid system for all the four cases considered decreases as the leg 

height increases. Nevertheless, the hybrid system with Case 1 geometry still provides 

the highest power output density for all the leg heights considered while the lowest 

power output density is provided by Case 4. Therefore, even though the volume of the 

thermoelectric legs for Case 1 is the highest for all leg height, its power output density 

is actually the highest thereby making it cost effective and optimum geometry for the 

hybrid system. Furthermore, Figure 5.14a shows that short thermoelectric legs are 

better than long legs as they provide the highest power output density due to better 

heat removal capacity. At the optimum leg height of 1 mm, the hybrid system power 

output density for Case 1 is higher than that of Case 2, Case 3 and Case 4 by 6.46%, 

6.30% and 15.08% respectively. This shows that the concentrated photovoltaic-

thermoelectric system has a superior performance with symmetrical n-type and p-type 

thermoelectric legs (Case 1). However, even for Case 1, the hybrid system power 

output density decreased by 50.93% when the thermoelectric leg height increased 

from 1mm to 6mm. Therefore, it is imperative to use short thermoelectric legs in a 

hybrid concentrated photovoltaic-thermoelectric system.  
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Figure 5.14: Variation of leg height with (a) CPV cell temperature, CPV-TE power output 

density and (b) CPV-TE efficiency, temperature difference 

The hybrid system efficiency variation with leg height is shown in Figure 

5.14b. A decreasing trend is observed for the CPV-TE efficiency as the leg height is 

increased for all the four cases considered. Notwithstanding, the hybrid system with 

Case 1 provides the highest efficiency for all leg height while Case 4 is the least 

efficient system. This decrease in efficiency as leg height increased is a resultant effect 

of the sharp rise in CPV cell temperature shown in Figure 5.14a. Since the CPV 

contributes the larger percentage of the hybrid system efficiency, increase in leg height 

will lead to a decrease in hybrid system efficiency because the CPV temperature will 

increase speedily. However, as shown in Figure 5.14b, the temperature difference 

across the thermoelectric generator in the hybrid system increases linearly as the leg 
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height is increased. Therefore, leg height increase is beneficial for the thermoelectric 

generator however; it is harmful for the hybrid CPV-TE system because of the 

presence of photovoltaic. Furthermore, Figure 5.14b shows that the hybrid system 

with Case 4 has the highest TEG temperature difference while the lowest temperature 

difference is provided by Case 1. This is very significant as the TEG performance is 

highly dependent on the temperature difference across its hot and cold sides. 

Consequently, it can be inferred that the asymmetrical n-type and p-type 

thermoelectric legs (Case 4) is better for the TEG only while the symmetrical n-type 

and p-type thermoelectric legs (Case 1) is better for the CPV-TE system. This shows 

the importance of geometry optimization as the optimum geometry in a thermoelectric 

generator is not necessarily the same as that in a hybrid CPV-TE system.  

The effect of thermoelectric leg area on the hybrid system performance for an 

optimum leg height of 1 mm is shown in Figure 5.15 for a peak time of 13:00 pm. 

Firstly, Figure 5.15a shows that the CPV cell temperature decreases almost linearly as 

the leg area increases which in turn leads to an increase in the CPV-TE power output 

density. It can also be seen that although the CPV cell temperature decreases with an 

increase in leg area, Case 4 geometry still provides the highest values while Case 1 

provides the lowest values. Case 2 and Case 3 provide very similar results as the 

geometries are very similar. Since the thermoelectric generator area (40 mm x 40 mm) 

is kept constant, the increase in leg area simply means a decrease in the leg spacing. 

Although the thermoelectric legs volume increases as the leg area is increased, Figure 

5.15a shows that the hybrid system power output density still increases. The power 

output density is an important parameter because it considers the volume of material 

used. When the leg area increased from 1 µm2 to 4 µm2, the CPV cell temperature for 

Case 1, Case 2, Case 3 and Case 4 decreased by 10.46%, 12.42%, 12.30% and 14.93% 
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respectively. Furthermore, at the optimum leg area of 4 µm2, the hybrid system power 

output density for Case 1 is higher than that of Case 2, Case 3 and Case 4 by 4.44%, 

4.27% and 11.55% respectively.  

 

Figure 5.15: Leg area variation with (a) CPV cell temperature, CPV-TE power output density 

and (b) CPV-TE efficiency, temperature difference 

Figure 5.15b shows the CPV-TE efficiency variation with leg area and the 

thermoelectric generator temperature difference. Furthermore, it is obvious that the 

efficiency of the CPV-TE increases as the leg area increases while Case 2 and Case 3 

provide identical efficiency values and Case 1 provides the highest hybrid system 

efficiency. In addition, Figure 5.15b shows that Case 4 provides the highest 

thermoelectric generator temperature difference for all leg areas while Case 1 provides 

the lowest temperature difference. The reason for this is that the asymmetrical leg 
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geometry provides a decrease in the overall TEG thermal conductance, which causes 

a higher temperature difference to be built across the thermoelectric generator, which 

in turn leads to a higher CPV cell temperature as shown in Figure 5.15a. Consequently, 

Case 4 would provide enhanced TEG only performance because of its higher 

temperature difference compared to the others however, it is not suitable for the hybrid 

system.  

5.3.3 Effect of Ceramic Height 

Asides the thermoelectric leg height and area, the ceramic height of the 

thermoelectric generator is another important factor that significantly affects the TEG 

performance. This is because the ceramic is used to enhance thermal concentration in 

the thermoelectric generator. Figure 5.16 shows the performance of the CPV-TE for 

an optimum leg height of 1 mm and leg area of 4 µm2 at a peak time of 13:00 pm. 

Furthermore, Figure 5.16a presents the variation of thermoelectric ceramic height with 

CPV cell temperature and CPV-TE power output density. The CPV cell temperature 

increase as the ceramic height increased can be seen clearly. The reason for this is that 

the long ceramic height/thickness decreases the amount of heat transferred to the cold 

side of the TEG through the thermoelectric legs. Thus, for a hybrid CPV-TE, short 

thermoelectric ceramic height is beneficial. Furthermore, it can be seen from Figure 

5.16a that the CPV cell temperature for Case 1 is significantly lower than the others. 

It can also be seen that the ceramic height variation reduces the CPV cell temperature 

more for Case 3 compared to Case 2 although the results are closely related. The 

decrease of CPV-TE power output density with ceramic height increase can be seen 

in Figure 5.16a.  At an optimum ceramic height of 0.2 mm, the CPV-TE power output 

density for Case 1 is greater than that of Case 2, Case 3 and Case 4 by 3.90%, 3.72% 

and 10.21% respectively.  
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Figure 5.16: Variation of ceramic height with (a) CPV cell temperature, CPV-TE power output 

density (b) CPV-TE efficiency, temperature difference and (c) TEG power output density   

Similarly, Figure 5.16b shows the hybrid system efficiency using Case 1 is the 

highest while that of Case 4 is the lowest. In addition, it is clear that the efficiency of 

the hybrid system decreases as the ceramic height increases although the 

thermoelectric generator temperature difference is increased. This is because of the 

increased thermal concentration obtained by the increase in ceramic height which 

leads to an increase in temperature difference. Furthermore, Figure 5.16c shows the 

power output density of the thermoelectric generator in the CPV-TE. It can be seen 

clearly that the highest TEG power output density is obtained from Case 4 followed 

by Case 2, Case 3 and the lowest is obtained from Case 1. This echoes the observation 

that asymmetrical n-type and p-type thermoelectric legs (Case 4) significantly enhance 

the TEG only performance. Basically, the asymmetrical geometry provides enhanced 
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TEG performance compared to the symmetrical geometry although the reverse is the 

case when the CPV is integrated to form a hybrid CPV-TE system.   

5.3.4 Effect of Thermoelectric Geometry Optimization 

The results shown in Figure 5.17 are very important because the significance 

of TE geometry optimization in a CPV-TE system can be seen clearly. Two systems 

are compared including, CPV-TE system with Case 1 and original geometry using the 

base values (leg height of 1.96 mm, leg area of 2.25 µm2 and ceramic height of 0.86 

mm) and CPV-TE system with Case 1 and optimized geometry (leg height of 1 mm, 

leg area of 4 µm2 and ceramic height of 0.2 mm). Case 1 is used for both hybrid 

systems because of its superior performance compared to the others as explained in 

the sections above. Furthermore, the values for the optimized geometry are obtained 

from the parametric studies above. Using the base values for concentration ratio 30, 

which has been kept constant throughout this study, heat transfer coefficient value of 

500 W/m2K, the two systems are studied under the variable weather conditions shown 

in Figure 5.13 for a duration of 24 hours. It can be seen clearly from Figure 5.17a that 

the hybrid system with the optimized geometry provides the highest power output 

density which is significantly higher than that of the hybrid system with the original 

geometry.  

Furthermore, it can be seen from Figure 5.17a that the variable weather 

conditions have a lower negative effect on the hybrid system with the optimized 

geometry compared with the hybrid system with original geometry, which experiences 

a sharp decrease in power output density at high solar radiation values. Consequently, 

it is obvious that thermoelectric geometry optimization can significantly reduce the 

negative impact of variable weather conditions. The maximum CPV-TE power output 

density with the optimized geometry decreased by 48.29% when the original geometry 
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is used. This is a very significant value, which shows the importance of thermoelectric 

geometry optimization in a hybrid system. Furthermore, Figure 5.17b shows that even 

the lowest CPV-TE efficiency obtainable from the CPV-TE with optimized geometry 

(7.62%) is still higher than that of the CPV-TE with original geometry (2.55%). In 

addition, Figure 5.17c shows that the peak CPV cell temperature of the CPV-TE with 

original geometry and CPV-TE with optimized geometry are 509.01 K and 426.26 K 

respectively. Therefore, it is obvious that the average temperature of the CPV cell can 

be reduced significantly by thermoelectric geometry optimization.  

 

Figure 5.17: Variation of time with CPV-TE (a) power output density (b) efficiency and (c) CPV 

cell temperature 

5.3.5 Three-Dimensional Temperature and Voltage Distributions 

To better understand the temperature and voltage distributions in the CPV-TE 

system, three-dimensional plots are provided. Figure 5.18 shows the surface 
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temperature plots for different leg heights for Case 1 and Case 4. Figure 5.18 shows 

the visual representation of the results shown explained earlier in Figure 5.14b. 

Comparing Figure 5.18a and Figure 5.18b, it is clear that the maximum temperature 

across the thermoelectric legs increase significantly when the leg height is increased 

from 1mm (352 K) to 6 mm (435 K). This therefore means that the temperature 

difference would be increased since the cooling is constant. Furthermore, it is obvious 

that heat is transferred from the top of the legs to the bottom linearly because of the 

presence of a cooling system at the bottom and CPV which acts as the heat source at 

the top of the TEG. Similarly, comparing Figure 5.18c and Figure 5.18d, it can be seen 

that the maximum temperature across the legs increases from 378 K to 489 K when 

the leg height is increased from 1 mm to 6 mm. Also, the superior advantage of the 

asymmetrical n-type and p-type legs (Case 4) over the symmetrical n-type and p-type 

legs (Case 1) for the TEG only can be seen by comparing the maximum temperature 

in Figure 5.18a and Figure 5.18c or Figure 5.18b and Figure 5.18d.  

 

Figure 5.18: Surface temperature plots for leg height of (a, c) 1 mm and (b, d) 6 mm  
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Figure 5.19: Electric potential plots for leg area of (a, c) 1 mm2 and (c, d) 4 mm2  

 

Figure 5.20: CPV-TE temperature distribution plots for (a, b) original geometry and (c, d) 

optimized geometry 

Furthermore, Figure 5.19 shows the electric potential plots for different leg 

areas at a constant leg height for Case 2 and Case 3. It can be seen that the electric 
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potential is reduced as the leg area is increased for the same geometry as shown in 

Figure 5.19a and Figure 5.19b. In addition, Figure 5.19c and Figure 5.19d show that 

the electric potential decreases along the electrically series connected thermoelectric 

legs. 

Figure 5.20 presents the temperature distribution plots in three-dimension for 

the Case 1 CPV-TE with original geometry and optimized geometry at a peak time of 

13:00 pm. The hybrid system with original geometry can be seen in Figure 5.20a and 

Figure 5.20b while that with optimized geometry is shown in Figure 5.20c and Figure 

5.20d. It is important to note that in this study, only the thermoelectric geometry is 

optimized and not the photovoltaic geometry as it is out of the scope of this particular 

study. Comparing Figure 5.20a and Figure 5.20c it can be seen that the maximum 

temperature in the hybrid system with original geometry is higher than that with 

optimized geometry. Figure 5.20b and Figure 5.20d show respectively the original and 

optimized TEG geometry in the hybrid system. Comparing both figures, it can be seen 

that the ceramic height/thickness in the optimized geometry (Figure 5.20d) is lower 

than that in the original geometry (Figure 5.20b). In addition, it can be seen that the 

leg height and leg area in the optimized geometry are lower and higher respectively 

compared to that in the original geometry. Consequently, the optimized thermoelectric 

geometry in the hybrid system in this study is obtained when the leg height is 1 mm, 

leg area is 4 µm2 and ceramic height is 0.2 mm.  

5.3.6 Section Conclusion 

Thermoelectric geometry optimization in a hybrid concentrated photovoltaic-

thermoelectric system has been presented in this study. A detailed three-dimensional 

numerical investigation of the optimum TE geometry in a hybrid system under varying 

weather conditions was performed. The main conclusions from this study are:  
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1) Thermoelectric geometry optimization can significantly reduce the negative 

impact of variable weather conditions on concentrated photovoltaic-

thermoelectric system performance.  

2) The maximum concentrated photovoltaic-thermoelectric system power output 

density with the optimized thermoelectric geometry decreased by 48.29% 

when the original geometry is used.  

3) At the optimum leg height of 1 mm, the hybrid system power output density 

for Case 1 is higher than that of Case 2, Case 3 and Case 4 by 6.46%, 6.30% 

and 15.08% respectively. 

4) At the optimum leg area of 4 µm2, the hybrid system power output density for 

Case 1 is higher than that of Case 2, Case 3 and Case 4 by 4.44%, 4.27% and 

11.55% respectively.  

5) The asymmetrical n-type and p-type leg geometry (Case 4) provides enhanced 

thermoelectric generator only performance compared to the symmetrical n-

type and p-type leg geometry (Case 1) although the reverse is the case for the 

hybrid concentrated photovoltaic-thermoelectric system.  

 

5.4 Photovoltaic-Thermoelectric Contact Resistance  

A direct coupling approach is used in this study for the concentrated 

photovoltaic-thermoelectric system (CPV-TE). As shown in Figure 5.21a, the 

thermoelectric generator is directly attached to the back of the photovoltaic (PV) 

module and a heat sink is coupled to the TEG for cooling. The five layers of the PV 

including glass, ethylene vinyl acetate (EVA) top layer, polycrystalline silicon cell, 

EVA bottom layer and tedlar polyester tedlar (TPT) are shown in Figure 5.21b. All 

the layers of the PV are of equal dimensions and in direct contact. Furthermore, the 
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thermoelectric generator (TEG) is made up of a ceramic top and bottom layer which 

provides thermal conductivity, copper electrode which provides electrical connection 

and semiconductor thermoelectric materials (p-type and n-type) as shown in Figure 

5.21c.  

 

Figure 5.21: Schematic diagram of (a) PV-TE three-dimensional view (b) PV-TE front view and 

(c) TE uni-couple 

An external load resistance is connected across the terminals of the TEG to 

obtain its power output and the thermoelectric legs are of equal dimension. Convective 

cooling is used in this study therefore; copper heat sink with fins is attached to the 

cold side of the thermoelectric generator. The location of the first thermal contact 

between the PV back sheet (TPT) and the TEG top surface (ceramic) is shown in 

Figure 5.21b. The second thermal contact between the TEG bottom surface (ceramic) 

and the heat sink is also shown in Figure 5.21b. Furthermore, Figure 5.21c shows the 

locations of the top side and bottom side thermoelectric thermal and electrical 

contacts. 
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Therefore, in this study, the effect of four different contact resistances are 

investigated including thermal contact resistance between PV back surface and TEG 

top surface (𝑅𝑝𝑣_𝑡𝑒), thermal contact resistance between TEG bottom surface and heat 

sink (𝑅𝑡𝑒𝑔_ℎ𝑠𝑖𝑛𝑘), thermoelectric thermal contact resistance (𝑅𝑐) and electrical contact 

resistance (𝑅𝑐𝑜𝑛𝑡). This study is carried out using commercial bismuth telluride 

(Bi2Te3) TEG device manufactured by Thermonamic Co. (TEP1-1264-3.4). The TEG 

is 40 𝑚𝑚 × 40 𝑚𝑚 in dimension and it consists of 126 pairs of p-type and n-type 

thermoelectric legs, which are connected, thermally in parallel and electrically in 

series. In this study, a concentration ratio of 30 is used unless otherwise stated. 

5.4.1 Boundary Conditions 

The boundary conditions and assumptions considered in the hybrid system are 

listed below.  

1) Steady state conditions are assumed throughout this study.  

2) Adiabatic conditions are assumed on surfaces of the thermoelectric generator.  

3) Fins are attached to completely cover the cold surface of the TEG and an 

equivalent convective heat transfer coefficient is used to model the heat 

transfer from the TEG to ambient.  

4) Both the n-type and p-type leg coppers are connected to the different ends of 

an external load resistance. 

5) Convective and radiative heat loss are considered on the glass surface of the 

PV. 

6) The initial temperature of the system is equal to the ambient temperature 

(298.15 K). 

7) PV reference efficiency is 17% at 298.15 K reference temperature and 

temperature coefficient of 0.0045 1/K (Zhou et al., 2017). 
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8) For radiative heat loss calculation, the glass surface of the PV is taken to view 

the sky.  

9) The thermal and electrical contacts considered in this study are modelled as 

boundary conditions. 

10) The reference irradiance used throughout this study is 1000 𝑊/𝑚2. 

5.4.2 Contact Resistance Study 

Contact resistance between the interfaces of the hybrid system can 

significantly affect its performance therefore their effects are studied in this section. 

The effects of four different contact resistances are studied including, thermoelectric 

thermal contact resistance (𝑅𝑐), thermoelectric electrical contact resistance (𝑅𝑐𝑜𝑛𝑡), 

photovoltaic-thermoelectric interface thermal contact resistance (𝑅𝑝𝑣_𝑡𝑒) and 

thermoelectric generator-heat sink interface thermal contact resistance (𝑅𝑡𝑒𝑔_ℎ𝑠𝑖𝑛𝑘).  

5.4.2.1 Effect of Thermoelectric Thermal and Electrical Contact Resistance  

The effect of the thermoelectric thermal contact resistance on the performance 

of the hybrid system is shown in Figure 5.22. The base values are used for this study 

except the TE thermal contact resistance which is varied from 1E-6 to 1E-3  𝑚2 ∙ 𝐾/𝑊 

as reported in (Ouyang and Li, 2016). The TE thermal contact resistance is applied at 

the interface between the top and bottom electrical conductor and the top and bottom 

ceramic plates.  It can be seen from Figure 5.22a that the TE thermal contact affects 

the system performance as the efficiency and power output of the PV-TE, PV and TE 

all decrease when the contact resistance increases. In addition, an almost steady trend 

is noticed in Figure 5.22a for low values of contact resistance however, as the value 

increases, a sharp decrease is noticeable therefore; the thermoelectric thermal contact 

resistance should be kept minimal. Thermal contact resistance results from surface 

roughness at the related interfaces and this leads to an increase in temperature as 
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shown in Figure 5.22b. Similar to the trend in Figure 5.22a, the effect of the thermal 

contact is not that significant for low values however, once the TE thermal contact 

resistance attains a high value such as 1E-4 𝑚2 ∙ 𝐾/𝑊 and upward, its drastic effect 

on the hybrid system performance becomes very clear. This is in agreement with the 

reported findings in (Ouyang and Li, 2016). In addition, Figure 5.22 shows that there 

is an acceptable range (1E-6 – 1E-4 𝑚2 ∙ 𝐾/𝑊) of TE thermal contact resistance that 

has little influence on the hybrid system performance however, beyond this range, the 

concentrated PV-TE efficiency and power output decrease significantly.  

 

Figure 5.22: Relationship between TE thermal contact resistance and (a) efficiency, power 

output and (b) temperature 

Figure 5.23 shows the effect of thermoelectric electrical contact resistance on 

concentrated PV-TE performance. The electrical contact resistance is varied from 1E-

9 to 1E-6 Ω ∙ 𝑚2 which is an acceptable range obtained from (Ouyang and Li, 2016) 
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while other parameters are kept at base values. The TE electrical contact is applied at 

the interface between the p-type, n-type legs and the top and bottom electrical 

conductor. It can be seen from Figure 5.23a that the efficiency and power output of 

the hybrid system decrease as the electrical contact resistance increased. However, the 

decrease in performance becomes insignificant from 1E-7 Ω ∙ 𝑚2. The reason for this 

is shown in Figure 5.23b where it can be seen that the PV cell temperature increase 

and TE temperature difference reaches a plateau from 1E-7 Ω ∙ 𝑚2 consequently, the 

performance of the hybrid system is no longer severely affected. The effect of contact 

resistance is more significant for short thermoelectric legs, which are used in this 

study. Furthermore, large values of electrical contact resistance allow a lower current 

density therefore, increase in electrical contact resistance leads to decrease in current 

flow and a subsequent decrease in power output and efficiency.  

 

Figure 5.23: Effect of TE electrical contact resistance on (a) efficiency, power output and (b) 

temperature 
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5.4.2.2 Effect of Coupling Interface Thermal Contact Resistance 

The effect of thermal contact resistance between the PV lower layer and the 

TEG top surface on the performance of the hybrid system is shown in Figure 5.24. 

Base values of concentration ratio 30, convective heat transfer coefficient 500 𝑊/𝑚2 ∙

𝐾 are used while the thermal contact resistance between the PV and TEG (𝑅𝑝𝑣_𝑡𝑒) is 

varied from 0 𝑡𝑜 1000 𝑚𝑚2 ∙ 𝐾/𝑊. As shown in Figure 5.24a, the efficiency of the 

PV-TE, PV and TE all decrease as the thermal contact resistance increases. This is 

expected as the increase in thermal contact resistance leads to a decrease in heat 

transfer from the PV to the TEG and a subsequent increase in temperature as shown 

in Figure 5.24b. The TEG heat removal capability from the PV is decreased as the 

thermal contact resistance increases. The efficiency of the hybrid system decreases by 

about 12.6% when 𝑅𝑝𝑣_𝑡𝑒 increases from 0 𝑡𝑜 1000 𝑚𝑚2 ∙ 𝐾/𝑊. Therefore, it is 

imperative to reduce this contact resistance as low as possible in a hybrid system.  

Figure 5.25 shows the variation of the hybrid system performance with the 

thermal contact resistance between the TEG and heat sink (𝑅𝑡𝑒𝑔_ℎ𝑠𝑖𝑛𝑘). A similar trend 

to the one observed in Figure 5.24 is shown in Figure 5.25 as the increase in thermal 

contact resistance between the TEG and heat sink reduces the cooling effectiveness of 

the heat sink. Since the performance of the TEG and the hybrid system is greatly 

affected by the temperature distribution in the system, Figure 5.25a shows that the 

efficiency of the hybrid system will reduce as the thermal contact is increased. This 

reduction in efficiency is caused by the increase in temperature shown in Figure 5.25b. 

The efficiency of the hybrid system decreases by about 13.23% when 𝑅𝑡𝑒𝑔_ℎ𝑠𝑖𝑛𝑘 

increases from 0 𝑡𝑜 1000 𝑚𝑚2 ∙ 𝐾/𝑊. Figure 5.24 and Figure 5.25 show that the 

effect of the thermal contact resistances (𝑅𝑝𝑣_𝑡𝑒  and 𝑅𝑡𝑒𝑔_ℎ𝑠𝑖𝑛𝑘) on the efficiency and 

power output of the hybrid system is not that significant at values less than 200 𝑚𝑚2 ∙
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𝐾/𝑊 therefore, there is no significant advantage to reducing the thermal contact 

resistance to 0 𝑚𝑚2 ∙ 𝐾/𝑊. This is in agreement with the reported findings in (Zhang 

et al., 2014).  

A comparison between the effects of 𝑅𝑝𝑣_𝑡𝑒 and 𝑅𝑡𝑒𝑔_ℎ𝑠𝑖𝑛𝑘 on the power output 

of the hybrid system and TE temperature difference is shown in Figure 5.26. It can be 

seen clearly that the thermal contact resistance between the TEG and heat sink 

(𝑅𝑡𝑒𝑔_ℎ𝑠𝑖𝑛𝑘) has a greater effect on the system performance compared to that between 

the PV and TE. Therefore, as shown in Figure 5.26, decreasing 𝑅𝑡𝑒𝑔_ℎ𝑠𝑖𝑛𝑘 should take 

precedence over 𝑅𝑝𝑣_𝑡𝑒 as it is more important.  

 

Figure 5.24: Relationship between PV-TE interface thermal contact resistance and (a) efficiency 

and (b) temperature 
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Figure 5.25: Variation of TEG-heat sink thermal contact resistance with (a) efficiency and (b) 

temperature 

 

Figure 5.26: Comparison of PV-TE interface and TEG-heat sink thermal contact resistance 

effect 
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5.4.2.3 Three-Dimensional Temperature and Voltage Distributions 

The three-dimensional nature of this study allows valuable temperature and 

voltage distribution information to be obtained to better understand the performance 

of the hybrid system. The temperature and voltage distributions in the hybrid system 

using the base values are shown in Figure 5.27a and Figure 5.27b respectively. As 

expected, Figure 5.27a shows that the PV has the highest temperature value since it is 

directly receiving the concentrated solar radiation while the TEG cold side has the 

lowest temperature value because of the convective cooling via heat sink. Figure 5.27b 

shows the voltage distribution through the total 252 legs of the thermoelectric 

generator.  

The distributions of temperature and voltage at the thermal and electrical 

contact interfaces in the thermoelectric generator are shown in Figure 5.28. As shown 

in Figure 5.28a and Figure 5.28b, the temperature of the interface layers increases 

significantly when the TE thermal contact resistance increases from 1E-6 to 1E-3 𝑚2 ∙

𝐾/𝑊. This is the reason for the decrease in hybrid system performance observed in 

Figure 5.22a. Furthermore, Figure 5.28c and Figure 5.28d show that the voltage at the 

electrical contact interface of the TEG decreases as the electrical contact resistance 

increases from 1E-9 to 1E-6 Ω ∙ 𝑚2 consequently, the efficiency and power output of 

the hybrid system decrease as shown in Figure 5.23a.  

 

Figure 5.27: (a) Temperature and (b) voltage distribution for base values 
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Figure 5.28: (a, b) Temperature distribution for TE thermal contact resistance interface and (c, 

d) voltage distribution for TE electrical contact resistance interface 

5.4.3 Comparison of Contact Resistance Effects 

This section is very important as it provides valuable insights into the 

significance of each contact resistance considered in this study. Twelve different cases 

are discussed in this section corresponding to different contact resistance scenarios as 

shown in Table 5.1. Since there are four contact resistances 

(𝑅𝑐, 𝑅𝑐𝑜𝑛𝑡, 𝑅𝑝𝑣_𝑡𝑒 , 𝑅𝑡𝑒𝑔_ℎ𝑠𝑖𝑛𝑘) considered in this study, 12 combinations are possible 

which are explained in the sections below. When a specific contact resistance is not 

considered, that means perfect contact condition is assumed.  

 

Table 5.1: Contact resistance case description 

Case 

number  

Description  
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1 No contact resistance is considered.  

2 Only TE thermal contact resistance is ignored.   

3 Only TE electrical contact resistance is ignored.  

4 Only PV-TE interface thermal contact resistance is ignored.   

5 Only TEG-heat sink interface thermal contact resistance is ignored  

6 TE thermal and electrical contact resistances are ignored.  

7 PV-TE and TEG-heat sink thermal contact resistances are ignored.  

8 Only TE thermal contact resistance is considered.  

9 Only TE electrical contact resistance is considered.  

10 Only PV-TE interface thermal contact resistance is considered.  

11 Only TEG-heat sink thermal contact resistance is considered.  

12 All contact resistances are considered.  

 

5.4.3.1 Different Contact Resistance Case 

Firstly, the variation of hybrid system efficiency with different contact 

resistance case number is shown in Figure 5.29a. It can be since clearly that when no 

contact resistance is considered (Case 1), the highest hybrid system efficiency is 

obtained. This is expected as the presence of contact resistance of any kind reduces 

the efficiency of the hybrid system. In addition, it is obvious from Figure 5.29a that 

the TE electrical contact resistance is more significant than the TE thermal contact 

resistance because the magnitude of efficiency decrease when each one is ignored is 
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different. Case 2 implies that all other contact resistances are considered except the 

TE thermal contact resistance and since the efficiency is still as low as the efficiency 

for Case 12 where all contact resistance are considered, it can be concluded that the 

effect of the TE thermal contact resistance is not that significant. However, it is very 

important to note that this comparison is carried out using the base values.  

Furthermore, Figure 5.29a shows that the TEG-heat sink interface thermal 

contact resistance is more important than the PV-TE interface resistance. In fact, it is 

the most important contact resistance that needs to be decreased. The same trend 

observed in hybrid system can be seen in the PV as shown in Figure 5.29b. In addition, 

it can be seen that an increase in convective heat transfer coefficient generally 

improves the efficiency of the system.  

 

Figure 5.29: Effect of different contact resistance case with (a) PV-TE efficiency (b) PV 

efficiency (c) TE efficiency and (d) temperature 
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Figure 5.29c better explains the significance of thermoelectric thermal and 

electrical contact resistance. As can be seen from Figure 5.29c, the thermoelectric 

electrical contact resistance is the most important contact resistance in the TEG. The 

trends shown in Figure 5.29a and Figure 5.29b are because of the temperature 

distribution in the system, which is shown in Figure 5.29d. It can be seen from Figure 

5.29d that the increase in heat sink heat transfer coefficient leads to a significant 

decrease in the PV cell temperature. Consequently, effective cooling of the 

thermoelectric is essential for adequate thermal management of photovoltaic. 

Furthermore, it is clear that from Figure 5.29d that the PV cell temperature in Case 1 

is the lowest compared to all the other cases because the presence of contact resistance 

leads to an increase in temperature. This is the reason for the highest efficiency 

obtained for Case 1 shown in Figure 5.29a.    

5.4.3.2 Overestimation Calculation  

To quantify the effect of the contact resistances on the hybrid system 

performance, an overestimation calculation is made using the base values. 

Overestimation simply means the percentage increase in efficiency and power output 

resulting from ignoring one or more contact resistance. Since contact resistances are 

essential parameters that need to be considered in any numerical study, the values 

obtained when all the contact resistances are considered (Case 12) is taken as the actual 

correct value. Therefore, the overestimation percentage is calculated only for Case 1 

to Case 11 and the result is shown in Figure 5.30.  

It can be seen from Figure 5.30a that ignoring all contact resistances (Case 1) 

leads to an overestimation of the PV-TE power output and efficiency by about 7.6% 

and 7.4% respectively. In addition, it can be seen that ignoring both the PV-TE 

interface and TEG-heat sink contact resistance causes an overestimation of PV-TE 
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power output and efficiency by 5.5% and 5.4% respectively. Furthermore, Figure 

5.30b shows that the PV efficiency and power output are mainly affected by the PV-

TE interface and TEG-heat sink thermal contact resistances. While Figure 5.30c shows 

that the thermoelectric thermal and electrical contact resistances are the main 

resistances affecting the performance of the TEG. It is important to note that the 

overestimation calculation is specifically based on the base values therefore, the use 

of parametric values will definitely alter the results and higher overestimation 

percentage could be obtained. 

 

Figure 5.30: Overestimation calculation for (a) PV-TE (b) PV and (c) TE 
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5.4.4 Section Conclusion 

A comprehensive three-dimensional investigation on the effects of contact 

resistances on hybrid concentrated photovoltaic-thermoelectric performance has been 

carried out in this study. The main conclusions from this study are listed below.  

1) Ignoring all contact resistances in the hybrid system leads to an overestimation 

of hybrid concentrated photovoltaic-thermoelectric power output and 

efficiency by about 7.6% and 7.4% respectively.  

2) The thermal contact resistance between the thermoelectric generator and heat 

sink, and that between the photovoltaic-thermoelectric interface are the most 

important contact resistances in the hybrid system that need to be reduced.  

3) The hybrid system efficiency decreased by 12.6% and 13.23% when the 

photovoltaic-thermoelectric interface thermal contact resistance and 

thermoelectric generator-heat sink thermal contact resistance increased from 

0 𝑡𝑜 1000 𝑚𝑚2 ∙ 𝐾/𝑊 respectively.  

 

5.5 Photovoltaic-Thermoelectric-Heat Pipe  

The structure of each of the systems studied is shown in Figure 5.31. The 

schematic of the PV only can be seen in Figure 5.31a. All the layers of the PV are 

assumed to be of equal dimension of 40 mm x 40 mm.  The hybrid PV-TE system 

studied is designed using the direct coupling PV-TE design. Therefore, the TEG 

module is attached directly to the back of the PV as shown in Figure 5.31b. The 

dimension of the TEG module is 40 mm x 40 mm with 128 p and n thermoelectric 

legs and it is attached to the back of the PV.  
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Figure 5.31: Schematic diagram of (a) PV front view (b) three dimensional PV-TE (c) three 

dimensional PV-TE-Heat pipe (d) PV-TE-Heat pipe side view 

A three-dimensional schematic diagram of the hybrid PV-TE-Heat pipe system 

studied in this paper is shown in Figure 5.31c. The PV is attached directly to the 

evaporator section of the flat plate heat pipe while the TEG is attached to the bottom 

surface of the heat pipe condenser section. The dimensions of the evaporator section 
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of the heat pipe are exactly the same with that of the PV (40 mm x 40 mm) while the 

dimensions of the condenser section of the heat pipe is the same with that of the TEG 

(40 mm x 40 mm). The flat plate heat pipe consists of a solid container, wick and 

vapor chamber as shown in Figure 5.31d. In this study, a concentration ratio of 6 is 

used unless otherwise stated. 

5.5.1 Boundary Conditions 

To accurately model the hybrid system, the following boundary conditions are 

applied, and some assumptions are considered to simplify the model with minimal 

deviation from the real case.  

1) Solar cell conversion efficiency at 298.15 K is assumed to be 17% and 

temperature coefficient to be 0.0045 K-1 (Zhou et al., 2017).  

2) Steady state conditions are assumed.  

3) All layers are assumed to be of equal area and in direct contact.  

4) Heat loss via convection and radiation are considered at the upper surface 

(glass) and back surface (tedlar) of the PV.  

5) Thermal properties of all materials are assumed to be isotropic and constant.  

6) Ambient temperature is equal on all sides of the PV and adiabatic condition is 

assumed.  

7) Convective heat transfer at the back surface of the PV is assumed to be half of 

that of the front surface.  

8) In terms of radiative heat loss, the front and back surface of the PV are taken 

to view the sky and ground respectively. 

9) Heat loss through convection and radiation on all surfaces of the TEG are 

assumed to be zero. 

10) Electrical and thermal contact resistances are ignored.  
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11) The heat sink of the TEG is considered as a thermal boundary condition with 

a fixed temperature value.  

12) The copper on the n-type thermoelectric leg is assumed to be at zero potential 

while the one at the p-type leg is connected to the external load resistance 

circuit.  

13) Effect of gravity is neglected.  

14) Heat transfer is mainly due to evaporation/condensation and convection of 

vapor. Therefore, heat transport in the wick is simplified as conduction with 

an effective heat transfer coefficient.  

15) Constant material properties are used except for that of the vapor density.  

16) This simplified model does not predict the operating limits of the heat pipe.  

17) Convective heat transfer coefficient used at the top surface of the heat pipe is 

assumed to be 1200 W/m2/K (COMSOL Multiphysics, 2018a). 

18) Sintered copper powder wick is used with porosity 𝜑 = 0.5.  

5.5.2 Influence of Solar Concentration Ratio 

Since the average solar radiation intensity (𝐺0) is kept constant (1000 W/m2) 

all through this study, the solar concentration ratio is the determining factor for the 

total radiation impinged on the PV surface and absorbed by each later. Therefore, an 

increase in solar concentration ratio simply means an increase in radiation intensity 

since only uniform illumination is considered throughout this study. The influence of 

concentration ratio on the performance of the PV only, PV-TE and PV-TE-Heat pipe 

systems when the ambient temperature is 298.15 K and wind speed is 1 m/s is shown 

in Figure 5.32. As expected, the efficiency of the systems decreases as the 

concentration ratio increases as shown in Figure 5.32a. This is because, the increase 

in concentration ratio raises the temperature of the PV which in turn leads to a reduced 
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overall efficiency in all the systems. However, it can be seen clearly from Figure 5.32a 

that the PV-TE-Heat pipe system offers the highest conversion efficiency and slowest 

efficiency decline as the concentration ratio increases. In comparison, the efficiency 

of the PV only system shows a sharp decline as the concentration ratio increases. This 

can be attributed to the poor natural cooling of the PV only. On the other hand, the 

heat pipe provides a better and more efficient passive cooling of the PV thereby 

offering an increased overall efficiency.  

The advantage of the PV-TE-Heat pipe system over the PV-TE and PV only 

systems becomes clearer as the concentration ratio increases. In fact, when the 

concentration ratio is 6, the PV-TE-Heat pipe efficiency is higher by 3.31% and 

58.01% compared to that of the PV-TE and PV only systems respectively. Similarly, 

the maximum power output from the PV-TE-Heat pipe is enhanced by 1.31% and 

57.23% compared to that of the PV-TE and PV only systems respectively when the 

concentration ratio is 6. Although the efficiency enhancement of the PV-TE-Heat pipe 

system compared to the PV-TE system is not much, it is important to note that the 

entire back surface of the PV is covered by the TEG in the PV-TE configuration. This 

is the only reason why the PV-TE system is efficient enough to compete with the PV-

TE-Heat pipe system. However, in larger PV systems, the amount of TEG that will be 

required to cover the entire back surface of the PV will be a lot thus, the overall system 

cost will be high. This is where the PV-TE-Heat pipe system offers a superior 

advantage as the use of a heat pipe can reduce the quantity of TEG needed to cool the 

PV.  
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Figure 5.32: Variation of concentration ratio with (a) overall (b) PV (c) TE efficiency and power 

output   

Furthermore, Figure 5.32a shows that the PV-TE-Heat pipe system is better 

for highly concentrated system operation.  It can also be seen from Figure 5.32a that 

the power output of the PV only system first shows a rising tendency after which it 

starts decreasing. This shows that there is an optimum concentration ratio for the PV 
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only system. As seen from Figure 5.32a, the optimum concentration ratio for 

maximum power output from the PV only system is 6. Figure 5.32b shows the 

comparative performance of the PV in the PV only system, PV-TE and PV-TE-Heat 

pipe. It is obvious from Figure 5.32b that the PV in PV-TE-Heat pipe possesses the 

highest efficiency and power output due to the aforementioned cooling effectiveness 

of the heat pipe. Considering the efficiency and power output of the TE in the PV-TE 

and PV-TE-Heat pipe, Figure 5.32c shows the comparative performance results 

obtained. One glaring observation is that the efficiency and power output of the TE in 

the PV-TE is significantly greater than that of the TE in PV-TE-Heat pipe. However, 

this is not surprising because the TE’s performance is highly dependent on the amount 

of input heat flux into the system since both systems have the same cold side 

temperature.  

Therefore, the performance of the TE in PV-TE is significantly higher because 

there is a higher intensity of heat transferred from the PV to the TE due to the absence 

of any other cooling device behind the PV as is in the case of the PV-TE-Heat pipe. 

Moreover, the TE in the PV-TE-Heat pipe is attached to the condenser of the heat pipe 

which is at a much lower temperature. However, the contribution of the TE to the 

overall efficiency of the PV-TE and PV-TE-Heat pipe is not that significant because 

the PV contributes the greater share of the overall hybrid system efficiency. 

Consequently, the performance of the PV-TE-Heat pipe is still better than that of the 

PV-TE because the PV is better cooled.  

5.5.3 Influence of Ambient Temperature 

The influence of the ambient temperature on the performance of the PV only 

and hybrid PV-TE systems when the concentration ratio is 6 and wind speed is 1 m/s 

is shown in Figure 5.33.  
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Figure 5.33: Ambient temperature variation with (a) overall (b) PV (c) TE efficiency and power 

output   

It can be seen from Figure 5.33a that the efficiency and power output of the 

PV, PV-TE, PV-TE-Heat pipe all decrease as the ambient temperature increases. This 

trend is similar to the one reported in (Li et al., 2016b; Makki et al., 2016). The reason 

for this is that the ambient temperature influences the amount of heat loss due to 
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convection and radiation from the systems therefore, an increase in ambient 

temperature will ultimately lead to a decrease in heat loss and a decrease in 

performance. Nevertheless, the PV-TE-Heat pipe still offers the best performance in 

that its efficiency is higher by 1.47% and 61.01% compared to that of the PV-TE and 

PV only systems at a high ambient temperature of 313.15 K.  

In addition, Figure 5.33b shows the performance of the PV in the PV only, PV-

TE and PV-TE-Heat pipe systems. It can be seen that the power output and efficiency 

of the PV decreases as the ambient temperature increases due to the heat losses to the 

environment. Furthermore, Figure 5.33c shows the performance of the TE in the 

hybrid systems as the ambient temperature is varied. It can be seen that the power 

output and efficiency of the TE in the hybrid systems increase as the ambient 

temperature increases. This is because the increase in ambient temperature leads to a 

rise in the temperature of the PV therefore, the input heat flux to the TE is increased 

consequently, its power output and efficiency is increased as shown in Figure 5.33c.  

5.5.4 Influence of Wind Speed 

When the ambient temperature is 298.15 K and concentration ratio is 6, the 

influence of the wind speed on the performance of the PV only and hybrid PV-TE 

systems is shown in Figure 5.34. It can be seen that an increase in wind speed leads to 

a rapid increase in the efficiency and power output of the PV only system and a slight 

increase in those of the hybrid systems. This is because the wind speed affects the 

convective heat transfer coefficient which accounts for the convective cooling of the 

PV therefore, an increase in wind speed ultimately leads to a decrease in PV 

temperature and an increase in performance. In addition, Figure 5.34a shows that the 

PV-TE-Heat pipe performs better than the PV-TE and PV only systems. However, it 

can also be seen from Figure 5.34a that the efficiency and power output increase 
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offered by the PV-TE and PV-TE-Heat pipe as the wind speed increases is not that 

significant. This is because, unlike the PV only system in which natural convective 

cooling is applied to front and back surfaces of the PV, the PV-TE system only has 

convective cooling at the front surface of the PV due to the presence of TEG which 

covers the entire back surface of the PV.  

 

Figure 5.34: Variation of wind speed with (a) overall (b) PV (c) TE efficiency and power output   
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Similarly, the PV-TE-Heat pipe system also only has convective cooling at the 

front surface of the PV due to the presence of the heat pipe which covers the entire 

back surface of the PV. Therefore, the influence of the wind speed on the efficiency 

and power output of the PV-TE and PV-TE-Heat pipe is not that significant. In fact, 

the back surface of the PV-TE-Heat pipe is assumed to be insulated asides the TEG so 

as to create sufficient temperature gradient for the TEG to operate. Figure 5.34b shows 

the efficiency and power output variation of the PV in PV only, PV-TE and PV-TE-

Heat pipe systems as the wind speed is increased. It can be seen clearly from Figure 

5.34b that the PV-TE performs better than the PV only although its performance is 

second only to that of the PV-TE-Heat pipe. Figure 5.34c shows the performance of 

the TE in PV-TE and PV-TE-Heat pipe as the wind speed increases. It is obvious that 

the efficiency and power output of the TE in PV-TE decreases as the wind speed 

increases. This is due to the fact that an increase in wind speed leads to a better cooling 

of the PV and thus a reduced temperature and the input heat flux to the TE is reduced.  

5.5.5 Influence of Thermoelectric Generator Cold Side Temperature 

Asides the amount of input heat flux available to the TEG, the TEG cooling 

effectiveness is the other most important factor that influences the performance of the 

device. This is because, effective cooling at the cold side of the TEG creates a larger 

temperature difference across the TEG thus, more power can be generated.  

Figure 5.35 shows the performance of the PV-TE and PV-TE-Heat pipe as the 

cold side temperature of the TEG is varied when the ambient temperature is 298.15 K, 

wind speed is 1 m/s and concentration ratio is 6. It can be seen from Figure 5.35a that 

the efficiency and power output of both hybrid PV-TE systems decrease as the TEG 

cold side temperature increases because the contribution of the TEG to the overall 
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efficiency will decrease significantly due to the lesser temperature difference available 

to the device.  

 

Figure 5.35: TEG cold side temperature variation with (a) overall (b) PV (c) TE efficiency and 

power output   

In addition, Figure 5.35b shows that the power output and efficiency of the PV 

in PV-TE and PV-TE-Heat pipe decrease as the TEG cold side temperature increases 
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because of the inadequate cooling provided. As expected, Figure 5.35c shows that the 

TE in PV-TE provides a better performance compared to the TE in PV-TE-Heat pipe 

because of the lesser temperature gradient. However, in both cases, the TE power 

output and efficiency sharply decrease as the TEG cold side temperature increases 

thereby showing how highly important effective cooling of TEG is. 

5.5.6 Temperature and Voltage Distributions 

The temperature and voltage distribution in the PV-TE are shown in Figure 

5.36 when ambient temperature is 298.15 K, wind speed is 1 m/s, concentration ratio 

is 6 and TEG cold side temperature is 293.15 K. The three-dimensional temperature 

distribution of the PV-TE can be seen from Figure 5.36a. Under the aforementioned 

conditions, the maximum temperature in the PV-TE is 337 K.  

 

Figure 5.36: PV-TE temperature distribution in (a) three-dimension (b) side view (c) voltage 

distribution 
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Figure 5.36b shows the temperature distribution from the side view of the PV-

TE while Figure 5.36c shows the voltage distribution in the PV-TE. It can also be seen 

that the highest temperature in the hybrid PV-TE system is generated at the 

polycrystalline silicon layer. Considering the PV-TE-Heat pipe, its temperature and 

voltage distribution are shown in Figure 5.37 when ambient temperature is 298.15 K, 

wind speed is 1 m/s, concentration ratio is 6 and TEG cold side temperature is 293.15 

K. Figure 5.37a shows the three-dimensional temperature distribution of the PV-TE-

Heat pipe.  

 

Figure 5.37: PV-TE-Heat pipe temperature distribution in (a) three-dimension (b) side view (c) 

voltage distribution 

It can be seen clearly from Figure 5.37a that the maximum temperature under 

the aforementioned conditions is 314 K which is 23 K lower than that in the PV-TE 

as shown in Figure 5.36a. This shows the superiority of the flat plate heat pipe in 

cooling the PV compared to the TE. In addition, Figure 5.37b shows the temperature 
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distribution from the side view of the PV-TE-Heat pipe and it can be seen that the 

lowest temperature is from the TEG cold side. Finally, the TEG voltage distribution 

in the PV-TE-Heat pipe is shown in Figure 5.37c. The thermoelectric legs are 

connected in series therefore, current flows across all the legs and voltage can be 

measured across the negative and positive terminals.  

5.5.7 Section Conclusion 

This study presented a detailed comparative analysis of the performance of a PV 

only, PV-TE and PV-TE-Heat pipe under varying ambient conditions. The main 

conclusions from this study are as follows:  

1) The PV-TE-Heat pipe system is recommended for highly concentrated systems 

because of its superior performance at high concentration ratios.  

2) Efficiency of the PV-TE-Heat pipe is 3.31% and 58.01% higher compared to 

that of the PV-TE and PV only systems respectively at a concentration ratio of 

6.  

3) Ambient temperature increase is not beneficial to the performance of the PV, 

PV-TE and PV-TE-Heat pipe. Nevertheless, the PV-TE-Heat pipe efficiency 

is 1.47% and 61.01% higher than that of the PV-TE and PV only systems at a 

high ambient temperature of 313.15 K. 

4)  Increase in wind speed enhances the performance of the PV, PV-TE and PV-

TE-Heat pipe although the enhancement is not significant in the PV-TE and 

PV-TE-Heat pipe.  

5) Although the PV-TE-Heat pipe system is recommended because of its superior 

performance, it is worth noting that the PV-TE system is also a better 

alternative to the PV only system because its performance is better compared 

to the PV only system.  
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6) The PV and TE have a complex relationship in that some ambient conditions 

are beneficial to the performance of the PV while harming that of the TEG and 

vice versa.  

7) Ineffective cooling of the TEG could cause a negative effect on the 

performance of the hybrid systems.  

 

5.6 Chapter Summary  

The validated simulation models are used to optimize the hybrid photovoltaic-

thermoelectric system and photovoltaic-thermoelectric-heat pipe system. Results 

obtained from the four different studies were presented in this chapter. Furthermore, 

thermoelectric geometry optimization in a hybrid photovoltaic-thermoelectric system 

under steady state and transient conditions was presented in addition to contact 

resistance optimization. Optimization of the hybrid photovoltaic-thermoelectric 

system with flat plate heat pipe was also presented. COMSOL Multiphysics software 

was used to perform the three-dimensional numerical studies with finite element 

method. The main findings from each study carried out were presented in the section 

conclusions while the general summary of the optimization results from the four 

studies carried out are respectively:  

1) The results showed that a hybrid PV-TE system will perform better with 

symmetrical TEG geometry (𝑅𝐴 = 𝑅𝑆 = 1) if a PV temperature coefficient of 

0.004/K (Cell B) is used. This is different from the optimum geometry for a 

TEG only system. However, the optimum geometry of the TEG in a hybrid 

system will be the same as that of a TEG only system (dissymmetrical i.e. 𝑅𝐴 =

𝑅𝑆 ≠ 1) if a PV temperature coefficient of 0.001/K (Cell A) is used.  
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2) Results showed that thermoelectric geometry optimization can reduce 

significantly the negative impacts of the variable weather conditions on the 

hybrid system performance. Furthermore, results showed that the maximum 

hybrid system power output density with the optimized thermoelectric 

geometry decreased by 48.29% when the original geometry was used.  

3) Results showed that ignoring all contact resistances in the hybrid system 

causes an overestimation of overall power output and efficiency by 7.6% and 

7.4% respectively using the base values considered in this study. In addition, 

the thermal contact resistance between the thermoelectric generator and heat 

sink, and that between the photovoltaic-thermoelectric interface were found to 

be the most important contact resistances, which should be reduced.  

4) Results showed that the photovoltaic-thermoelectric-heat pipe efficiency was 

1.47% and 61.01% higher compared to that of the photovoltaic-thermoelectric 

and photovoltaic only systems respectively at a concentration ratio of 6. In 

addition, the photovoltaic-thermoelectric-heat pipe is recommended for highly 

concentrated systems because of its superior performance. Furthermore, the 

photovoltaic-thermoelectric system is a better alternative to the photovoltaic 

only system because of its enhanced performance which is second only to that 

of the photovoltaic-thermoelectric-heat pipe system. Results also showed that 

ineffective cooling of the thermoelectric generator can adversely affect the 

performance of the hybrid systems.
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CHAPTER 6 THERMOELECTRIC GENERATOR 

OPTIMIZATION AND RESULTS DISCUSSION 

6.1 Chapter Introduction 

This chapter presents the results obtained using the validated simulation 

models for optimization of thermoelectric generator. Furthermore, results obtained 

from the optimization studies carried out on thermoelectric generator electrical and 

mechanical performance enhancement using innovative geometries such as annular, 

segmented and asymmetrical geometries are presented alongside optimization of the 

thermoelectric generator with phase change material. The following tasks are 

addressed in this chapter:  

1) Presenting segmented annular thermoelectric generator optimization results. 

2) Presenting segmented asymmetrical thermoelectric generator optimization 

results. 

3) Presenting segmented solar thermoelectric generator optimization results. 

4) Presenting solar thermoelectric generator with phase change material 

optimization results. 

The optimization results presented in this chapter will provide valuable 

information on enhancing the performance of the thermoelectric generator and 

influence the design and optimization of the thermoelectric generator.   

 

6.2 Segmented Annular Thermoelectric Generator 

The segmented annular thermoelectric generator (SATEG) geometry is shown 

in Figure 6.1, and it consists of alumina ceramics, copper, welding layer and 

thermoelectric legs.  In Figure 6.1a, 𝜃1 represents the angle of a single thermoelectric 
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leg, 𝜃2 represents half of the angle between two legs and 𝜃3 represents the angle 

between the cold side (outer) copper and the thermoelectric legs. The total leg angle 

of the thermoelectric generator is 𝜃 = 𝜃1 + 𝜃2. The radius of each of the components 

of the SATEG are represented by 𝑟1 to 𝑟10 as shown in Figure 6.1a. In addition, the 

length of the thermoelectric leg can be obtained from: 𝐿 =  𝑟7 − 𝑟6 = 𝑟5 − 𝑟4. For 

simplification purposes, the lengths of the p-type and n-type thermoelectric materials 

are assumed equal. Also, the lengths of the thermoelectric elements (n-type and p-

type) in the cold segment are assumed to be equal to those of the hot segment. In order 

to increase the speed of calculation, only one uni-couple is analysed as shown in 

Figure 6.1b. 

 

Figure 6.1: SATEG geometry; (a) schematic diagram and (b) three-dimensional view 
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Different geometries analysed corresponding to the different leg length and leg 

angle of the SATEG and ATEG studied are drawn with AutoCAD software and 

imported into COMSOL individually. Each geometry is then analysed under similar 

conditions and the performance is observed. Furthermore, the geometry of the non-

segmented annular thermoelectric generator analysed in this study is shown in Figure 

6.2. For all of the drawings (SATEG, ATEG) the radius of the cold side ceramic is 

kept constant and is the beginning of each drawing. The only difference between the 

SATEG and ATEG studied is the segmentation of the TEG into two different 

thermoelectric pairs and materials. All other components, leg angle and leg length are 

exactly the same with those of the SATEG. This is to ensure similarity between the 

SATEG and ATEG so that proper comparison in performance can be made. In 

addition, Bismuth telluride (Bi2Te3) is the material (n-type and p-type) used on the 

cold segment (nc and pc) while CoSb3 Skutterudite material (n-type and p-type) is used 

on the hot segment (nh and ph). The addition of an external load resistance RL helps to 

close the electric circuit so that the output power can be measured.  

 

Figure 6.2: ATEG geometry; (a) three-dimensional view and (b) front view 
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6.2.1 Boundary Conditions 

The basic assumptions made in this numerical simulation to simplify the model 

without significant deviations from the real condition are:  

1) All other surfaces except the hot and cold surfaces are adiabatic. 

2) Electrical contact resistance and thermal contact resistance are ignored. 

3) Heat losses due to convection and radiation on all surfaces are neglected. 

4) The heat source (hot surface) and heat sink (cold surface) are considered as 

thermal boundary conditions with fixed temperature values. 

5) A fixed constraint boundary condition is applied on the hot surface of the 

thermoelectric generator while all other boundaries are free.  

6) No difference in properties as a function of position exist.  

7) A fixed temperature value of 298 K is applied to the cold surface to cool the 

thermoelectric generator. 

6.2.2 Effect of Heat Source Temperature 

Due to the fact that the input heat flux (𝑄𝑖𝑛) is dependent on the load resistance, 

there is a variation between the optimum load resistance for maximum output power 

and efficiency for different segmentation cases (Jia and Gao, 2014). Therefore, to 

better observe the effect of segmentation on the conversion efficiency which is the 

most important performance indicator considered in this study, the calculations are 

carried out at a constant load resistance condition. Since the heat sink temperature is 

kept constant throughout this study, the effect of the heat source temperature on the 

electrical performance of the SATEG and ATEG can be seen in Figure 6.3. Increase 

in temperature difference leads to an increase in the efficiency and output power of 

the SATEG and ATEG. This is a normal and expected phenomenon. However, the 

advantage of the SATEG over the Bismuth telluride ATEG in terms of efficiency can 
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be clearly seen when the temperature difference starts increasing from 100 K as shown 

in Figure 6.3a.  

 

Figure 6.3: Variation of SATEG and ATEG (a) efficiency and (b) output power with 

temperature difference when 𝑳 = 𝟐,  𝜽𝟏 = 𝟔, 𝜽𝟐 = 𝟐 and 𝑹𝑳 = 𝟎. 𝟎𝟏 𝛀 

It is also obvious that the Skutterudite ATEG’s efficiency is lower than the 

other two and the SATEG is the best performing device in all temperature ranges. The 

conversion efficiency of the SATEG is 21.7% and 82.9% greater than that of the 

Bismuth telluride ATEG and Skutterudite ATEG respectively at a temperature 

difference of 200 K as shown in Figure 6.3a. Furthermore, Figure 6.3b proves the point 

that the optimum load resistance for efficiency and output power are different. It can 

be seen that although the SATEG has the highest efficiency at that load resistance, its 

output power is actually lower than that of the Bismuth telluride ATEG. However, the 
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advantage of the SATEG is its better performance over a higher temperature range 

compared to the limited temperature range of Bismuth telluride. Therefore, the 

SATEG can be used beyond the maximum temperature range for Bismuth telluride 

(498 K) thus, it has a higher potential compared to the other two single-material ATEG 

for recovering waste at a large temperature difference. 

 

Figure 6.4: Variation of maximum von Mises stress in legs of SATEG and ATEG with 

temperature difference when 𝑳 = 𝟐, 𝜽𝟏 = 𝟔 and 𝜽𝟐 = 𝟐 

The mechanical performance of the SATEG and ATEG under different heat 

source temperatures can be seen from Figure 6.4. The figure clearly shows the 

significance of segmentation as the maximum von Mises stress in the legs of the 

SATEG is lower than that in the ATEG. It can also be seen that the heat source 

temperature and maximum von Mises stress in the legs of both the SATEG and ATEG 

have a linear relationship. The maximum stress level in the legs of the Bismuth 

telluride ATEG is below the yield stress of the material even at its maximum allowable 

temperature range. However, the Bismuth telluride material in the SATEG will fail 

the mechanical strength test once the temperature difference applied on the SATEG is 

greater than 400 K. At a temperature difference of 200 K, the maximum von Mises 

stress in the legs of the Bismuth telluride material in the SATEG is lower by 35.4% 

compared to that of the Bismuth telluride ATEG. While at 500 K temperature 



CHAPTER 6 THERMOELECTRIC GENERATOR OPTIMIZATION AND 

RESULTS DISCUSSION 

 237 

difference, the maximum von Mises stress in the legs of the Skutterudite material in 

the SATEG is lower by 5.7% compared to that of the Skutterudite ATEG. Therefore, 

SATEG has a better mechanical performance compared to the ATEG as shown in 

Figure 6.4. 

6.2.3 Effect of Thermoelectric Leg Length 

The effect of thermoelectric leg length on the electrical performance of 

Bismuth telluride ATEG, Skutterudite ATEG and SATEG can be seen in Figure 6.5, 

Figure 6.6 and Figure 6.7 respectively. It can be seen that the efficiency and output 

power for each of the devices follow the same trend.  

 

Figure 6.5: Variation of Bismuth telluride ATEG leg length with (a) Efficiency and (b) Output 

power when 𝜽𝟏 = 𝟑, 𝜽𝟐 = 𝟑, and 𝑹𝑳 = 𝟎. 𝟎𝟎𝟏 𝛀 
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The length of the thermoelectric leg has a significant influence on the 

performance, and it is found that short thermoelectric leg length provides better 

electrical performance than longer thermoelectric leg length. From Figure 6.5a, it can 

be seen that the efficiency of the device using the shortest leg length (𝐿 = 2) 

considered in this study is 35.7% greater than that of the device using the longest leg 

length (𝐿 = 5) considered in this study. Similarly, the output power when 𝐿 = 2 is 

73.1% greater than the output power when 𝐿 = 5 as shown in Figure 6.5b. This shows 

how significant the influence of the leg length is on the electrical performance.  

 

Figure 6.6: Variation of Skutterudite ATEG leg length with (a) Efficiency and (b) Output power 

when 𝜽𝟏 = 𝟑, 𝜽𝟐 = 𝟑, and 𝑹𝑳 = 𝟎. 𝟎𝟎𝟏 𝛀 

In the case of the Skutterudite ATEG, the influence of the leg length over the 

device efficiency is not that obvious (Figure 6.6a) unlike when its output power is 
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considered as shown in Figure 6.6b. The output power of the Skutterudite ATEG when 

𝐿 = 2 is 59.4% greater than its output power when 𝐿 = 5 as seen in Figure 6.6b. The 

same trend is observed in Figure 6.7a and Figure 6.7b for the efficiency and output 

power of the SATEG. In addition, an efficiency and output power enhancement of 

45.3% and 79.1% respectively is observed when the SATEG thermoelectric leg length 

is reduced from 𝐿 = 5  to 𝐿 = 2. 

The effect of the thermoelectric leg length on the mechanical performance of 

the thermoelectric devices is shown in Figure 6.8 and Figure 6.9. Increase in 

thermoelectric leg length has a positive effect on the von Mises stress developed in 

the leg. As shown in Figure 6.8, the lowest von Mises stress is observed when the leg 

length is high (𝐿 = 5) for both the SATEG and ATEG. The maximum von Mises stress 

in the Bismuth telluride material is reduced by 20.4% and 7.9% for the ATEG and 

SATEG respectively when the thermoelectric leg length is increased from 𝐿 = 2 to 

𝐿 = 5. This shows that increasing the thermoelectric leg length can improve the 

mechanical reliability but reduce the electrical performance of the thermoelectric 

devices and this finding is in agreement with (Fan and Gao, 2018). The advantage of 

segmentation can also be seen from Figure 6.8 as the maximum von Mises stress in 

the Bismuth telluride material of the SATEG is lower than that of the ATEG for all 

leg length. In addition, Figure 6.9 also shows the effect of leg length on the mechanical 

performance of the SATEG and ATEG. However, the trend observed is slightly 

different due to the difference in the material and its mechanical properties. It can be 

seen from Figure 6.9 that the thermoelectric leg length of 𝐿 = 4 provides the lowest 

von Mises stress in the legs of the Skutterudite material of the SATEG. 
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Figure 6.7: Variation of SATEG leg length with (a) Efficiency and (b) Output power when 𝜽𝟏 =

𝟑, 𝜽𝟐 = 𝟑, and 𝑹𝑳 = 𝟎. 𝟎𝟎𝟏 𝛀 

 

Figure 6.8: Effect of Bismuth telluride thermoelectric leg length in SATEG and ATEG when 

𝜽𝟏 = 𝟔 and 𝜽𝟐 = 𝟐 
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Figure 6.9: Effect of Skutterudite thermoelectric leg length in SATEG and ATEG when 𝜽𝟏 = 𝟔 

and 𝜽𝟐 = 𝟐 

6.2.4 Effect of Thermoelectric Leg Angle 

The effect of the thermoelectric leg angle on the efficiency and output power 

of the SATEG is shown in Figure 6.10a and Figure 6.10b respectively. It can be seen 

from both figures that the efficiency and output power decreases when 𝜃2 increases. 

This implies that a small angle between the SATEG thermoelectric legs (n-type and 

p-type) can enhance the efficiency and output power of the device. Also, it can be seen 

that short thermoelectric legs provide the best performance in terms of efficiency and 

output power. Figure 6.10a and Figure 6.10b show that the optimum geometry of the 

SATEG for maximum electrical performance is when 𝐿 = 2, 𝜃2 = 2 and 𝜃 = 8.  It 

can be seen from Figure 6.10a and Figure 6.10b that at optimum length (𝐿 = 2), an 

efficiency and output power enhancement of 17.8% and 55.5% can be achieved 

respectively just by reducing the angle between the thermoelectric legs from 𝜃2 = 5 

to 𝜃2 = 2. 

The effect of the leg length on the maximum von Mises stress in the Bismuth 

telluride material of the SATEG can be seen in Figure 6.11a. For all the thermoelectric 

leg lengths considered, the maximum von Mises stress decreases as the angle between 
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the thermoelectric legs increases from 𝜃2 = 2 to 𝜃2 = 5. This shows that the electrical 

and mechanical performance of the SATEG have an inverse relationship when leg 

length and/or leg angle is being varied. Therefore, an optimum geometry must be 

obtained which will satisfy both the electrical requirement and mechanical reliability 

of the SATEG.   

 

Figure 6.10: Variation of leg angle with SATEG (a) efficiency and (b) output power when 𝜽 =

𝟖, 𝑻𝒉 = 𝟔𝟐𝟑𝑲 and 𝑹𝑳 = 𝟎. 𝟎𝟎𝟏  

In addition, Figure 6.11a shows that at optimum mechanical reliability length 

(𝐿 = 5), a thermal stress decrease of 5.67% can be achieved just by increasing the 

angle between the thermoelectric legs from 𝜃2 = 2 to 𝜃2 = 5. Figure 6.11b shows the 

effect of leg angle on the maximum von Mises stress present in the Skutterudite 

material of the SATEG. The trend observed in this case (Figure 6.11b) is opposite to 
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that in Figure 6.11a. This implies that while an increase in the angle between the 

thermoelectric legs from 𝜃2 = 2 to 𝜃2 = 5 leads to a decrease in the maximum von 

Mises stress present in the Bismuth telluride material (cold segment) of the SATEG, 

an opposite effect is created in the Skutterudite material (hot segment). Therefore, the 

leg angle and leg length of the segmented annular thermoelectric generator must be 

carefully chosen to satisfy low stress requirements in both segments of the device.  

 

Figure 6.11: Variation of leg angle with maximum von Mises stress in (a) Bismuth telluride and 

(b) Skutterudite materials of the SATEG when 𝜽 = 𝟖 and 𝑻𝒉 = 𝟔𝟐𝟑 𝑲 

6.2.5 SATEG von Mises Stress Nephogram 

The von Mises stress nephogram in the cold and hot segment of the segmented 

annular thermoelectric generator can be seen in Figure 6.12 and Figure 6.13 

respectively. It can be seen clearly that the maximum von Mises stress occurs at the 
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hot surface of the thermoelectric legs which is in direct contact with the solder. It can 

also be seen that the maximum von Mises stress occurs at the edge of the 

thermoelectric legs thus, that region can easily break off.  Thermal stress intensity is 

a very important factor that influences the lifecycle of a thermoelectric generator. 

Since the mechanical material properties (e.g. Young’s modulus, Coefficient of 

thermal expansion) of each of the components in the TEG are different, thermal stress 

will be generated whenever a large temperature gradient is applied. As seen from 

Figure 6.12 and Figure 6.13, the positions that are most likely to crack are the contact 

areas between the hot surface of the thermoelectric legs and the solder strips, and the 

edges of the legs. It should be noted that the stress values shown in Figure 6.12 and 

Figure 6.13 are obtained while considering the elastoplastic characteristics of the 

copper and solder materials. If this is not considered, the maximum von Mises stress 

in the legs will be higher.  

 

Figure 6.12: Nephogram of the von Mises stress in Bismuth telluride material of the SATEG 

when  𝑳 = 𝟐, 𝑻𝒉 = 𝟔𝟐𝟑 𝑲, 𝜽𝟐 = 𝟑, (a) 𝜽𝟏 = 𝟑, (b) 𝜽𝟏 = 𝟓, (c) 𝜽𝟏 = 𝟕 and (d) 𝜽𝟏 = 𝟗 
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Figure 6.13: Nephogram of the von Mises stress in Skutterudite material of the SATEG when  

𝑳 = 𝟐, 𝑻𝒉 = 𝟔𝟐𝟑 𝑲, 𝜽𝟐 = 𝟑, (a) 𝜽𝟏 = 𝟑, (b) 𝜽𝟏 = 𝟓, (c) 𝜽𝟏 = 𝟕 and (d) 𝜽𝟏 = 𝟗 

6.2.6 Section Conclusion 

In this study, the thermoelectric and mechanical performance of a segmented 

annular thermoelectric generator has been investigated using finite element analysis. 

Some of the important conclusions from this research are:  

1) The efficiency of the SATEG is 21.7% and 82.9% greater than the efficiency 

of the Bismuth telluride ATEG and Skutterudite ATEG respectively at 200 K 

temperature difference.  

2) The maximum von Mises stress in the legs of the Bismuth telluride material in 

the SATEG is 35.4% lower than that of the Bismuth telluride ATEG at 200 K 

temperature difference.  
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3) Efficiency and output power enhancement of 45.3% and 79.1% respectively 

were observed when the SATEG leg length was reduced from 𝐿 = 5  to 𝐿 =

2. Therefore, shorter thermoelectric legs provide better electrical performance.  

4) Increase in thermoelectric leg length leads to decrease in thermal stress and an 

increase in electrical performance. Therefore, increasing thermoelectric leg 

length can improve the mechanical reliability but reduce the electrical 

performance of the thermoelectric generator.  

5) The optimum geometry for maximum electrical performance of the SATEG 

studied is when 𝐿 = 2, 𝜃2 = 2 and 𝜃 = 8.  This geometry provides the best 

electrical performance for the system.  

6) The Maximum von Mises stress in the SATEG decreases as the angle between 

the thermoelectric legs increases from 𝜃2 = 2 to 𝜃2 = 5 for all leg lengths 

considered.  

 

6.3 Segmented Asymmetrical Thermoelectric Generator 

The geometry of a typical thermoelectric generator (TEG) is shown in Figure 

6.14a while that of the segmented asymmetrical thermoelectric generator (SASTEG) 

is shown in Figure 6.14b. The optimized geometry of the SASTEG is shown in Figure 

6.14c and the rectangular heat flux pulse applied to the hot side of the TEG and 

SASTEG is shown in Figure 6.14d. Transient and steady state heating conditions are 

applied to the hot side of the TEG and SASTEG while the cold side is maintained at a 

constant temperature. In the case of the SASTEG, two different thermoelectric 

materials are used for the p-type leg as shown in Figure 6.14b. The dimensions of the 

TEG and SASTEG are exactly the same so as to ensure accurate comparison of 
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performance. The total height of the thermoelectric legs remains the same in both the 

TEG and SASTEG therefore,  

𝐻 = 𝐻1 + 𝐻2 = 𝐻3 + 𝐻4                (6.1) 

where 𝐻1 is the height of the hot segment p-type thermoelectric material, 𝐻2 is that of 

the cold segment p-type material, 𝐻3 is the height of the hot segment n-type 

thermoelectric material and 𝐻4 is that of the cold segment n-type material.  

For the sake of simplicity, the n-type and p-type thermoelectric legs are of the 

same dimensions. In this study, only the n-type leg is asymmetrical because the n-type 

materials are universally weaker compared to their p-type counterparts (Ouyang and 

Li, 2016). In addition, asymmetrical legs have been reported to perform better than 

the rectangular legs (Fabián-Mijangos et al., 2017). Therefore, to improve the 

performance of the n-type leg and consequently optimize the SASTEG performance, 

the n-type leg is made asymmetrical. The effect of asymmetrical p-type leg is beyond 

the scope of this present study and would be considered in future works. The 

asymmetrical n-type leg used in the SASTEG is achieved by varying the cross-

sectional area across the leg height. Again, to simplify the analysis, the hot side cross-

sectional area of the asymmetrical leg is half of that of the cold side therefore,  

𝑊𝑙𝑒 = 𝑊𝑐 = 𝑊ℎ × 2                                               (6.2) 

where 𝑊𝑙𝑒 is the width of the leg, 𝑊ℎ is the width of the hot side n-type asymmetrical 

thermoelectric leg and 𝑊𝑐 is that of the cold side thermoelectric leg. This ratio is kept 

constant throughout the study. However, the height ratio of the segmented 

thermoelectric materials is varied to find the optimum value. Thus,  

𝐻𝑝 =
𝐻1

𝐻2
                   (6.3) 

𝐻𝑛 =
𝐻3

𝐻4
                             (6.4) 
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where 𝐻𝑝 is height ratio of the SASTEG p-type material and 𝐻𝑛 is that of the n-type 

materials.  

 

Figure 6.14: Schematic diagram of (a) thermoelectric generator (b) segmented asymmetrical 

thermoelectric generator and (c) optimized SASTEG geometry (d) rectangular heat flux pulse 

Considering the optimum operating temperature range of thermoelectric 

materials, Bismuth telluride (Bi2Te3) and Skutterudite (CoSb3) have been chosen for 

the cold segment/side and hot segment/side of the SASTEG respectively. While for 

the TEG, only Skutterudite thermoelectric material is used so as to ensure accurate 

comparison can be made with the SASTEG in the high temperature conditions under 

which both systems are studied. 

In this study, steady-state heating (SSH) and pulsed heating (PH) are applied 

to both the SASTEG and the TEG. Duty cycle and period time (𝜏) are used to 

characterize the pulsed heat flux. Duty cycle (
𝑡0

𝜏
) is defined as the ratio of heating 

time (𝑡0) to period time. Throughout the simulations, the overall heat input in the 
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pulsed heating case is equal to that of the steady state heating case. Rectangular 

function is used to model the pulsed heat input flux and considering Figure 6.14d, the 

input time-average heat flux for the rectangular function is given as (Asaadi et al., 

2018):  

𝑞" = 𝑎 + (𝑏 − 𝑎) ×
𝑡0

𝜏
               (6.5) 

where 𝑏/𝑎 is the ratio of maximum input heat flux to minimum input heat flux for a 

time period. Throughout this study, 𝑏/𝑎 = 12  and 𝑞" = 60 𝑘𝑊 ∙ 𝑚−2.  

 Considering six continuous time periods (6𝜏 = 720𝑠), the transient heat input 

is given as 

𝑞" = (𝑏 − 𝑎) × 𝑓(𝑡) + 𝑎                          (6.6) 

where 𝑓(𝑡) is the rectangular input function.  

6.3.1 Boundary Conditions 

To simplify the analysis, some basic assumptions are made while still ensuring 

there is no significant deviation from the real conditions. These assumptions are:  

1) The input heat flux is applied to the top surface (hot side) of the TEG with 

temperature Th while the bottom surface (cold side) is maintained at a constant 

temperature (Tc) of 300 K. 

2) Adiabatic condition is assumed therefore, no heat losses from all the other 

surfaces.   

3) The hot side of the TEG is constrained during the thermal stress analysis while 

other boundaries are free.  

4) Anisotropic material properties are not considered.  

5) The lower left copper electrode is grounded while the lower right copper 

electrode is connected to the external resistor circuit.  

6) Electrical and thermal contact resistance are not considered.  



CHAPTER 6 THERMOELECTRIC GENERATOR OPTIMIZATION AND 

RESULTS DISCUSSION 

 250 

6.3.2 Thermal and Electrical Responses to Pulsed Heat Flux 

The responses of temperature, open circuit voltage, current and maximum 

power output of the SASTEG and TEG to transient rectangular pulsed heating and 

steady state heating for five continuous time periods are shown in Figure 6.15a, Figure 

6.15b, Figure 6.15c and Figure 6.15d respectively. The steady state heating is 

represented by a straight line while the rectangular pulsed heating is represented by 

dotted and dashed lines for the SASTEG and TEG respectively. The spatially averaged 

heat flux used in all simulations is 60 𝑘𝑊 ∙ 𝑚−2 and this is kept constant for both the 

pulsed heating and the steady state heating. Maximum power output can be obtained 

when the load resistance is matched to the TEG’s internal resistance. Therefore, the 

external load resistance is varied till maximum power output is obtained which 

represents the matched load condition. The matched load under steady state heating 

for the SASTEG is found to be 0.012  and that of the TEG is found to be 0.006 .  

To simplify the analysis, the load resistance is kept constant throughout this 

study for both the steady state heating and the pulsed heating. Figure 6.15a shows the 

spatially average temperature on the hot surface of the SASTEG and TEG while 

Figure 6.15b shows the open circuit voltage obtained from both devices at steady state 

and pulsed heating conditions. It can be seen from Figure 6.15 that the temperature, 

voltage, current and power output follow the same trend and transient heating provides 

a better performance compared to steady state heating due to the fact that the 

rectangular pulsed heating allows for a greater temperature difference across the 

thermoelectric generator. Another clear observation from Figure 6.15 is that the 

performance of the SASTEG is almost twice better than that of the TEG. This shows 

that the new design for thermoelectric generator incorporating the segmented 
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materials and asymmetrical legs provides better electrical performance compared to 

the conventional TEG design.  

 

Figure 6.15: Transient and steady state responses of the SASTEG and TEG (a) temperature (b) 

open circuit voltage (c) load current (d) power output and (e) von Mises stress 

The variation of the load current with time shown in Figure 6.15c is identical 

for the SASTEG and TEG because of the difference in load resistance used to attain 

the maximum power output. The load current simply obeys the ohms law therefore, it 
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is given as the output load voltage divided by the load resistance. Although the load 

current in both the SASTEG and TEG is identical, the power output of each device is 

clearly different because of the difference in their open circuit voltage and 

corresponding output load voltage when the external resistance is matched. It can be 

seen from Figure 6.15d that the maximum power output of the SASTEG at steady state 

condition is 0.0038469 W while that of the TEG is 0.0015034 W under the same 

condition. Therefore, a power output improvement of about 155.88% is observed 

under steady state condition simply by using the new design of the thermoelectric 

generator (i.e. SASTEG design).  

Furthermore, the application of transient rectangular pulsed heat power is 

shown in Figure 6.15d to enhance the power output of the SASTEG and TEG 

significantly compared to the steady state heating. In fact, it can be seen that for the 

transient heating, the areas above the straight line (steady state heating) are larger than 

the areas below the straight line therefore, it can be concluded that the performance 

enhancement offered by the transient heating is significantly greater than that of the 

steady state heating. This finding is in agreement with (Asaadi et al., 2018; Chen and 

Lee, 2015).  

The maximum von Mises stresses developed in the n-type and p-type 

thermoelectric legs of the SASTEG and TEG under transient and steady state heating 

conditions are shown in Figure 6.15e. Although the SASTEG offers a significant 

power enhancement compared to the TEG, it can be seen that the maximum von Mises 

stress developed in the legs of the SASTEG are greater than that of the TEG under 

both heating conditions. This is an expected trend because the thermal stress 

developed is directly proportional to the temperature distribution in the TEG. 

Therefore, since the SASTEG operates at a significantly higher temperature compared 
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to the TEG, its von Mises stress is expected to be higher. Also, it is obvious that the 

maximum von Mises stress under transient heating will be greater than that under the 

steady state heating due to the difference in operating temperature. The trend observed 

during the transient heating for the SASTEG and TEG shown in Figure 6.15e is simply 

because of the periodic switching on and off of the pulse heat and this is why the von 

Mises stress goes to a minimum value and then it starts rising again as the rectangular 

pulse is applied. A solution to reduce the maximum von Mises stress developed in the 

SASTEG while maintaining its enhanced power output compared to the TEG is to 

optimize the SASTEG geometry.  

6.3.3 Optimization of SASTEG 

Two stages of optimization are carried out on the SASTEG including the p-

type leg optimization and the n-type leg optimization. Firstly, the optimum height ratio 

for the segmented p-type leg (Hp) is found by varying this ratio for the range 0.2 ≤

𝐻𝑝 ≤ 0.5. This range was considered because of the ease of manufacturing. If smaller 

ratios are considered like below 0.2, the material size for the low segment will be so 

small that it might be difficult to manufacture. In addition, since it might be difficult 

to consider all possible ratios that could be used, a sample range is chosen for analysis 

in this study. Figure 6.16a shows the maximum von Mises stress developed in the hot 

and cold side legs of the p-type leg as the height ratio is varied. It is clear from Figure 

6.16a that the optimum height ratio for the segmented p-type leg (Hp) is 0.2. This is 

because, when Hp = 0.2, for all time periods and for both the hot side and cold side of 

the p-type leg, the von Mises stress developed is the lowest compared to other height 

ratios.  

Furthermore, as expected, the von Mises stress in the hot side p-type leg is 

greater than that of the cold side p-type leg due to the higher temperature impinged on 
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the hot side. In addition, it is clear that the height ratio Hp = 0.5 provides the worst 

performance in terms of maximum von Mises stress developed thus, the need for the 

optimization of the initial geometry used in this study is shown. Figure 6.16b shows 

the variation of the maximum von Mises stress in the  SASTEG with the optimized p-

type leg (Hp = 0.2) and it can be seen that compared to the thermal stress in the initial 

geometry shown in Figure 6.15e, the maximum von Mises stress in the SASTEG hot 

side p-leg has been reduced by about 20.95% while that of the cold side p-leg has been 

reduced by about 21.16% due to the optimization of the height ratio under transient 

heating condition.  

 

Figure 6.16: (a) Variation of von Mises stress with SASTEG p-type height ratio (Hp) and (b) 

first optimized SASTEG p-type leg 
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Figure 6.17: (a) Variation of von Mises stress with SASTEG n-type height ratio (Hn) and (b) 

second stage optimized SASTEG 

In the second optimization stage, the n-type leg of the SASTEG is optimized 

while keeping the p-type leg at the optimized height ratio (Hp = 0.2) obtained from the 

first optimization stage. Thus, the n-type leg is segmented similar to the p-type leg in 

the initial geometry then the optimum height ratio (Hn) for the newly segmented n-

type leg is then found. Similar to the findings in Figure 6.16a, Figure 6.17a shows that 

the optimum height ratio for the n-type leg is also 0.2 and the worst height ratio is 0.5. 

Thus, the lowest von Mises stress can be obtained in the n-type segmented leg when 

the height ratio (Hn) of 0.2 is used. This again proves the benefit of geometry 
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optimization of thermoelectric generators as lower von Mises stress means the lifespan 

of the TEG can be increased. Figure 6.17b shows the variation of the maximum von 

Mises stress in the SASTEG with optimized p-type leg (Hp = 0.2) and optimized n-

type leg (Hn = 0.2). It is clear that for both the hot side and the cold sides, the 

asymmetrical thermoelectric leg (n-type) possessed a lower von Mises stress 

compared to the symmetrical thermoelectric leg (p-type). In fact, the maximum von 

Mises stress in the hot side asymmetrical leg (n-type) is lower by about 7.45% 

compared to that of the symmetrical leg (p-type). While in the cold side, the maximum 

von Mises stress in the asymmetrical leg is lower by about 39.21% compared to that 

of the symmetrical leg. This finding clearly shows that the thermal stress in a 

thermoelectric generator can be reduced by the use of asymmetrical legs and this 

resonates well with the findings in (Al-Merbati et al., 2013).  

 

Figure 6.18: Second stage optimized SASTEG (a) power output response comparison with TEG 

(b) three-dimensional temperature distribution and (c) voltage distribution 
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Due to the results obtained from both optimization stages, the final optimized 

geometry in this study is found to be when Hp= Hn= 0.2. Thus, the power output of 

this optimized geometry is compared to that of the conventional TEG. As shown in 

Figure 6.18a, under transient response condition, the power output of the optimized 

SASTEG is greater than that of the conventional TEG by about 117.11%. This huge 

power output enhancement is obtained at a reduced thermal stress condition in the legs 

of the SASTEG thus, the device’s reliability is improved. In addition, the three-

dimensional temperature and voltage distribution in the optimized SASTEG is shown 

in Figure 6.18b and Figure 6.18c respectively. 

6.3.4 Thermal Stress Distribution in SASTEG and TEG 

Figure 6.19 shows the thermal stress distribution in the segmented 

asymmetrical thermoelectric generator and the TEG especially, the areas with high 

thermal stress concentrations. The maximum von Mises stress developed in the n-type 

and p-type legs of the conventional TEG, SASTEG and optimized SASTEG are shown 

in Figure 6.19a, Figure 6.19b and Figure 6.19c respectively. It can be seen clearly 

from all the figures that the maximum von Mises stress occurs at the hot surface of the 

thermoelectric legs and it is highly concentrated at the edges of the thermoelectric legs 

which are the positions most likely to crack. The lifespan of a thermoelectric generator 

is affected by the intensity of thermal stress developed in its legs therefore, it is 

important to reduce this stress.  

Comparing the initial SASTEG geometry in Figure 6.19b to the optimized 

geometry in Figure 6.19c, it is obvious that the maximum von Mises stress in the legs 

has been reduced due to the geometry optimization. Asides changing the height ratio 

in the SASTEG to reduce the thermal stress, an increase in thermoelectric leg length 

can also reduce the thermal stress in a thermoelectric generator (Fan and Gao, 2018). 
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In addition, the use of asymmetrical legs can lead to reduced thermal stress developed 

in the thermoelectric generator (Al-Merbati et al., 2013).  

 

Figure 6.19: Thermal stress distribution in (a) thermoelectric generator (b) segmented 

asymmetrical thermoelectric generator and (c) optimized SASTEG geometry 

6.3.5 Section Conclusion  

A comprehensive numerical investigation of a segmented asymmetrical 

thermoelectric generator (SASTEG) and a conventional thermoelectric generator 

(TEG) was performed in this study. Rectangular pulsed heat input flux was applied to 

both devices and the temperature dependency of thermoelectric material properties 

was accounted for. The major conclusions from this study are summarized as follows:  

1) Rectangular pulsed heat power enhances the performance of SASTEG and 

TEG significantly compared to steady state heating.  
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2) Under transient condition, the maximum von Mises stress in the SASTEG hot 

side p-leg reduced by about 20.95% while that of the cold side p-leg reduced 

by 21.16% simply because of the optimization of the height ratio (Hp).  

3) Asymmetrical leg geometry (n-type) optimization reduced the thermal stress 

developed in the leg by 7.45% and 39.21% for the SASTEG hot side and cold 

side respectively compared to the values of the symmetrical leg geometry (p-

type).  

4) The power output of the optimized SASTEG with optimum height ratio Hp = 

Hn = 0.2 was greater than that of the conventional TEG by 117.11%.  

5) The optimized SASTEG geometry provided an enhanced electrical 

performance at a reduced thermal stress condition thereby increasing the 

SASTEG’s reliability.  

 

6.4 Segmented Solar Thermoelectric Generator 

The schematic of the segmented thermoelectric generator and non-segmented 

thermoelectric generator analysed in this study is shown in Figure 6.20a and Figure 

6.20b respectively. A commercial thermoelectric generator (GM250-71-14-16) with 

71 pairs of thermoelectric legs connected electrically in series and thermally in parallel 

is used in this study. The only difference between Figure 6.20a and Figure 6.20b is the 

presence of segmented p-type and n-type thermoelectric materials. However, the total 

length of the thermoelectric legs in both cases is kept constant throughout this study 

at a value of 2 mm. Bismuth telluride is used as the cold segment (P1-type and N1-

type) thermoelectric material while Skutterudite is used as the hot segment (P2-type 

and N2-type) thermoelectric material. In both the segmented and non-segmented TEG, 

a solar selective absorber (SSA) is assumed to be present at the top of the ceramic. 
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The ceramic enhances thermal conductivity, copper provides electrical connection and 

solder helps to alleviate the effect of thermal stress.  

 

Figure 6.20: Schematic of (a) segmented thermoelectric generator (b) thermoelectric generator 

and (c) CPC flux distribution 

In this study, the solar concentrator used is a compound parabolic concentrator 

(CPC) with a concentration ratio of 6. Firstly, SolidWorks is used to build the 
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geometric model of the CPC before being transferred into Lighttools for the ray tracing 

simulation. For avoidance of repetition, details about the simulation parameters and 

the model for the CPC can be found in our published paper (Xuan et al., 2017). The 

flux distribution from the compound parabolic concentrator is shown in Figure 6.20c. 

The emissivity and absorptivity of the SSA are 0.05 and 0.95 respectively. For the 

thermal stress analysis, copper and solder are considered as elastoplastic materials 

with yielding stress and tangential modulus of 70 MPa, 24 GPa and 26 MPa, 8.9 GPa 

respectively (Fan and Gao, 2018). Furthermore, the tensile strength of the hot segment 

material (Skutterudite) is 142 MPa (Fan and Gao, 2019) while the yielding stress of 

the cold segment material (Bismuth telluride) is 112 MPa (Al-Merbati et al., 2013).  

In this study, five different design cases for the segmented and non-segmented 

solar thermoelectric generator shown in Table 6.1 are analysed. As shown in Table 

6.1, Case 1 and Case 2 correspond to non-segmented solar thermoelectric generators 

with single material while Case 3, Case 4 and Case 5 correspond to the segmented 

solar thermoelectric generators with two different materials. It is important to note that 

the total thermoelectric length for the different cases is kept constant (2 mm) 

throughout this study and only the length ratio is optimized. The electrical and 

mechanical performance of the different design cases are analysed, and results are 

presented in this section.  

 

Table 6.1: Material proportions in different design cases 

Material Case 1 Case 2 Case 3 Case 4 Case 5 

Bi2Te3 

(P1/N1) 

100% 0 75% 50% 25% 
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Skutterudite 

(P2/N2) 

0 100% 25% 50% 75% 

 

6.4.1 Boundary Conditions 

The three-dimensional numerical model used in this study is simplified using the 

following assumptions,  

1) Steady state conditions are assumed throughout the study.  

2) Lower copper electrodes on the n-type and p-type legs are connected to an 

external load resistance.  

3) Electrical and thermal contact resistance are ignored.  

4) A fixed constraint is assumed at the hot side of the segmented and non-

segmented solar thermoelectric generator.  

5) Adiabatic condition is assumed on all side surfaces.  

6) Constant temperature of 25 ℃ is assumed at the cold side of the TEG unless 

otherwise stated.  

6.4.2 Effect of Solar Radiation 

Variation of solar radiation affects the amount of input energy absorbed by the 

thermoelectric generator and consequently its power output and efficiency. For the 

different cases, Figure 6.21a shows the effect of solar radiation variation on the power 

output of the solar thermoelectric generator under non-uniform heat flux. As expected, 

the power output for most cases increases as the solar radiation increases due to the 

increase in temperature difference across the module. However, for Case 1 and Case 

3 in which the percentage of bismuth telluride material proportion is high (100% and 

75% respectively), it can be seen that the power output shows a decreasing trend after 

an initial increase. This is because; bismuth telluride material is a low temperature 
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range (< 200 ℃) thermoelectric material therefore, once the operating temperature is 

exceeded, it becomes less efficient and its power output decreases. Contrarily, 

Skutterudite material is a medium temperature range (< 500 ℃) thermoelectric 

material therefore, the power output in Case 2 and Case 5 where the Skutterudite 

material proportion is high (100% and 75% respectively) increases linearly as solar 

radiation increases. This finding is in agreement with the previous finding of Ma et al. 

(2019).  

 

Figure 6.21: Effect of solar radiation on (a) power output (b) efficiency (c) temperature 

difference 

Consequently, it is important to consider the operating temperature range 

before choosing an appropriate thermoelectric material. Furthermore, it can be seen 

from Figure 6.21a that the solar radiation, which influences the operating temperature, 
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determines the most appropriate design case for the solar thermoelectric generator. For 

example, when the solar radiation was between 11000 W/m2 to 17000 W/m2, Case 4 

provides the highest power output, which also increases from 3.81 W to 7.01 W at that 

range. However, at a solar radiation value greater than 17000 W/m2, it can be seen that 

Case 5 provides the highest power output. This is because, at such high radiation value, 

the operating temperature of the module will be high consequently; Case 5, which has 

a high proportion of Skutterudite, provides the highest power output.  

The significance of segmentation can also be seen from Figure 6.21a in terms 

of power output. Comparing the highest power output obtained from Case 1 (bismuth 

telluride non-segmented solar TEG) which is 3.09 W at 13000 W/m2, to the power 

output of the segmented thermoelectric generator (Case 3, Case 4 and Case 5). It can 

be seen that the power output of Case 3, Case 4 and Case 5 increased by 44.07%, 

59.12% and 37.9% respectively compared to that of Case 1 at 13000 W/m2. Similarly, 

comparing the highest power output obtained from Case 5 (Skutterudite non-

segmented solar TEG) which is 6.15 W at 21000 W/m2, to that from the segmented 

cases. It can be seen that the power output of Case 4 and Case 5 increased by 43.18% 

and 57.4% respectively compared to that of Case 5 at 21000 W/m2 while that of Case 

3 decreased by 18.76% because of the higher proportion of bismuth telluride material. 

As expected, Figure 6.21b shows that Case 1 provides the highest efficiency at low 

temperature range corresponding to solar radiation values of 1000 W/m2 to 7000 

W/m2.  

However, the advantage of the segmented design becomes more obvious at 

high radiation values. In addition, the trends observed in Figure 6.21a and Figure 6.21b 

are similar consequently, operating temperature is a critical parameter to be considered 

in designing highly efficient solar thermoelectric generators. Furthermore, Figure 
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6.21c shows that the temperature difference across the thermoelectric legs increases 

as the solar radiation increases. This is an expected phenomenon since the cold side 

temperature is maintained at a fixed value. In addition, Figure 6.21c shows that Case 

1 provides the highest temperature difference because it is made up of 100% bismuth 

telluride material, which has low thermal conductivity that helps maintain the 

temperature gradient between the hot and cold side. Generally, thermoelectric 

materials with high electrical conductivity, low thermal conductivity and high Seebeck 

coefficient are desirable.  

A comparison between the performance of the solar thermoelectric generators 

under non-uniform and uniform heat flux at different solar radiation values is shown 

in Figure 6.22. The trends for both non-uniform and uniform heat flux are similar 

however, a slight difference still exists. It can be seen from Figure 6.22a that the power 

output under uniform heat flux is higher than that under non-uniform heat flux 

however, after a saturation point is reached, the module under uniform heat flux 

suffers a steeper decrease in power output compared to that under non-uniform heat 

flux. This is because, under uniform heat flux, a higher amount of solar energy is 

absorbed by the solar TEG compared to that under non-uniform heat flux. 

Consequently, once the optimum operating temperature for bismuth telluride is 

exceeded, the power output under uniform heat flux decreases faster than that under 

non-uniform heat flux because of its higher operating temperature. However, at a solar 

radiation value of 11000 W/m2, the power output of Case 1 under uniform heat flux 

increased by 1.53% compared to that under non-uniform heat flux.  
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Figure 6.22: Comparison of non-uniform and uniform heat flux power output for (a) Case 1 (b) 

Case 2 (c) Case 3 (d) Case 4 and (e) Case 5 

Furthermore, Figure 6.22b shows that the power output of Case 2 increases as 

solar radiation increases under both non-uniform and uniform heat flux. In fact, the 

significance of uniformity becomes very clear at higher radiation values. For example, 

at a radiation value of 11000 W/m2, the power output of Case 2 under uniform heat 
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flux increased by 31.81% compared to that under non-uniform heat flux. At the same 

radiation value of 11000 W/m2, the power output of Case 3, 4 and 5 under uniform 

heat flux increased by 14.05%, 22.47% and 27.81% respectively, compared to that 

under non-uniform heat flux. Consequently, uniform heat flux is beneficial for 

enhanced power output.  

6.4.3 Thermal Stress Analysis 

Thermal stress is inevitable in a solar thermoelectric generator because of its 

high operating temperature consequently; this section presents the results from 

thermal stress analysis. The effect of solar radiation on the maximum von Mises stress 

in the solar thermoelectric generators is shown in Figure 6.23. Firstly, the maximum 

von Mises stress in the thermoelectric legs of all the different design cases is shown 

in Figure 6.23a in addition to the tensile strength of Skutterudite material (142 MPa) 

and the yielding stress of bismuth telluride material (112 MPa). It is clear that for all 

solar radiation values, the maximum von Mises stress in the non-segmented solar TEG 

(Case 1 and Case 2) is lower than that in the segmented solar TEG. Furthermore, it is 

clear from Figure 6.23a that for the segmented solar thermoelectric generator, Case 5 

provides the lowest thermal stress in the legs while Case 3 provides the highest thermal 

stress. As expected, the maximum von Mises stress in the thermoelectric legs for all 

the cases increases as the solar radiation increases due to the increase in operating 

temperature. This may lead to a reduction in the service life of the thermoelectric 

generator or even damage the device. This finding is in agreement with that of Fan et 

al. (2019).  
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Figure 6.23: Effect of solar radiation on maximum von Mises stress in (a) different cases (b) 

bismuth telluride TEG and (b) Skutterudite segment 

It is also important to note that for the highest solar radiation value considered 

in this study (21000 W/m2), the thermal stress in the legs of Skutterudite non-

segmented solar TEG (Case 2) is within the acceptable tensile strength of the 

Skutterudite material, therefore, it can operate safely and reliably at such high solar 

radiation value. However, for the bismuth telluride non-segmented solar TEG (Case 

1), it is clear that the module can only be guaranteed to operate safely and reliably at 

solar radiation values lower than 15000 W/m2, beyond which the yielding stress of the 

material will be exceeded. However, from Figure 6.21a, the highest power output of 

Case 1 was obtained at a radiation value of 13000 W/m2, thus; if the module is used 
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within its optimum operating temperature, it will provide a reliable and efficient 

operation in terms of both mechanical and electrical performance.  

Comparing the segmented design cases, the maximum von Mises stress at a 

high radiation value of 21000 W/m2, in Case 5 decreases by 43.58% and 16.18% 

compared to Case 3 and Case 4 respectively. This shows the importance of leg length 

ratio optimization for thermal stress reduction. The reason for the better mechanical 

performance of Case 5 is its higher proportion of Skutterudite material compared to 

Case 3 and Case 4. Skutterudite material provides a better mechanical performance 

compared to bismuth telluride material however, the reverse is the case in terms of 

electrical performance. Consequently, it is imperative to optimize solar thermoelectric 

generators in terms of both electrical and mechanical performance.  

Figure 6.23b provides a better understanding of the maximum von Mises stress 

in the thermoelectric legs made of bismuth telluride material only. In addition, the 

advantage of segmentation is shown in this figure. It can be seen clearly that for all 

solar radiation values considered, the maximum von Mises stress in Case 5 is the 

lowest, even lower than that in the non-segmented solar TEG (Case 1). For example, 

at a solar radiation value of 11000 W/m2, the maximum von Mises stress in the 

bismuth telluride material (cold segment) of Case 5 decreases by 14.85%, 34.93% and 

27.36% compared to that in Case 1, Case 3 and Case 4 respectively.  

Furthermore, it can be seen from Figure 6.23b that Case 3 attains the yielding 

stress quicker than the remaining cases, followed by Case 4, Case 1 and finally Case 

5. This implies that a higher solar radiation value can be used for Case 5 compared to 

the others within which the module will still be reliable and will provide increased 

power output. To understand the stress distribution in the legs made of Skutterudite 

material, Figure 6.23c shows the maximum von Mises stress in different cases. It can 
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be seen that Case 2 provides the lowest thermal stress, which is still within the tensile 

strength of the Skutterudite material even at a high radiation value of 21000 W/m2. 

Comparing the segmented solar TEG, it is obvious that Case 5 provides the lowest 

thermal stress while Case 3 provides the highest thermal stress. A combination of 

Figure 6.23b and Figure 6.23c gives the results shown in Figure 6.23a. 

6.4.4 Three-Dimensional Distributions 

One of the advantages of this study is that it provides three-dimensional 

information about the actual temperature and stress distributions in a full-scale solar 

thermoelectric generator. Figure 6.24 shows the temperature distribution of the 

segmented solar thermoelectric generator (Case 4) under non-uniform and uniform 

heat flux. It can be seen from Figure 6.24a that the maximum temperature in the 

module is distributed in the middle of the module due to the non-uniformity of the heat 

flux from the compound parabolic concentrator used. The temperature distribution on 

the surface of the module shown in Figure 6.24a follows the trend of the CPC heat 

flux shown in Figure 6.20c.  

Furthermore, Figure 6.24b shows the temperature distribution under uniform 

heat flux. It is clear that the temperature is evenly distributed across the surface of the 

module and the maximum temperature under uniform heat flux is 162 ℃ while that 

under non-uniform heat flux is 148 ℃. This difference in temperature is the main 

reason for the power output improvement observed under uniform heat flux and the 

reduced mechanical reliability also observed.  
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Figure 6.24: Three-dimensional temperature distribution for (a) non-uniform and (b) uniform 

heat flux at solar radiation of 5000 W/m2 

To properly understand the locations of maximum von Mises stress in the 

thermoelectric legs of the different design cases, Figure 6.25 provides a three-

dimensional thermal stress distribution. Figure 6.25a, Figure 6.25b, Figure 6.25c, 

Figure 6.25d and Figure 6.25e provide the stress distribution for Case 1, Case 2, Case 

3, Case 4 and Case 5 respectively. One obvious trend seen from all the figures is that 

the maximum von Mises stress all occur at the edge of the thermoelectric legs, thus 

that region can break off easily. In addition, the other region most likely to crack are 

the contact areas between the thermoelectric legs hot surface and solder strips. The 

development of thermal stress in the legs of the solar thermoelectric generator is due 

to the difference in mechanical material properties of the solar TEG components. 



CHAPTER 6 THERMOELECTRIC GENERATOR OPTIMIZATION AND 

RESULTS DISCUSSION 

 272 

 

Figure 6.25: Thermal stress nephogram for (a) case 1 (b) case 2 (c) case 3 (d) case 4 and (e) case 

5 at solar radiation of 5000 W/m2 

6.4.5 Section Conclusion  

A detailed three-dimensional numerical study on electrical and mechanical 

performance of segmented and non-segmented solar thermoelectric generator under 

non-uniform and uniform heat flux was provided in this study.  The main conclusions 

from this study are: 
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1) The required operating temperature range is a very important parameter which 

must be considered before choosing an appropriate thermoelectric material 

and design case.  

2) The power output of the segmented solar thermoelectric generators in Case 3, 

Case 4 and Case 5 increased by 44.07%, 59.12% and 37.9% respectively 

compared to that of Case 1 (bismuth telluride non-segmented solar TEG) at 

13000 W/m2. 

3) The maximum von Mises stress at a high radiation value of 21000 W/m2, in 

Case 5 decreased by 43.58% and 16.18% compared to Case 3 and Case 4 

respectively thereby showing the importance of leg length ratio optimization 

in segmented solar TEG.  

4) Segmented and non-segmented solar thermoelectric generator must be 

optimized in terms of both electrical and mechanical performance rather than 

just electrical performance.  

5) At a solar radiation value of 11000 W/m2, the maximum von Mises stress in 

the bismuth telluride material (cold segment) of Case 5 decreased by 14.85%, 

34.93% and 27.36% compared to that in Case 1 (non-segmented solar TEG), 

Case 3 and Case 4 respectively.  

 

6.5 Solar Thermoelectric Generator with Phase Change Material 

The solar thermoelectric generator considered in this study is shown in Figure 

6.26 without the solar concentrator. A comparison study between a solar 

thermoelectric generator with and without phase change material is performed. The 

solar TEG with PCM is shown in Figure 6.26a while that without PCM is shown in 

Figure 6.26b. In this study, a commercial thermoelectric generator (GM250-71-14-16) 
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consisting of 71 pairs of thermoelectric legs connected in series electrically and 

thermally in parallel is used. Aluminum oxide is used as the ceramic material, which 

enhances heat transfer across the TEG and provides electrical insulation. Copper is 

used as the conducting material and bismuth telluride (Bi2Te3) is the n-type and p-type 

thermoelectric material. In addition, as shown in Figure 6.26a, the PCM is placed in a 

container made of copper material and copper fins are used to enhance the heat transfer 

between the container and the PCM. In both Figure 6.26a and Figure 6.26b, a solar 

selective absorber (SSA) is assumed to be present at the top surface. Furthermore, the 

solar radiation variation under typical partly cloudy weather conditions for a period of 

time in wet season is considered in this study as shown in Figure 6.27 

(Mahmoudinezhad et al., 2018b). Temperature dependent thermoelectric material 

properties (European Thermodynamics Limited, 2014b) are used. The phase change 

material used in this study undergoes phase change from solid to liquid by absorbing 

the incident non-uniform solar radiation from the compound parabolic concentrator.  

The properties of a PCM including, melting temperature, cost, availability and 

chemical stability determines its suitability for specific applications. Therefore, the 

PCM used in this study is chosen based on its melting temperature and the hot side 

temperature of the thermoelectric generator. Throughout this study, RT25HC is used 

as the phase change material. The PCM used in this study is a commercially available 

PCM manufactured by Rubitherm Technologies GmbH. It is a pure PCM that is 

capable of storing and releasing large quantities of thermal energy at a nearly constant 

temperature. The melting range according to the manufacturer datasheet is between 

22 ℃ − 26 ℃ while its main peak is at 25 ℃. Recently, Mankel et al. (Mankel et al., 

2019) performed a differential scanning calorimetry (DSC) tests for RT25HC phase 

change material and the result obtained is shown in Figure 6.28. The DSC curve 
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justifies the manufacturer data and it can be seen that the melting interval is  4 ℃ or 4 

K. The PCM undergoes endothermic reaction at an onset temperature and the phase 

change from solid to liquid begins gradually. Furthermore, a large quantity of heat 

energy is absorbed during the phase change process, which is later released at the end 

of the phase change.  

 

Figure 6.26: Solar thermoelectric generator (a) with PCM and (b) without PCM 

In this study, the PCM absorbs the concentrated solar radiation, which raises 

its temperature, and when the onset temperature is reached, the phase change process 

begins. During this process, the PCM helps to maintain the temperature on the solar 

thermoelectric generator at an almost constant value thereby stabilizing the transient 

and non-uniform radiation, which in turn leads to a more stable power output from the 

solar thermoelectric generator. Furthermore, even during periods of low solar 
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radiation, the STEG is still able to provide some power output because of the stored 

heat released from the phase change material. Transient simulations are performed for 

the solar thermoelectric generator with and without phase change material. The CPC 

flux distribution profile and solar radiation shown in Figure 6.20c and Figure 6.27 

respectively are combined and used for the numerical study. Consequently, each 

simulation is performed for a period of 15 minutes.   
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Figure 6.27: Variation of solar radiation with time (Mahmoudinezhad et al., 2018b) 
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Figure 6.28: DSC curve of RT25HC PCM (Mankel et al., 2019) 
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6.5.1 Boundary Conditions 

The boundary conditions and assumptions considered in this study are listed 

below:  

1) Transient conditions are assumed. 

2) A constant temperature (20 ℃) boundary condition is assumed on the cold 

surface of the solar TEG. 

3) The copper electrodes on the n-type and p-type legs are connected to the ends 

of an external load. 

4) The external surfaces of the PCM container are insulated. 

5) Initial temperature on all surfaces is zero.  

6) Convective and radiative heat loss are considered at the SSA top surface.  

7) Initial thermoelectric electric potential is zero.  

8) An assumed value of 200 𝑚𝑚2 ∙ 𝐾/𝑊 is used in this study for the thermal 

contact resistance between the lower surface of the PCM container and the 

TEG ceramic top surface. 

6.5.2 Effect of PCM Fin Number 

In this study, fins are attached to the PCM container to enhance the heat 

transfer between the container and the PCM. The variation of the PCM fins with the 

power output, temperature difference and efficiency of the solar TEG with PCM for 

the time period considered is shown in Figure 6.29a, Figure 6.29b and Figure 6.29c 

respectively. A similar trend is observed in Figure 6.29a, Figure 6.29b and Figure 

6.29c due to the solar radiation pattern shown in Figure 6.27. Solar radiation is one of 

the most important parameters that influence the performance of the solar 

thermoelectric generator. It can be seen from the figures that peak power output, 

temperature difference and efficiency of the solar TEG with PCM is achieved after 5 
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min after which a sharp decline is observed due to the drastic reduction in solar 

radiation.  

 

Figure 6.29: Number of PCM fins variation with (a) power output (b) temperature difference 

(c) efficiency and (d) average power output and average temperature difference   

Furthermore, because the solar radiation at the initial time is high and is 

maintained for 5 min, the solar TEG with PCM quickly responds therefore, it takes 

just 1 min for the power output, temperature difference and efficiency shown in Figure 

6.29a, Figure 6.29b and Figure 6.29c respectively, to significantly increase from the 

initial zero value. However, although the solar radiation is constant for the first 5 min, 

the power output, temperature difference and efficiency of the solar TEG are not 

constant but rather increase gradually due to the presence of the PCM on the top 

surface. During the first 5 min, the PCM receives the concentrated solar radiation and 

when its melting temperature is attained, it gradually begins to melt and this is the 
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reason for the gradual increase observed between 1 min – 5 min in Figure 6.29a, Figure 

6.29b and Figure 6.29c.  

For the sake of PCM fin number selection, the average values for the power 

output and temperature difference across the solar TEG over a period of 15 min is 

considered as shown in Figure 6.29d. This provides a clearer understanding of the 

effect of the number of PCM fins on the performance of the solar thermoelectric 

generator. It can be seen clearly from Figure 6.29d that the highest values for average 

power output and average temperature difference are obtained at fin number 5. 

Furthermore, a gradual increase is observed initially as the PCM fin number is 

increased before it sharply declines thereby showing the importance of fin 

optimization.  The average power output of the solar TEG with PCM increased by 

7.19% when the fin number increased from 2 to 5 while it decreased by 3.96% when 

the fin number increased from 5 to 8.  

Similarly, the average temperature difference across the hot and cold sides of 

the solar TEG increased by 4.26% when the fin number increased from 2 to 5 whereas 

it decreased by 1.75% when the fin number increased from 5 to 8. Consequently, it is 

obvious that proper selection of PCM fin number could enhance the performance of 

the solar TEG with PCM. Therefore, throughout this study, a fin number of 5 (shown 

in Figure 6.26a) is used. Since the actual concentrated solar radiation is incident on 

the PCM container, the fin optimization is important to enhance the heat transfer from 

the container to the PCM and subsequently to the solar TEG.   

6.5.3 Effect of PCM Height 

The height of the PCM on the solar thermoelectric generator could affect its 

performance therefore; the effect of different PCM height on the solar TEG 

performance is shown in Figure 6.30. The variation of the PCM height with the power 
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output, temperature difference and efficiency of the solar TEG with PCM for the time 

period considered is shown in Figure 6.30a, Figure 6.30b and Figure 6.30c 

respectively. It is very clear from Figure 6.30a, Figure 6.30b and Figure 6.30c that the 

power output, temperature difference and efficiency of the solar TEG respectively 

decrease as the PCM height is increased.  

 

Figure 6.30: Height of PCM variation with (a) power output (b) temperature difference (c) 

efficiency and (d) average power output and average temperature difference  

Furthermore, it is clear that peak performance is obtained after 5min due to the 

solar radiation pattern. From Figure 6.30a, Figure 6.30b and Figure 6.30c, it can be 

seen that the peak power output, temperature difference, and efficiency of the solar 

TEG decrease respectively by 52.11%, 30.71% and 32.87% when the PCM height is 

increased from 5 mm to 20 mm. The reason for the decrease in performance of the 

solar TEG is the position of the PCM. Unlike the conventional arrangement whereby 
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the PCM is used as the heat sink, in this study, the preference is to reduce the 

temperature fluctuations due to the transient solar radiation and to unify the non-

uniform heat flux from the solar concentrators. Therefore, in this study, the PCM is 

positioned at the top surface of the solar TEG. Consequently, an increase in PCM 

height, which leads to an increase in volume, simply increases the time required to 

completely melt the PCM.  

Since the area of the PCM is constant, an increase in height corresponds to an 

increase in volume of the PCM. Furthermore, if a small PCM height is used such as 5 

mm, the PCM can melt quicker and the corresponding increase in temperature will 

enhance the performance of the solar TEG by increasing the temperature difference 

across it. Consequently, the PCM in this study is performing a dual function of 

stabilizing and unifying the transient non-uniform heat flux from the solar 

concentrator and increasing the temperature difference across the solar TEG when it 

melts. However, it can also be seen from Figure 6.30a, Figure 6.30b and Figure 6.30c 

that the increase in PCM height provides a more stable performance in terms of power 

output, temperature difference and efficiency respectively. The reason for this is 

because, the increase in PCM height leads to an increase in the time required to melt 

the phase change material. Furthermore, the average power output and average 

temperature difference across the solar TEG is shown in Figure 6.30d for different 

PCM height. A decreasing trend is observed from Figure 6.30d because of the reasons 

explained above. The average power output and average temperature difference across 

the solar TEG decrease by 40.13% and 22.13% respectively when the PCM height is 

increased from 5 mm to 20 mm. Consequently, a PCM height of 5 mm is used for the 

remainder of this study.  
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6.5.4 Effect of PCM and Thick Copper Plate 

In this section, the significance of using phase change material at the top 

surface of the solar TEG is presented and a comparison is made with a solar TEG, 

which has a thick copper plate (5 mm) at the top surface instead of PCM. In addition, 

the two systems are compared with a solar thermoelectric generator without PCM or 

thick copper plate at the top surface. The variation of the power output obtained from 

the three systems studied with time is shown in Figure 6.31a. Since the solar radiation 

at the initial time is high and maintained at a constant value for 5 min, the solar TEG 

without PCM and thick copper plate responds the quickest followed by the solar TEG 

with copper plate while the solar TEG with PCM provides the lowest response. In 

addition, it can be seen from Figure 6.31a that the power output of the solar TEG 

without PCM varies significantly with time because of the solar radiation pattern.  

This kind of unstable power output with very high peaks and low values could 

significantly affect the performance and life span of the device being powered. For 

several applications in which the solar thermoelectric generator could be useful, stable 

power output is required and beneficial. This is specifically why the use of PCM at 

the top surface of the solar TEG is important. As shown in Figure 6.31a, the power 

output of the solar TEG with PCM RT25HC gradually increases with time after which 

it stabilizes. Although the solar TEG with PCM cannot provide the peak power outputs 

provided by the solar thermoelectric generator without phase change material, it is still 

very useful for providing a stable power output, which is more important for specific 

applications and under transient conditions.  

Between 1 min and 15 min, the difference between the maximum and 

minimum power output of the solar thermoelectric generator without PCM is 15.88 

mW while that of the solar TEG with thick copper plate is 15.65 mW and that of the 
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solar TEG with PCM is 3.25 mW. This is very significant because it shows that the 

use of phase change material on the solar thermoelectric generator can provide a more 

stable power output over a long period. In addition, it can be seen from Figure 6.31a 

that the solar TEG with PCM outperforms the solar TEG without PCM and that with 

thick copper plate at very low solar radiation periods such as between 7 min - 8 min 

and 13 min - 15 min. In fact, after 15 min, the solar TEG with PCM still provides a 

power output of 1.97 mW while the solar TEG without PCM provides an almost zero 

(0.04 mW) power output and the solar TEG with thick copper plate provides a 0.23 

mW power output, which is significantly lower compared to that of the solar TEG 

with PCM. This is one of the advantages of using phase change material because it 

can help the solar TEG provide power output during periods of zero or very low solar 

radiation.  

Furthermore, the hot side temperature of the solar TEG with and without PCM 

is shown in Figure 6.31b. Since the cold side temperature is kept constant, the transient 

and non-uniform heat flux from the solar concentrator mainly affects the hot side 

temperature of the solar thermoelectric generator. It is clear from Figure 6.31b that the 

hot side temperature of the solar TEG without PCM is very unstable because of the 

solar radiation pattern. In addition, Figure 6.31b shows that after 1 min, the solar 

thermoelectric generator without PCM quickly attains its highest hot side temperature 

of 30.63 ℃. This could be harmful to the solar thermoelectric generator if very high 

concentrated solar radiation is used. This is because, each thermoelectric generator has 

a maximum temperature it can tolerate consequently, this limit could be exceeded 

which would damage the device. However, using a PCM at the top surface of the solar 

TEG would prevent such occurrence from happening as shown in Figure 6.31b. 
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Therefore, the results confirm that the phase change material has a great potential for 

protecting the solar thermoelectric generator when high solar radiation is utilized.  

 

Figure 6.31: Variation of time with (a) power output and (b) temperature difference for solar 

TEG with and without PCM 

In addition, Figure 6.31b shows that the use of PCM at the top surface of the 

solar TEG could significantly reduce the effect of transient and non-uniform heat flux 

fluctuations on the solar TEG temperature. Furthermore, after 15 min, the hot side 

temperature of the solar TEG with PCM is greater than that of the solar TEG without 

PCM and solar TEG with thick copper plate by 15.90% and 11.90% respectively. 

Consequently, the PCM can provide the hot side temperature for the solar TEG during 

periods of zero or very low solar radiation.  
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6.5.5 Temperature Distribution and Liquid Fraction 

To better understand the behavior of the solar TEG with and without PCM, 

three-dimensional temperature distribution is presented for both cases. Figure 6.32 

shows the three-dimensional temperature distribution of the solar TEG without PCM. 

The effect of the non-uniform heat flux distribution from the compound parabolic 

concentrator (CPC) used in this study, which is presented in Figure 6.20c on the 

temperature distribution of the solar TEG without PCM, is shown in Figure 6.32. As 

expected, the middle region of the solar TEG attains the highest temperature due to 

the flux distribution being higher in that region as shown in Figure 6.20c.  

 

Figure 6.32: Temperature distribution of solar TEG at (a) 5 min (b) 15 min and front view of 

thermoelectric legs at (c) 5 min (d) 15 min 

While Figure 6.32a shows the temperature distribution of the solar TEG 

without PCM at 5 min, Figure 6.32b shows the temperature distribution at 15 min. It 

can be seen that the temperature difference across the solar TEG without PCM 
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decreased from 11 ℃ (Figure 6.32a) to 6.6 ℃ (Figure 6.32b) due to the decrease in 

solar radiation. Furthermore, Figure 6.32c and Figure 6.32d show the actual 

temperature distribution at the top surface of the thermoelectric legs. The non-uniform 

heat flux from the solar concentrator affects the temperature distribution on the 

thermoelectric legs as shown in Figure 6.32c and Figure 6.32d at 5 min and 15 min 

respectively. In addition, it can be seen from Figure 6.32c and Figure 6.32d that the 

highest temperature is in the middle thermoelectric legs.  

 

Figure 6.33: Temperature distribution of solar TEG with PCM at (a) 5 min (b) 15 min and front 

view of thermoelectric legs at (c) 5 min (d) 15 min 

The three-dimensional temperature distribution of the solar TEG with PCM is 

shown in Figure 6.33. It can be seen clearly that the temperature difference across the 

solar TEG with PCM decreased from 6.8 ℃ (Figure 6.33a) to 5.3 ℃ (Figure 6.33b) 

due to the decrease in solar radiation during the period of 5 min to 15 min. This smaller 

decrease in temperature difference compared to that in Figure 6.32 shows the 
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capability of the PCM in providing stable performance for the solar TEG. In addition, 

Figure 6.33c and Figure 6.33d show the temperature distribution on the thermoelectric 

legs at 5 min and 15 min respectively. It is obvious that a uniform temperature 

distribution is achieved due to the presence of the PCM at the top surface of the solar 

thermoelectric generator. Consequently, the use of PCM provides a more stable 

performance from the solar TEG and nullifies the effects of non-uniform heat flux 

from solar concentrators especially at high radiation levels. 

 

Figure 6.34: Liquid fraction of PCM with (a) 5 mm height, 5 min (b) 5 mm height, 15 min and 

(c) 10 mm height, 5 min (d) 10 mm height, 15 min  

Furthermore, the liquid fraction of the PCM with 5 mm height at 5 min and 15 

min is shown in Figure 6.34a and Figure 6.34b respectively. It is obvious that a higher 

percentage of the PCM melts at 5 min compared to 15 min because of the fluctuations 

in solar radiation. In addition, at 5 min, more than half of the PCM has melted while 

at 15 min, most of the PCM is back in solid form. Similarly, the liquid fraction of the 
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PCM with 10 mm height at 5 min and 15 min is shown in Figure 6.34c and Figure 

6.34d respectively. It can be seen that although a larger percentage of the PCM melts 

at 5 min than at 15 min, this percentage is still lower than that of the PCM with 5 mm 

height. Furthermore, Figure 6.34 shows that the phase change starts close to the wall 

of the PCM fins and the melting front advances towards the center as time increases.  

6.5.6 Section Conclusion 

A detailed three-dimensional numerical investigation on the effect of transient and 

non-uniform heat flux on solar thermoelectric generator (solar TEG) performance was 

carried out in this study. A comparison between the performance of a solar 

thermoelectric generator with and without phase change material (PCM) was made. 

The main conclusions from this study are:  

1) The placement of PCM on the top surface of a solar thermoelectric generator 

is effective in providing a stable electrical performance from the solar TEG 

under varying weather conditions.  

2) The use of PCM on the top surface of a solar TEG has a great potential for 

protecting the solar thermoelectric generator when highly concentrated solar 

radiation is utilized.  

3) The peak power output, temperature difference, and efficiency of the solar 

TEG decrease by 52.11%, 30.71% and 32.87% respectively, when the PCM 

height increased from 5mm to 20mm.  

4) The use of PCM with a solar thermoelectric generator can ensure the solar 

TEG still provides power output during periods of zero or very low solar 

radiation.  
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6.6 Chapter Summary  

This chapter presented the results obtained from the optimization studies, 

leading to the enhancement of the thermoelectric generator electrical and mechanical 

performance using innovative geometries such as annular, segmented and 

asymmetrical geometries. In addition, results obtained from the optimization of the 

thermoelectric generator with phase change material were presented. All the 

optimization studies were performed using COMSOL Multiphysics software. 

Furthermore, three-dimensional numerical studies were carried out and finite element 

method was used. The main findings from each study carried out were presented in 

the section conclusions while the general summary of the optimization results from 

the four studies carried out are respectively:  

1) Results showed that the segmented annular thermoelectric generator had a 

greater electrical efficiency compared to the annular thermoelectric generator 

(ATEG) with Bismuth telluride material when the temperature difference was 

greater than 100 K. In addition, the electrical efficiency of the SATEG was 

found to be 21.7% and 82.9% greater than that of the Bismuth telluride ATEG 

and Skutterudite ATEG respectively at 200 K temperature difference. The 

results also showed that an increase in thermoelectric leg length can reduce the 

thermal stress and electrical performance of the segmented and non-segmented 

thermoelectric generators. 

2) Results obtained showed that the optimized SASTEG provided a power output 

enhancement of 117.11% compared to that of the conventional TEG under 

rectangular pulsed heat condition. Also, the asymmetrical leg geometry used 

in the SASTEG n-type leg provided a reduced thermal stress of 39.21% in the 
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lower segment (cold side) compared to the symmetrical leg geometry used in 

the p-type leg lower segment. 

3) Results showed that the power output of the segmented solar thermoelectric 

generators in Case 3 (75% Bi2Te3 material and 25% Skutterudite material), 

Case 4 (50% Bi2Te3 material and 50% Skutterudite material) and Case 5 (25% 

Bi2Te3 material and 75% Skutterudite material) increased by 44.07%, 59.12% 

and 37.9% respectively compared to that of Case 1 (100% bismuth telluride 

non-segmented solar TEG) at 13000 W/m2. 

4) Results showed that the placement of PCM on the top surface of the solar 

thermoelectric generator is an effective approach to provide a stable electrical 

performance for the solar TEG under varying weather conditions. 

Furthermore, results revealed the effectiveness of the phase change material in 

protecting the solar thermoelectric generator under highly concentrated solar 

radiation.
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CHAPTER 7 CONCLUSION AND FUTURE WORK 

7.1 Conclusion 

This research presented a detailed theoretical and experimental investigation 

of the performance of hybrid photovoltaic-thermoelectric system with flat plate 

microchannel heat pipe. Furthermore, the performance of the hybrid PV-TE system 

without heat pipe was investigated under steady state and transient conditions. In 

addition, electrical and mechanical performance enhancement of thermoelectric 

generators by geometry optimization was investigated. The thesis includes detailed 

literature review, conceptual design, mathematical analysis, computer simulation 

model development, experimental testing and model validation, optimization of the 

hybrid photovoltaic-thermoelectric systems with and without heat pipe, and 

thermoelectric generator optimization. 

The main achievements from this research are: (1) development of a full range 

of three-dimensional simulation models, which were validated with experimental 

results and published data; (2) experimental setup and testing of a prototype PV-TE-

MCHP system; (3) optimization of hybrid photovoltaic-thermoelectric systems with 

and without heat pipe; (4) thermoelectric generator optimization.  

The main conclusions derived from this research are as follows:  

7.1.1 PV-TE-MCHP Design 

Effective thermal management of photovoltaic with thermoelectric generators 

typically requires the use of several thermoelectric generators to completely cover the 

back surface of the PV. However, the use of a flat plate microchannel heat pipe 

(MCHP) in this research resulted in a significant reduction in the quantity of 

thermoelectric generators needed thereby reducing the cost of the system. 

Furthermore, the flat plate structure of the MCHP enhanced its heat extraction 
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capability from the photovoltaic module due to the absence of geometry mismatch as 

in the case of cylindrical heat pipes therefore, thermal losses were reduced. In addition, 

the use of flat plate MCHP enabled uniform distribution of temperature across the 

photovoltaic surface thereby preventing the development of hotspots. Compared to the 

PV only system, the experimental average mean temperature deviation across the 

photovoltaic surface in the hybrid PV-TE-MCHP system after 1 h was 57.82% lower, 

thereby showing the temperature uniformity capability of the flat plate MCHP.  

7.1.2 Computer Simulation Models 

Based on the conceptual design of the hybrid PV-TE-MCHP system and 

components selected, a computer simulation model was developed to predict the 

performance of the hybrid system under steady state and transient conditions. 

Individual simulation models for the photovoltaic, thermoelectric generator and heat 

pipe were first developed before being integrated using COMSOL Multiphysics 

software. All the simulation models were validated with experimental results and 

published data. Furthermore, the three-dimensional nature of the simulation models 

allowed the better understanding of the heat transfer process in the systems and 

temperature distribution thereby enabling a more accurate prediction of the system 

performance.  

Asides the three main simulation models including photovoltaic, 

thermoelectric generator and heat pipe, other optimization models including solar 

TEG, phase change material, contact resistance and thermal stress models were also 

developed and utilized for performance prediction and enhancement. Results from the 

simulation of the studied PV-TE-MCHP system based on the conceptual design 

showed that the overall efficiency of the PV-TE-MCHP was 4.04% and 10.75% 

greater than that of the PV only and PV-TE systems respectively at a wind speed of 
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0 𝑚/𝑠. Furthermore, at a high ambient temperature of 50 ℃, the PV-TE-MCHP 

overall efficiency was found to be greater than that of the PV only and PV-TE systems 

by 9.76% and 14.46% respectively. Therefore, the hybrid PV-TE-MCHP is better for 

sunny regions with high ambient temperature. 

7.1.3 Experimental Testing Under Laboratory Conditions 

Several tests were carried out on the hybrid PV-TE-MCHP system with water 

cooling under a controlled laboratory environment. The feasibility of the hybrid 

system for electricity generation and hot water production was demonstrated. Solar 

radiation from a solar simulator was varied for different test scenarios and exergy 

analysis was performed. Furthermore, the effects of thermoelectric load resistance, 

insulation layer on the back surface of the flat plate microchannel heat pipe and solar 

radiation on the performance of the hybrid system was presented and a comparison 

with a photovoltaic only system was made. A crystalline silicon photovoltaic module 

with dimensions 675 mm x 85 mm x 2 mm was used in addition to a flat plate 

microchannel heat pipe with dimensions 750 mm x 60 mm x 3 mm. Furthermore, a 

commercial thermoelectric generator module (GM250-127-14-16) with dimensions 

40 mm x 40 mm x 3.4 mm was attached to the condenser section of the heat pipe for 

waste heat recovery and electricity generation via Seebeck effect. The photovoltaic 

was attached to the evaporator section of the flat plate MCHP which extracts the 

accumulated heat at the back surface of the PV and transfers it to its condenser section. 

Consequently, one photovoltaic module, one flat plate MCHP and one thermoelectric 

generator were used to form the hybrid system.  

Experimental results showed that the electrical conversion efficiencies of the 

photovoltaic-thermoelectric-microchannel heat pipe with and without insulation and 

that of the photovoltaic only after 1 h were 11.98%, 12.19% and 11.94% respectively. 
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Therefore, the hybrid system provided an enhanced performance. Furthermore, 

photovoltaic temperature in the hybrid system with and without insulation (62.2 ℃ 

and 61.9 ℃ respectively) was lower than that in the photovoltaic only system (67.9 ℃) 

after 1 h. It was found that if water heating is the main requirement of the hybrid 

system, an insulation should be used to cover the back surface of the MCHP however, 

if enhanced electricity generation is desired, insulation should not be used.  In addition, 

it was found that the average power output of the hybrid system increased from 1.86 

W to 3.92 W when the solar radiation increased from 500 W/m2 to 1000 W/m2. 

Furthermore, the highest and lowest thermal efficiencies obtained were 69.53% and 

56.57% respectively under certain conditions.  

7.1.4 Thermoelectric Geometry Optimization 

Thermoelectric geometry optimization was found to be an effective method to 

enhancement the performance of hybrid photovoltaic-thermoelectric systems and 

thermoelectric generators. Electrical and mechanical performance enhancement of 

thermoelectric generators using different innovative thermoelectric geometries 

including annular, segmented and asymmetrical geometries was presented. 

Consequently, optimization results from two different studies (steady state and 

transient) on thermoelectric geometry optimization in a hybrid photovoltaic-

thermoelectric system were presented. In addition, optimization results from three 

different studies (segmented annular TEG, segmented asymmetrical TEG and 

segmented solar TEG) on thermoelectric geometry optimization in a thermoelectric 

generator were presented.  

Results showed that thermoelectric geometry optimization could reduce 

significantly the negative impacts of the variable weather conditions on the hybrid 

system performance. In addition, it was found that the asymmetrical n-type and p-type 
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leg geometry provided enhanced thermoelectric generator only performance 

compared to the symmetrical n-type and p-type leg geometry although the reverse was 

the case for the hybrid concentrated photovoltaic-thermoelectric system. Furthermore, 

results showed that an increase in thermoelectric leg length could reduce the thermal 

stress and electrical performance of the segmented and non-segmented thermoelectric 

generators. 

 

7.2 Limitations and Recommendations for Future Work 

This section firstly addresses the research gaps and challenges faced. 

Secondly, follow-on works that can fill the gaps and tackle the challenges while also 

contributing an added value to the development of PV-TE systems are provided. 

7.2.1 Limitations  

Despite the satisfactory results obtained from the experimental and numerical 

investigation of the hybrid photovoltaic-thermoelectric-flat plate microchannel heat 

pipe (PV-TE-MCHP) system, the following limitations still exist which require further 

investigation.  

1) A small-scale experiment was carried out in this research to test the feasibility 

of the hybrid PV-TE-MCHP for electricity generation and hot water 

production. Consequently, one photovoltaic module, one flat plate MCHP and 

one thermoelectric generator were used to form the hybrid system. The size of 

the photovoltaic module and flat plate microchannel heat pipe is small 

therefore, the power output obtainable from the hybrid system is limited.  

2) The performance of the hybrid PV-TE-MCHP was experimentally tested under 

laboratory conditions using a solar simulator. However, this does not reflect 

the practical performance of the system. In addition, the difference in the 
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spectral responses of the artificial solar simulator and natural sunlight 

introduces measurement uncertainties.  

3) Despite the performance enhancement obtainable by the use of the hybrid PV-

TE-MCHP, the feasibility of the hybrid system for practical applications must 

be evaluated by performing economic and environmental analysis.  

4) Although the hybrid PV-TE-MCHP still provides enhanced performance 

under normal solar radiation, the advantage of the hybrid system becomes 

more obvious under highly concentrated solar radiation which is not 

considered in this research.  

5) Several numerical studies on thermoelectric geometry optimization in hybrid 

photovoltaic-thermoelectric systems and thermoelectric generators were 

presented in this research however, experiment on thermoelectric geometry 

optimization was not conducted and is therefore a limitation identified.  

7.2.2 Recommendations for Future Work  

Based on the limitations of the hybrid system investigated, recommendations 

are provided. In addition, thermoelectric geometry optimization in a hybrid system 

and thermoelectric generator is a growing area of interest to several researchers 

therefore, recommendations for future work are provided.  

1) Large-scale experimental study is recommended to further test the 

performance of the hybrid PV-TE-MCHP system. A higher performance 

enhancement could be obtained by the use of a large photovoltaic module, 

several heat pipes and thermoelectric generators.  

2) Experimental testing under natural sunlight is recommended as this will enable 

accurate testing of the system performance under actual varying weather 

conditions rather than under artificial solar radiation. Under laboratory 
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conditions, the effects of actual wind speed, solar radiation and ambient 

temperature variations cannot be tested accurately. 

3) Economic and environmental analysis is recommended as it will accelerate the 

commercialization of the hybrid system. In addition, it will enable the 

evaluation of the hybrid system feasibility for practical applications in 

comparison to other systems.  

4) Application of concentrated solar radiation is recommended because under 

such high solar radiation, the flat plate microchannel heat pipe can extract more 

heat thereby cooling the photovoltaic while providing a higher quantity of heat 

input to the thermoelectric generator for additional electricity generation.  

5) Experimental investigation of performance enhancement obtainable via 

thermoelectric geometry optimization is recommended. In addition, 

thermoelectric geometry optimization using a combination of three-

dimensional finite element method and multi-objective optimization is 

recommended for future research. 

6) Although the computer simulation models used in this research could predict 

and optimize the performance of the hybrid systems and thermoelectric 

generator, it can be further improved to account for other parameters which 

affect the performance of the system including degradation of PV cells by 

environmental causes such as humidity and soiling.  

7) Although water cooling which is used in this research provides enhanced 

performance compared to air cooling, the use of nanofluid cooling in the 

hybrid system could further reduce the temperature of the thermoelectric 

generator cold side and increase its temperature difference thereby increasing 

its power output.  
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APPENDIX 

Conceptual Design Simulation Parameters (Section 3.6) 

Geometric parameters used in simulation 

Parameter Value 

Photovoltaic  

Area  675 mm x 85 mm  

EVA height 0.625 mm 

Polycrystalline silicon height 0.25 mm 

TPT height  0.25 mm 

Thermoelectric Generator  

Area 40 mm x 40 mm 

Leg area 1.4 mm x 1.4 mm 

Leg height 1 mm 

Copper height 0.2 mm 
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Ceramic height 1 mm 

Flat plate heat pipe 

Evaporator 675 mm x 60 mm 

Condenser 75 mm x 60 mm 

Thickness 3 mm 

 

Temperature dependent thermoelectric material properties (T is temperature in K) (European Thermodynamics Limited, 2014a)  

 p-type n-type 

Electrical conductivity, 

𝜎 [𝑆/𝑚] 

(0.015601732T2 – 15.708052T + 4466.38095) × 102 (0.01057143T2 – 10.16048T + 3113.714229) × 102 

Seebeck coefficient, 

𝑆 [𝑉/𝐾] 

(-0.003638095T2 + 2.74380952T – 296.214286) × 

10-6 

(0.00153073T2 – 1.08058874T – 28.338095) × 10-6 

Thermal conductivity, 

𝑘 [𝑊/(𝑚 ∙ 𝐾)] 

0.0000361558T2 – 0.026351342T + 6.22162 0.0000334545T2 – 0.023350303T + 5.606333 
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Optical properties of PV materials (Zhou et al., 2017) 

Material Reflectivity Absorptivity Transmissivity Emissivity 

EVA 2.00 x 10-2 8.00 x 10-2 9.00 x 10-1  

Polycrystalline silicon 8.00 x 10-2 9.00 x 10-1 2.00 x 10-2  

TPT 8.60 x 10-1 1.28 x 10-1 1.20 x 10-2 9.20 x 10-1 

 

Remaining material properties used for simulation (COMSOL Multiphysics, 2018a; Zhou et al., 2017) 

 Heat capacity, 

𝐶𝑝 [J/(kgK)]  

Density,  

𝜌 [kg/m3]  

Seebeck 

coefficient, 𝑆 

[V/K]  

Electrical 

conductivity, 𝜎 

[S/m]  

Thermal 

conductivity, 𝑘 

[W/(mK)] 

Dynamic 

viscosity, 

mu [Pa∙s] 

EVA 2.09 x 103 9.60 x 102 - - 3.11 x 10-1 - 

Silicon 6.77 x 102 2.33 x 103 - - 1.30 x 102 - 

TPT 1.25 x 103 1.20 x 103 - - 1.50 x 10-1 - 
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Vapor 1874 𝐼𝑑𝑒𝑎𝑙 𝑔𝑎𝑠 𝜌𝑣

=
𝑝

𝑅𝑠𝑇
 

- - 0.0188 8.9 x 10-6 

Water 4180 1000 - - 0.61 - 

Alumina  900 3900 - - 27 - 

Bi2Te3 (p-n 

types) 

154 7700 - - - - 

Copper 385 8960 - 59980000 238 - 
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Steady State PV-TE Simulation Parameters (Section 5.2) 

Temperature dependent material properties (T is temperature in K) (Suzuki et al., 2016) 

 p-type n-type 

Electrical 

conductivity, 𝜎 [𝑆/𝑚] 

(0.015601732T2 – 15.708052T + 4466.38095) × 

102 

(0.01057143T2 – 10.16048T + 3113.714229) × 102 

Seebeck coefficient, 

𝑆 [𝑉/𝐾] 

(-0.003638095T2 + 2.74380952T – 296.214286) 

× 10-6 

(0.00153073T2 – 1.08058874T – 28.338095) × 10-6 

Thermal conductivity, 

𝑘 [𝑊/(𝑚 ∙ 𝐾)] 

0.0000361558T2 – 0.026351342T + 6.22162 0.0000334545T2 – 0.023350303T + 5.606333 

 

Material properties (Lamba and Kaushik, 2016; Teffah and Zhang, 2017; Wu et al., 2015) 

 Heat capacity, 

𝐶𝑝 [J/(kgK)]  

Density,  

𝜌 [kg/m3]  

Seebeck coefficient, 𝑆 

[V/K]  

Electrical 

conductivity, 𝜎 [S/m]  

Thermal 

conductivity, 𝑘 

[W/(mK)] 



APPENDIX 

 

 329 

Alumina  900 3900 - - 27 

Bi2Te3 (p-n 

types) 

154 7700 ± 𝑆(𝑇)  𝜎(𝑇)  𝑘(𝑇)  

Copper 385 8960 - 58100000 401 

Silicon (PV) 700 2329 - - 148 

Tedlar 1090 1780 - - 0.2 

 

Parameters used in hybrid PV-TE model 

Parameters Symbol Value References 

Absorptivity of PV 𝛼𝑃𝑉 0.9 (Lamba and Kaushik, 2016) 

Ambient temperature 𝑇𝑎𝑚𝑏 298 K (Wu et al., 2015) 

Area of PV 𝐴𝑃𝑉 0.0001 m2 (G. Li et al., 2017a) 

Area of TE element 𝐴𝑇𝐸 0.000014 m2 (G. Li et al., 2017b) 

Concentration ratio 𝑐 5 (G. Li et al., 2017b) 



APPENDIX 

 

 330 

Emissivity of PV 𝜀𝑃𝑉 0.8 (G. Li et al., 2017b) 

Heat transfer coefficient ℎ𝑎𝑚𝑏 5 Wm-2K-1 (Ju et al., 2012) 

Height of TE element 𝐿 0.005 m (G. Li et al., 2017b) 

Solar irradiation 𝐺 1000 W/m2 (Wu et al., 2015) 

Thickness of copper 𝐻𝑐𝑢 0.0001 m2 (G. Li et al., 2017b) 

Thickness of PV 𝐻𝑃𝑉 0.0003 m (Lamba and Kaushik, 2016) 

Thickness of tedlar 𝐻𝑡𝑒𝑑 0.000175 m (Lamba and Kaushik, 2016) 

Wind velocity 𝑢𝑤 1 m/s (G. Li et al., 2017b) 

PV Cell A efficiency at 

standard test conditions (STC) 

𝜂𝑃𝑉 10% (Hashim et al., 2016) 

Cell A temperature coefficient 𝜑𝑃𝑉 0.001 K-1 (Hashim et al., 2016) 
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PV Cell B efficiency at 

standard test conditions (STC) 

𝜂𝑃𝑉 15% (Guiqiang Li et al., 2015a) 

Cell B temperature coefficient 𝜑𝑃𝑉 0.004 K-1 (Guiqiang Li et al., 2015a) 
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Transient State PV-TE Simulation Parameters (Section 5.3) 

Hybrid system geometric parameters 

Parameter Base value Reference 

Photovoltaic (PV) 

Area 40 𝑚𝑚 × 40 𝑚𝑚  

Glass thickness  3.2 𝑚𝑚 (Zhou et al., 2017) 

EVA thickness 4.6 × 10−1 𝑚𝑚 (Zhou et al., 2017) 

Polycrystalline silicon thickness 1.8 × 10−1 𝑚𝑚 (Zhou et al., 2017) 

TPT thickness  1.8 × 10−1 𝑚𝑚 (Zhou et al., 2017) 

Thermoelectric generator (TEG) 

Area 40 𝑚𝑚 × 40 𝑚𝑚 (He et al., 2019a) 

Leg area 1.5 𝑚𝑚 × 1.5 𝑚𝑚 (He et al., 2019a) 

Leg height 1.96 𝑚𝑚 (He et al., 2019a) 

Top copper thickness 0.6 𝑚𝑚 (He et al., 2019a) 
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Lower copper thickness 0.34 𝑚𝑚 (He et al., 2019a) 

Ceramic thickness 0.86 𝑚𝑚 (He et al., 2019a) 

Heat sink  

Area 40 𝑚𝑚 × 40 𝑚𝑚  

Height  3.34 𝑚𝑚  

Number of fins 30  

Concentration ratio 30 (Zhang et al., 2014) 

Heat sink heat transfer coefficient  500 𝑊/𝑚2𝐾 (Zhang et al., 2014) 

 

Thermoelectric material cubic polynomial functions (He et al., 2019a) 

Property p-type polynomial expression n-type polynomial expression 
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Seebeck coefficient  

(𝑉/𝐾) 

−2.24407 × 10−11𝑇3 + 2.22834 × 10−8𝑇2 − 7.301

× 10−6𝑇 + 1.023698 × 10−3 

1.68178 × 10−11𝑇3 − 1.77163 × 10−8𝑇2 + 6.203

× 10−6𝑇 − 9.54589 × 10−4 

Thermal 

conductivity (𝑊/

𝑚 ∗ 𝐾)  

−5.82609 × 10−8𝑇3 + 1.03491 × 10−4𝑇2 − 0.05011𝑇

+ 8.726 

3.76869 × 10−9𝑇3 + 2.81722 × 10−5𝑇2 − 0.02057𝑇

+ 5.09531 

Electrical resistivity 

(Ω𝑚2) 

−7.75456 × 10−13𝑇3 + 7.77051 × 10−10𝑇2 − 0.01853

× 10−5𝑇 + 1.60117 × 10−5 

−6.04782 × 10−13𝑇3 + 6.09155 × 10−10𝑇2 − 1.715

× 10−7𝑇 + 2.11951 × 10−5 

 

Mesh convergence test for hybrid system with different geometries 

Element size Hybrid power density (W/m3)  Average PV cell temperature (K) 

 Case 1 Case 2 Case 3 Case 4  Case 1 Case 2 Case 3 Case 4 

Coarser 6.76942E6 5.92968E6 5.95489E6 4.89517E6  433.92 447.7 446.92 467.34 
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Coarse 6.76865E6 5.9276E6 5.95348E6 4.89271E6  433.93 447.73 446.94 467.38 

Normal 6.76717E6 5.92517E6 5.95096E6 4.88711E6  433.95 447.77 446.98 467.49 

Fine 6.76717E6 5.92517E6 5.95096E6 4.88711E6  433.95 447.77 446.98 467.49 
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PV-TE Contact Resistance Simulation Parameters (Section 5.4) 

Hybrid system geometric parameters and properties 

Parameter Base value Parametric value Reference 

Photovoltaic   

Area 40 𝑚𝑚 × 40 𝑚𝑚   

Glass thickness  3.2 𝑚𝑚  (Zhou et al., 2017) 

EVA thickness 4.6 × 10−1 𝑚𝑚  (Zhou et al., 2017) 

Polycrystalline silicon thickness 1.8 × 10−1 𝑚𝑚  (Zhou et al., 2017) 

Tedlar polyester tedlar thickness  1.8 × 10−1 𝑚𝑚  (Zhou et al., 2017) 

Thermoelectric generator   

Area 40 𝑚𝑚 × 40 𝑚𝑚  (He et al., 2019a) 

Leg area 1.5 𝑚𝑚 × 1.5 𝑚𝑚  (He et al., 2019a) 

Leg height 1 𝑚𝑚 1 𝑚𝑚 − 8 𝑚𝑚  

Upper copper thickness 0.6 𝑚𝑚  (He et al., 2019a) 
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Lower copper thickness 0.34 𝑚𝑚  (He et al., 2019a) 

Ceramic thickness 0.86 𝑚𝑚  (He et al., 2019a) 

Heat sink 

Area 40 𝑚𝑚 × 40 𝑚𝑚   

Height  3.34 𝑚𝑚   

Number of fins 30 5 − 40  

Other design parameters  

Wind speed 1 𝑚/𝑠  (G. Li et al., 2018a) 

Concentration ratio 30 10 − 80 (Zhang et al., 2014) 

Heat sink heat transfer coefficient 

(ℎ𝑠𝑖𝑛𝑘) 

500 𝑊/𝑚2 ∙ 𝐾 100 − 800 𝑊/𝑚2 ∙ 𝐾 (Zhang et al., 2014) 

𝑅𝑝𝑣_𝑡𝑒 200 𝑚𝑚2 ∙ 𝐾/𝑊 0 − 1000 𝑚𝑚2 ∙ 𝐾/𝑊 (Yin et al., 2017) 
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𝑅𝑡𝑒𝑔_ℎ𝑠𝑖𝑛𝑘 200 𝑚𝑚2 ∙ 𝐾/𝑊 0 − 1000 𝑚𝑚2 ∙ 𝐾/𝑊 (Yin et al., 2017) 

𝑅𝑐 1 × 10−6 𝑚2 ∙ 𝐾/𝑊 1 × 10−6 − 1 × 10−3 𝑚2 ∙ 𝐾/𝑊 (Ouyang and Li, 2016) 

𝑅𝑐𝑜𝑛𝑡 1 × 10−9 Ω ∙ 𝑚2 1 × 10−9 − 1 × 10−6 Ω ∙ 𝑚2 (Ouyang and Li, 2018) 

 

Polynomial functions for thermoelectric material (He et al., 2019a) 

Property p-type polynomial expression n-type polynomial expression 

Seebeck coefficient  

(𝑉/𝐾) 

−2.24407 × 10−11𝑇3 + 2.22834 × 10−8𝑇2 − 7.301

× 10−6𝑇 + 1.023698 × 10−3 

1.68178 × 10−11𝑇3 − 1.77163 × 10−8𝑇2 + 6.203

× 10−6𝑇 − 9.54589 × 10−4 
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Thermal 

conductivity (𝑊/

𝑚 ∙ 𝐾)  

−5.82609 × 10−8𝑇3 + 1.03491 × 10−4𝑇2 − 0.05011𝑇

+ 8.726 

3.76869 × 10−9𝑇3 + 2.81722 × 10−5𝑇2 − 0.02057𝑇

+ 5.09531 

Electrical resistivity 

(Ω ∙ 𝑚2) 

−7.75456 × 10−13𝑇3 + 7.77051 × 10−10𝑇2 − 0.01853

× 10−5𝑇 + 1.60117 × 10−5 

−6.04782 × 10−13𝑇3 + 6.09155 × 10−10𝑇2 − 1.715

× 10−7𝑇 + 2.11951 × 10−5 

 

Photovoltaic optical material properties (Zhou et al., 2017) 

Material Reflectivity Absorptivity Transmissivity 

Glass 4.00 x 10-2 4.00 x 10-2 9.20 x 10-1 

EVA 2.00 x 10-2 8.00 x 10-2 9.00 x 10-1 

Polycrystalline silicon 8.00 x 10-2 9.00 x 10-1 2.00 x 10-2 

TPT 8.60 x 10-1 1.28 x 10-1 1.20 x 10-2 
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Other material properties considered (He et al., 2019a; Zhou et al., 2017) 

 Heat capacity, 

𝐶𝑝  

(𝐽/𝑘𝑔 ∙ 𝐾)  

Density,  

𝜌  

(𝑘/𝑚3)  

Seebeck 

coefficient, 𝛼  

(𝑉/𝐾) 

Electrical 

conductivity, 𝜎  

(𝑆/𝑚) 

Thermal 

conductivity, 𝜅 

(𝑊/𝑚 ∙ 𝐾) 

Emissivity 

Glass 5 x 102 2.45 x 103 - - 2.00 0.85 

EVA 2.09 x 103 9.60 x 102 - - 3.11 x 10-1  

Silicon 6.77 x 102 2.33 x 103 - - 1.30 x 102  

TPT 1.25 x 103 1.20 x 103 - - 1.50 x 10-1 0.92 

Ceramic  900 3900 - - 36 0.9 

Bi2Te3 154 7700 𝛼(𝑇)  𝜎(𝑇)  𝜅(𝑇)   

Copper 385 8960 - 58100000 238 0.07 
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Mesh convergence test 

Number of domain 

elements 

Element size Average PV cell 

temperature (K) 

Hybrid power 

output (W) 

27,177 Extremely coarse 397.66 1.4181 

41,137 Extra coarse 397.71 1.4174 

70,093 Coarser 397.74 1.4171 

132,759 Coarse 397.76 1.4169 

310,815 Normal 397.8 1.4166 

766,093 Fine 397.8 1.4166 
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PV-TE-Heat Pipe Simulation Parameters (Section 5.5) 

Geometric parameters used in simulation (Yin et al., 2018d; Zhou et al., 2017) 

Parameter Value 

PV 

Area  40 mm x 40 mm  

Glass thickness  3.20 mm 

EVA thickness 4.60 x 10-1 mm 

Polycrystalline silicon thickness 1.80 x 10-1 mm 

Tedlar/PET/Tedlar thickness 1.80 x 10-1 mm 

TEG 

Area 40 mm x 40 mm 

Leg area 1 mm x 1 mm 

Leg thickness 1.5 mm 

Copper thickness 0.3 mm 
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Ceramic thickness 0.8 mm 

Heat pipe 

Evaporator 40 mm x 40 mm 

Condenser 40 mm x 40 mm 

Thickness 5 mm 

 

Temperature dependent thermoelectric material properties (T is temperature in K) (Suzuki et al., 2016) 

 p-type n-type 

Electrical conductivity, 

𝜎 [𝑆/𝑚] 

(0.015601732T2 – 15.708052T + 4466.38095) × 

102 

(0.01057143T2 – 10.16048T + 3113.714229) × 102 

Seebeck coefficient, 

𝑆 [𝑉/𝐾] 

(-0.003638095T2 + 2.74380952T – 296.214286) × 

10-6 

(0.00153073T2 – 1.08058874T – 28.338095) × 10-6 

Thermal conductivity, 

𝑘 [𝑊/(𝑚 ∙ 𝐾)] 

0.0000361558T2 – 0.026351342T + 6.22162 0.0000334545T2 – 0.023350303T + 5.606333 
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Optical properties of PV materials (Zhou et al., 2017) 

Material Reflectivity Absorptivity Transmissivity Emissivity 

Glass 4.00 x 10-2 4.00 x 10-2 9.20 x 10-1 8.50 x 10-1 

EVA 2.00 x 10-2 8.00 x 10-2 9.00 x 10-1  

Polycrystalline 

silicon 

8.00 x 10-2 9.00 x 10-1 2.00 x 10-2  

TPT 8.60 x 10-1 1.28 x 10-1 1.20 x 10-2 9.20 x 10-1 

 

Remaining material properties used for simulation (COMSOL Multiphysics, 2018a; Zhou et al., 2017) 

 Heat capacity, 

𝐶𝑝 [J/(kgK)]  

Density,  

𝜌 [kg/m3]  

Seebeck 

coefficient, 𝑆 

[V/K]  

Electrical 

conductivity, 𝜎 

[S/m]  

Thermal 

conductivity, 𝑘 

[W/(mK)] 

Dynamic 

viscosity, mu 

[Pa∙s] 

Glass 5 x 102 2.45 x 103 - - 2.00 - 
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EVA 2.09 x 103 9.60 x 102 - - 3.11 x 10-1 - 

Silicon 6.77 x 102 2.33 x 103 - - 1.30 x 102 - 

TPT 1.25 x 103 1.20 x 103 - - 1.50 x 10-1 - 

Vapor 1874 𝐼𝑑𝑒𝑎𝑙 𝑔𝑎𝑠 𝜌𝑣

=
𝑝

𝑅𝑠𝑇
 

- - 0.0188 8.9 x 10-6 

Water 4180 1000 - - 0.61 - 

Alumina  900 3900 - - 27 - 

Bi2Te3 (p-n 

types) 

154 7700 ± 𝑆(𝑇)  𝜎(𝑇)  𝑘(𝑇)  - 

Copper 385 8960 - 58100000 400 - 
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Mesh convergence test 

Number of domain 

elements 

Element size Average cell 

temperature (K) 

Overall hybrid power 

output (W) 

70,269 Coarse 310.72 0.798606514 

148,342 Normal 310.72 0.798597914 

328,627 Fine 310.72 0.798587814 

1,205,452 Finer 310.71 0.798598067 

3,547,403 Extra fine 310.71 0.798598067 



APPENDIX 

 

 347 

Segmented Annular TEG Simulation Parameters (Section 6.2) 

Geometric parameters of the segmented annular thermoelectric generator 

 r1 (mm) r2 (mm) r3 (mm) r4 (mm) r5 (mm) r6 (mm) r7 

(mm) 

r8 

(mm) 

r9 

(mm) 

r10 

(mm) 

Length 

(mm) 

Depth 

(mm) 

Angle 

(degree) 

Ceramic Depends 

on study 

- - - - - - - 29.2 30 0.8 2 - 

Copper - Depends 

on study 

- - - - -  

28.8 

- - 0.4 1 - 

Solder - - Depends 

on study 

- - - 28.6 - - - 0.2 1 - 

Bi2Te3 

Legs 

- - - - - Depends 

on study 

- - - - r7-r6 1 - 

CoSb3 

Legs 

- - - Depends 

on study 

Depends 

on study 

- - - - - r5-r4 1 - 
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𝜃1 - - - - - - - - - - - - Depends 

on study 

𝜃2 - - - - - - - - - - - - Depends 

on study 

𝜃3 - - - - - - -  - - - - 1 

*“Depends on study” means the value changes based on the parametric study being considered. For example, if 𝐿 = 2, then 𝑟6 = 26.6, 𝑟5 =

26.4, 𝑟4 = 24.4, 𝑟3 = 24.2, 𝑟2 = 23.8 and 𝑟1 = 23. However, if 𝐿 = 3, 4 or 5, the radius values change accordingly. 

 

Properties of other materials used in numerical simulation (Al-Merbati et al., 2013; Caillat et al., 1996; Fan and Gao, 2018; Gao et al., 2011; 

Guodong Li et al., 2015; Yang et al., 2011) 

Materials Thermal 

conductivity, 

𝜅 (
𝑊

𝑚∙𝐾
)  

Electrical 

conductivity, 

𝜎 (
𝑆

𝑚
) 

Specific heat 

capacity, 

𝐶𝑝 (
𝐽

𝑘𝑔∙𝐾
) 

Density, 

𝜌𝑑 (
𝑘𝑔

𝑚3) 

Coefficient of 

thermal 

expansion, (
1

𝐾
)  

Young’s 

Modulus, 

E (𝐺𝑃𝑎) 

Poisson’s 

ratio 

Ceramic 25 1e-12 800 3970 0.68e-5 340 0.22 
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Copper 385 5.9e7 386 8930 1.7e-5 120 0.3 

Solder 55 2e7 210 7240 2.7e-5 44.5 0.33 

Bi2Te3 - - 154.4 7740 0.8e-5~ 1.32e-5 65-59 0.23 

CoSb3 - - 238.7 7582 6.36e-6 145.38 0.223 
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Segmented Asymmetrical TEG Simulation Parameters (Section 6.3) 

Geometric dimensions of thermoelectric generator (Chen and Lee, 2015) 

Parameter Symbol Value 

Ceramic height Hce 0.75 mm 

Solder height  Hso 0.175 mm 

Copper height  Hco 0.3 mm 

Leg height  H 1.15 mm 

Ceramic depth D 1.4 mm 

Ceramic width  Wce 3.92 mm 

Leg width Wle 1.4 mm 

Copper width Wco 1.68 mm 

 

Temperature dependent thermoelectric material properties (Shen et al., 2018) 

Material equations 
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Thermal conductivity  

𝑘𝑛ℎ(𝑇) =  6.943541 − 2.486028 × 10
−2𝑇 + 9.749004 × 105𝑇2 − 2.532973 × 10−7𝑇3 + 3.938164 × 10−10𝑇4 

𝑘𝑝ℎ(𝑇) =  1.003769 × 101 + 1.569560 × 10−1𝑇 − 8.040513 × 10−4𝑇2 + 2.155576 × 10−6𝑇3 − 3.177501 × 10−9𝑇4 + 2.436340

× 10−12𝑇5 − 7.572115 × 10−16𝑇6 

𝑘𝑝𝑐(𝑇) =  1.151451 × 10−1 + 4.474949 × 10−2𝑇 − 2.597266 × 10−4𝑇2 + 5.558334 × 10−7𝑇3 − 3.676412 × 10−10𝑇4 

𝑘𝑛𝑐(𝑇) =  9.550516 − 5.393685 × 10
−2𝑇 + 1.123143 × 10−4𝑇2 − 6.666667 × 10−8𝑇3 

Electrical resistivity  

𝜌𝑝𝑐(𝑇) =  2.728214 × 10
−5 − 2.254395 × 10−7𝑇 + 7.275808 × 10−10𝑇2 − 6.25084 × 10−13𝑇3 

𝜌𝑛𝑐(𝑇) =  1.167186 × 10−5 − 9.313746 × 10−8𝑇 + 3.786254 × 10−10𝑇2 − 3.582737 × 10−13𝑇3 

𝜌𝑝ℎ(𝑇) =  3.445724 × 10−6 + 3.427092 × 10−9𝑇 + 4.683604 × 10−12𝑇2 − 3.534736 × 10−15𝑇3 

𝜌𝑛ℎ(𝑇) =  1.814895 × 10
−6 + 5.429077 × 10−9𝑇 + 1.743566 × 10−12𝑇2 − 2.665253 × 10−15𝑇3 

Seebeck coefficient  

𝛼𝑝𝑐(𝑇) =  1.4831 × 10−3 − 1.3905 × 10−5𝑇 + 5.3964 × 10−8𝑇2 − 8.8088 × 10−11𝑇3 + 5.0618 × 10−14𝑇4 

𝛼𝑝ℎ(𝑇) =  9.8267 × 10−5 + 1.4455 × 10−6𝑇 − 4.8488 × 10−9𝑇2 + 9.2428 × 10−12𝑇3 − 8.6346 × 10−15𝑇4 + 3.0656 × 10−18𝑇5 
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𝛼𝑛ℎ(𝑇) =  1.9164 × 10−4 − 3.4758 × 10−6𝑇 + 1.7756 × 10−8𝑇2 − 4.9992 × 10−11𝑇3 + 7.7054 × 10−14𝑇4 − 6.1429 × 10−17𝑇5

+ 1.9864 × 10−20𝑇6 

𝛼𝑛𝑐(𝑇) =  1.5178 × 10
−2 + 1.7621 × 10−4𝑇 − 8.1434 × 10−7𝑇2 + 1.8488 × 10−9𝑇3 − 2.0649 × 10−12𝑇4 + 9.0988 × 10−16𝑇5 

where 𝑘𝑛ℎ and 𝑘𝑝ℎ are the thermal conductivities of n-type and p-type CoSb3 respectively. 𝑘𝑝𝑐 and 𝑘𝑛𝑐 are the thermal conductivities of p-type 

and n-type Bi2Te3 respectively. 𝜌𝑝𝑐and 𝜌𝑛𝑐 are the electrical resistivities of p-type and n-type Bi2Te3 respectively. 𝜌𝑝ℎ and 𝜌𝑛ℎ are the electrical 

resistivities of p-type and n-type CoSb3 respectively. 𝛼𝑝𝑐 and 𝛼𝑛𝑐 are the Seebeck coefficients of p-type and n-type Bi2Te3 respectively. 𝛼𝑝ℎand 

𝛼𝑛ℎ are the Seebeck coefficients of p-type and n-type CoSb3 respectively.  

 

Remaining material properties used in simulation (Al-Merbati et al., 2013; Caillat et al., 1996; Chen and Lee, 2015; Fan and Gao, 2018; Gao et 

al., 2011; Guodong Li et al., 2015; Yang et al., 2011) 

Materials Thermal 

conductivity, 

𝜅 (
𝑊

𝑚∙𝐾
)  

Electrical 

conductivity, 

𝜎 (
𝑆

𝑚
) 

Specific heat 

capacity, 

𝐶𝑝 (
𝐽

𝑘𝑔∙𝐾
) 

Density, 

𝜌𝑑 (
𝑘𝑔

𝑚3) 

Coefficient of 

thermal 

expansion, (
1

𝐾
)  

Young’s 

Modulus, 

E (𝐺𝑃𝑎) 

Poisson’s 

ratio 

Seebeck 

coefficient,  

𝛼 (V/K)  

Ceramic 25 1e-12 800 3970 0.68e-5 340 0.22 0 
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Copper 385 5.9e7 386 8930 1.7e-5 120 0.3 6.5e-6 

Solder 55 2e7 210 7240 2.7e-5 44.5 0.33 0 

Bi2Te3 - - 154.4 7740 0.8e-5 ~ 1.32e-5 65-59 0.23 - 

CoSb3 - - 238.7 7582 6.36e-6 145.38 0.223 - 
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Segmented Solar TEG Simulation Parameters (Section 6.4) 

Geometric parameters (European Thermodynamics Limited, 2014b; Yin et al., 2018d) 

Parameter Value 

Ceramic height 0.8 mm 

Copper height 0.3 mm 

Leg height 1 mm 

Solder height 0.175 mm 

Ceramic depth 30 mm 

Ceramic width 30 mm 

Leg width 1 mm 

Leg depth 1 mm 
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Remaining material properties used in simulation (Fan and Gao, 2019; Gao et al., 2011) 

 Coefficient of 

thermal 

expansion, (
1

𝐾
) 

Density, 

𝜌𝑑 (
𝑘𝑔

𝑚3
) 

Specific heat 

capacity, 

𝐶𝑝 (
𝐽

𝑘𝑔∙𝐾
) 

Young’s 

Modulus, E 

(𝐺𝑃𝑎) 

Poisson’s 

ratio 

Thermal 

conductivity, 

𝜅 (
𝑊

𝑚∙𝐾
) 

Electrical 

conductivity, 

𝜎 (Ω−1 ∙ 𝑚−1) 

Ceramic 0.68e-5 3970 800 340 0.22 25 1e-12 

Solder 2.7e-5 7240 210 44.5 0.33 55 2e7 

Copper 1.7e-5 8930 386 120 0.3 385 5.9e7 

Bi2Te3 0.8e-5-1.32e-5 7740 154.4 65-59 0.23 - - 

Skutterudite 0.8e-5 6800 225 110 0.21 - - 
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Solar TEG with PCM Simulation Parameters (Section 6.5) 

Geometric parameters (European Thermodynamics Limited, 2014b; Yin et al., 2018d) 

Parameter Value 

Ceramic height 0.8 mm 

Copper height 0.3 mm 

Leg height 1 mm 

Ceramic depth 30 mm 

Ceramic width 30 mm 

Leg width 1 mm 

Leg depth 1 mm 

PCM container height 6 mm 

PCM height 5 mm 

PCM fin width 0.5 mm 
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Other material properties used in simulation (Yin et al., 2018d) 

 Heat capacity, 

𝐶𝑝 [J/(kgK)]  

Density,  

𝜌 [kg/m3]  

Seebeck 

coefficient, 𝛼 

[V/K]  

Electrical 

conductivity, 𝜎 

[S/m]  

Thermal 

conductivity, 𝑘 

[W/(mK)] 

Emissivity 

Ceramic  850 3960 - - 18 0.9 

Bi2Te3  154 7700 ± 𝛼(𝑇)  𝜎(𝑇)  𝑘(𝑇)  - 

Copper 385 8960 - 5.998 × 107 400 - 

SSA - - - - - 0.05 

 

Properties of RT25HC phase change material (Rubitherm Technologies GmbH, 2020) 

Properties RT25HC  

Melting area (℃) 22-26  

Peak melting point (℃) 25  

Congealing area (℃) 26-22  
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Heat storage capacity(𝑘𝐽/𝑘𝑔) 230  

Specific heat capacity (𝑘𝐽/𝑘𝑔/𝐾) 2  

 Liquid Solid 

Thermal conductivity (𝑊/𝑚/𝐾) 0.2 0.2 

Density (𝑘𝑔/𝑚3) 770 880 

 

Mesh convergence test 

Number of domain 

elements 

Element size Maximum power 

output (mW) 

Maximum 

temperature (oC) 

8,652 Extremely coarse 5.44 27.13 

17,285 Extra coarse 5.75 27.40 

34,823 Coarser 5.61 27.21 
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104,522 Normal 5.25 27.13 

156,960 Fine 5.25 27.13 

 


