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Abstract 

 
Interest in thermoelectric generators for waste heat recovery has flourished in recent years. 

Typically, the efficiency of thermoelectric generators (TEGs) is quite low. Investigations are 

conducted in this thesis to get better performance and efficiency. The segmented leg generator is 

investigated as it is a promising method to increase a conventional TEGs’ efficiency. 

This project presents the simulation model of a TEG with eight pairs of segmented legs. The 

simulation model is built with exactly the same materials and the same size as a physical TEG 

reported in the literature. Then the simulation model is compared with the prototype physical 

model to testify the accuracy of the simulation. The error between them is around 10% which is 

acceptable. After achieving the model of a segmented TEG, several methods are explored to 

improve its output power and conversion efficiency. Those methods include raising the working 

temperature, replacing the thermoelectric materials and reconfiguring the TEG geometry. It was 

found that the original model can be further optimized. After optimization, the output power 

increases from 188.2mW to 354.7mW, 703.13mW, and 212.85mW, respectively. Conversion 

efficiency increases from 1.66% to 2.08%, 7.03%, and 1.85%, respectively. Finally, a general 

method to design a segmented TEG is developed, using all knowledge gained from the computer 

simulations. 
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Chapter 1 INTRODUCTION  

1.1 Background  

With the continuous development of the global economy, the demand of traditional energy 

sources such as petroleum and coal has increased rapidly. As illustrated in Fig. 1, U.S. Energy 

Information Administration (EIA) data [1] shows that fossil fuels (66%) dominated America’s net 

generations while the nuclear energy (19%), hydroelectric energy (6%) and renewable energy (7%) 

take a small part of it. The use of thermoelectric generation is less than 1%. However, burning 

fossil fuels is never a sustainable way to produce energy as these are limited sources. Furthermore, 

the process of harvesting energy releases a huge amount of greenhouse gases and other pollutants. 

The quantity of energy consumption nowadays has already raised environmental concerns such as 

globe warming and acid rain. Hence, it is urgent to explore new methods to improve the present 

situation, which bring out the development of thermoelectric energy. 

 

Fig. 1.1 Pie chart of 2014 US net generation by energy source. 

TEGs can convert heat energy into electricity directly through the Seebeck effect. They are also 

known as Seebeck generators, waste heat generators, and energy harvesters. Heat energy is not 

only abundant in nature such as the sun, volcanos, terrestrial heat etc., but also has great potential 

in the previously mentioned energy source such as fossil fuel. For example, the main part of the 
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overall energy loss of a coal-fired power plant is waste heat energy. Waste heat energy is lost to 

the surroundings through cooling towers or exhaust gas which leads to a huge system inefficiency. 

In other words, the source of thermoelectric energy is always sufficient although it is not a 

renewable energy. Besides that, TEGs also have other advantages such as simple structure, long 

service time, little maintenance and quiet operation etc. The application of thermoelectric energy 

could be an alternative way to relieve the shortage of energy and prevent serious pollution in the 

future. 

1.2 Physics of Thermoelectric Generators 

The Seebeck effect was found by Thomas Seebeck in 1821. He found a direct current flow in a 

closed electric circuit with two different materials maintained at different temperatures. The 

Seebeck field Es [V/m] is represented as: 

 𝐸𝑠 = 𝛼∆𝑇 (1) 

in which 𝛼 is the material’s Seebeck coefficient and ∆𝑇 is the temperature difference [K] between 

the two materials. 

The temperature gradient is critical to the design a TEG. Generally, the Seebeck field has a 

proportional relationship to the temperature difference. As a result, ∆𝑇 is desirable to be as large 

as possible in order to get high output voltage. 

 According to the Carnot law, the maximum efficiency is derived as: 

 ηmax = 1 −
𝑇𝑐

𝑇ℎ
 (2) 

in which 𝑇𝑐 is the cold side temperature[K], and Th is the hot side temperature[K]. The temperature 

gradient decides the maximum efficiency of the TEGs (2), while the thermoelectric properties 

decide how close we can get to that maximum efficiency. Since all thermoelectric properties are 

temperature dependent, the thermoelectric materials’ performances are judged through the figure 

of merit 𝑧, defined by: 
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 𝑧 =
𝛼2

𝜅𝜌
 (3) 

in which 𝛼 is the material’s Seebeck coefficient, 𝜅 is thermal conductivity and 𝜌 is the electrical 

resistance.  

The definition of z (3) shows that a material with large Seebeck coefficient (to generate high 

output voltage), low thermal conductivity (to maintain the temperature difference) and low 

electrical resistance (to reduce inherent resistance) has better performance in thermoelectric.  

Normally, the basic configuration of a TEG is a circuit containing a thermoelectric module, a 

heat source and a cold sink as shown in Fig. 1.2. The thermoelectric module, in this case a pair of 

n-type semiconductor leg and p-type semiconductor leg, is sandwiched between a hot plate and a 

cold plate. The plates are maintained at two different temperatures, serving as a thermal conductor 

and electrical insulator. The grey parts between them are metal interconnects. The thickness of 

those metal electrodes is so small (around 30m) that they have little influence on the model. 

Current would flow in the circuit when a temperature gradient is set up.  

 

Fig. 1.2 Example of a basic TE battery. 

Since the voltage generated by a single semiconductor thermocouple is low, several 

semiconductor thermocouples are often connected as shown in Fig. 1.3. Those thermocouples 

appear electrically in series and thermally in parallel in order to reach a satisfying high output, 

which is commonly used in practice currently.  



 

 4 

 

Fig. 1.3 Example of a paralleled TE battery. 

Furthermore, in order to maximum the efficiency, multiple materials are used in series in a 

single leg as shown in Fig. 1.4. The segmented leg design is a good method to ensure the best 

performance of all materials. Since the figure of merit may change dramatically over the 

temperature range, this method is particularly useful when the temperature gradient is large.  

 

Fig. 1.4 Example of a paralleled and segmented TE battery. 

Thermoelectric energy is still far from widely used in energy harvesting in practice regardless 

of the fact it is straightforward to design a TEG theoretically. That is because as a low-grade energy, 

thermoelectric generators can’t achieve high conversion efficiency (5~10%). The cornerstone of 

developing TEGs is how to overcome their low efficiency. Extensive studies have been carried out 

to increase the efficiency of the thermoelectric models. Those studies involve in improving the 
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thermoelectric performance of the materials [2],[3],[4] , investigating the thermoelectric 

compatibility[5][6] , optimizing the geometry of the generator model [7] , etc.  

1.3 Objective 

This project focuses on experimental and analytical investigations of segmented TEGs working 

at low temperature (below 450K) for the feasibility and purpose of generating electricity. The 

segmented TEG model is designed and built in simulation software, COMSOL Multiphysics. At 

first, a simulation of an existing generator is conducted. The simulation result is accurate in 

comparison to the real generator. Then, numerous improvements are applied to the model in order 

to increase the conversion efficiency. Finally, the process to design an ideal model of segmented 

is described. 

1.4 Thesis Outline  

Chapter 2 examines recent applications of TEGs and also presents a review on the theoretical 

basis relative to the topic. TEGs can be divided by three temperature ranges [8] which are low 

temperature (below 450K), medium temperature (around 850K), and high temperature (above 

1300K). They are applied for different purposes with different materials. Since this research is 

directed at TEG’s for the low temperature range, Section 2.1 focus on recent applications of low 

temperature TEGs. Other TEGs are briefly introduced in Section 2.2. 

Investigation of compatibility factor is introduced in Section 2.3. The concept of compatibility 

factor is firstly put forward by G. J. Snyder [9] in 2003, which lead to a great development of 

segmented TEGs afterwards [10],[11],[12]. His theory also applies in this paper in order to achieve 

best working performance. 

Chapter 3 presents the simulation model of an existing tangible segmented TEG. The simulation 

model is built with the exactly the same materials and the same size as the existing TEG. The test 

results are compared with the prototype model to testify the accuracy of the simulation. The 

simulation is proved to be feasible. 
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In Chapter 4, several methods are explored to improve the output power and conversion 

efficiency. Those methods include raising the working temperature, replacing the thermoelectric 

materials and reconfiguring the TEG geometry. It turns out that the original model can be 

significantly improved.  

Chapter 5 summarizes the process and results of the project. Process of designing a segmented 

TEGs is also concluded. Appendix I contains the MATLAB code used in the project. Appendix II 

gives the thermoelectric proprieties of indispensable materials involved in the project.  
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Chapter 2 LITERATURE REVIEW 

2.1 Low Temperature TEGs 

Low temperature TEGs works at temperature range of below 450K. Alloys use bismuth in 

combination with selenium, antimony and tellurium [13]. Generally, the output power of low 

temperature applications is relatively small because the temperature range isn’t high enough. 

Moreover, another disadvantage to restrict the output power is that the figure of merit typically 

reaches its peak value at high temperature. Low temperature TEGs still receive great interest 

among investigators. There are several reasons for that. First, low temperature gradient sources, 

such as body heat, are common in our life. One can hardly find a stable heat source with a large 

temperature gradient in ordinary living. In most cases, TEGs are used to power low-power device 

such as sensors and electronics and a low temperature TEG can be a contender for the job. Also, 

in a research setting, low temperature TEGs are easier to design, simulate and fabricate.  

Several low temperature TEGs applications are listed below. For example, Li Siyang et al. [14] 

built a motor waste heat TEG. The TEG consisted of 10 modules in series in order to achieve a 

high output voltage. The temperature on the two sides was 27C and 100C and the maximum 

output power was 0.25W as measured by an LED light. The output power generated is greater than 

comparable existing products. However, the system is bulky and inefficient because of poor heat 

isolation. Yaoguang Shi et al. [15] presented a wearable TEG device for body heat harvesting. The 

system worked between 22C to 57C. They stated that the TEG could generate an open circuit 

voltage of 10.5mV on people’s wrist. The device managed to power a LED successfully but 

required further improvement to power any advanced device. Since body heat is the heat source to 

generate electricity, this technique could be used for health care and body monitoring. U. Zaman 

et al. [16] created a TEG collecting cooking waste heat. The working temperature of the TEG is 

between 30C to 300C. With the help of a DC-DC boost converter, the output voltage reached 5 
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volts and could be used to charge a cell phone. The design was simple, well-performed and 

inexpensive.  

2.2 Medium and High Temperature TEGs 

Medium temperature TEGs works at temperature range of around 850K. The alloys are based 

on lead telluride. High temperature TEGs work at temperature range of up to 1300K. The alloys 

are based on silicon and germanium [13]. 

The low temperature TEGs are suited for consumer use because of their convenience while the 

high temperature TEGs are better applied in military and industrial settings for the sake of higher 

output power and conversion efficiency. TEGs might be used as a source to power the satellite and 

other space device because extremely large temperature gradients are widespread in the vacuum 

of space without heat convection. Also, mechanical, chemical and metallurgical industries produce 

a large amount of waste heat every day due to their high temperature working conditions. Most of 

the heat is dumped to the ambient. Reports [17] show an additional 6% efficiency improvement 

from primary energy could be derived if we utilize TEGs to recover waste heat loss.  

Several high temperature TEGs applications are listed below. Haoyu Xu et al. [18] proposed a 

project to enhance the efficiency of a novel high temperature TEGs. They claimed a porous annular 

flame cover with well-designed structural parameters could significantly strengthen the heat 

transfer and enhance the turbulence of the system. The working temperature ranges from 300K to 

1687.31K. The output power of the optimized system is 722.76W and the efficiency is 9.18%. 

Kazuaki Yazawa & Ali Shakouri [19] published a new approach to take advantage of heat energy 

in a glass melt pool exceeding 1500C. A fraction of the refractory wall is replaced by the TEG 

with the same cooling ability so that electric power is generated without disrupting the industrial 

process. The designed TEGs could generate 66kW electricity from 500 ton/day glass production 

at a low cost of $ 0.5/Watt. Their design is cost efficient and environmentally friendly.  
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2.3 Segmented Compatibility 

Since the figure of merit of a single material varies significantly with changing temperature, 

especially between two ends of a leg, it is not efficient to use the same material with a large 

temperature gradient. Segmented TEGs are widely considered to be a potential technology to 

increase the conversion efficiency in large temperature gradient applications. Investigations of 

segmented TEGs started from the end of last century. In 2002, T. S. Ursell and G. J. Snyder [3] 

developed the definition of the compatibility factor to find the optimum combination used in 

segmentation. Before the concept of compatibility was raised, the figure of merit was the only 

factor to identify which materials are suitable in a segmented leg design. However, numerous 

examples of combining materials (e.g. the combination of SiGe and Bi2Te3) showed a marked 

decline in system efficiency. The function of compatibility factor is defined as[9] 

 s =
√1+𝑧∗𝑇−1

α∗T
 (4) 

Even with a high figure of merit, the performance of the segmented TEG was unremarkable 

when the compatibility factors of the segments differed by 2 or more. Later in 2003, Snyder [10] 

also found the system achieved its maximum efficiency when the relative current density u is equal 

to the compatibility s. The relative current density was represented as  

 u =
𝐽

κ∗∇T
 (3) 

where J is the current density. 

2.4 Summary 

The literature review presented in this chapter confirms that TEG’s have enormous potential to 

be widely used. These generators could provide for us a convenient and green life. Low 

temperature TEGs are being evaluated to power device such as cell phone charger, wearable 

sensors, and medical electronics. The recovery of waste heat in industry can bring significant 

economic benefit and reduce the possibility of another energy crisis. Nevertheless, more research 

must be performed to develop more efficient devices. One of the more valuable findings in recent 
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decades is Snyder’s investigation on segmented leg generators. Generally, segmented TEGs 

achieve superior efficiency because the materials work in their best temperature zone. The 

compatibility factor, introduced by Snyder, allows the selection of the best material combinations 

for segmented TEGs. In this thesis, a cascaded and segmented TEG is designed and simulated in 

order to give an example for the design process using current technology.  
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Chapter 3 MODEL BUILDING AND TESTING 

In this chapter, a segmented and cascaded TEG is simulated in the software COMSOL 

Multiphysics 5.2. By using COMSOL, the simulation can be carried out without averaging 

the thermoelectric properties as required by manual calculations. Thus, a more accurate 

distribution of temperature and potential can be achieved. Moreover, an auxiliary 

mathematical model is also built in MATLAB in order to further analyze the model.  

As a first step, a TEG model with eight pairs of segmented legs is created. The geometry 

of the TEG model is taken from S.Li et al.’s work [20]. They fabricated and characterized a 

TEG with eight pairs of segmented TE legs using the technique of one-step spark plasma 

sintering, as shown in Fig. 3.1.  

 

Fig. 3.1 Fabrication process of a physical segmented TEGs  

Source from [20]. 

In their article, detailed parameters of fabrication and testing results are given. Hence, Li’s 

product is a perfect example for simulation and investigation. The results of the COMSOL 

model are compared to the Li’s model to verify if the simulation is accurate. Also, a brief 
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analysis about Li’s model is performed. Afterwards, several optimizations are applied to the 

prototype model in order to improve its conversion efficiency. Those methods include raising 

the working temperature, replacing the couple materials and reconfiguring the TEG geometry. 

3.1 Geometry Structure 

Fig. 3.2 displays the structure of the TEG models. Eight thermoelectric couples (red and 

blue) are sandwiched between the AIN plates (grey) and Cu electrodes (yellow).  

  

Fig. 3.2 COMSOL model of the segmented TEGs  with the top plate unseen  

    (a) Illustration of bottom plate (b) Illustration of segmented couples. 
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(a)                                           (b) 

Fig. 3.2 (continued) COMSOL model of the segmented TEGs with the top plate unseen  

(c) Illustration of Cu electrodes (d) Illustration of external circuit. 

Two aluminum nitride (AIN) plates are used as connection of couples because of its good 

thermal conductivity and electrical isolation. The size of AIN plates is 25*25*1mm3. Thin Cu 

electrodes are placed on one side of each plate, acting like wires. The size of each electrode 

is 3*5*0.03mm3. Eight thermoelectric couples are sandwiched between the AIN plates and 

Cu electrodes. The size of each thermoelectric leg is 3*3*3.7mm3. The n-type leg are made 
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from Bi2Te3 and PbSe0.5Te0.5, whose length is 2.0mm and 1.7mm respectively. The p-type legs 

consist of Bi0.3Sb1.7Te3 segments and Zn4Sb3 segments, whose length is 1.7mm and 2.0mm, 

respectively. To test the performance of the model, we also need to connect a load resistance 

as an output of the TEG. While using COMSOL, users can not simply set a load with certain 

resistance, but we could achieve the same aim by defining materials’ properties. In this case, 

since the electrical conductivity of the custom material is an input variety, resistance of any 

value can be obtained according to 

 𝑅 =
𝑙

𝐴𝜎
 (5) 

where l and A are the length and cross-sectional area of the load. The size of the resistance is 

1*10*1 mm3.  

3.2 Properties of Materials 

Materials used in the models include the thermoelectric materials (Bi2Te3, PbSe0.5Te0.5, 

Bi0.3Sb1.7Te3, Zn4Sb3), connectors (AIN, copper) and a custom material for the load. For the 

thermoelectric materials, Li et al. carried out a few experiments to derive properties of two of 

them, PbSe0.5Te0.5 and Bi0.3Sb1.7Te3
[20]. The properties of the other two materials, Bi2Te3 and 

Zn4Sb3, are collected from refs [21], [22]. The Appendix lists the properties of these four 

thermoelectric materials. 

 The connector’s properties, which have little impact on the system, are defined using 

COMSOL’s built-in materials properties. The electrical conductivity is set to an arbitrary 

value because it determines the value of R load. The other properties of the load are set to be 

exactly same as copper.  

3.3 Computation and Results 

The experiment is carried out at a constant temperature difference T of 296K. As shown 

in Fig. 3.3, the hot side temperature is 296K while the cold side temperature is 592K.  
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Fig. 3.3 Temperature distribution diagram with the top plate unseen. 

Typically, the TEG model can be simplified to a DC voltage source Vo with certain inherent 

resistance R0. The equivalent electrical model is illustrated in Fig. 3.4.  

 

Fig. 3.4 Equivalent electrical model of the TEG. 

The open-circuit voltage of the equivalent source is calculated in COMSOL by  

 𝑉0 = ∫ 𝛼(𝑇)𝑑𝑇
𝑇ℎ

𝑇𝑐
 (3) 

as shown in Fig. 3.5. Assuming one terminal of the TEG is grounded, the other terminal’s 

potential will be 0.945V. The open circuit voltage is 0.945V with a temperature difference T 

of 296K. 
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Fig. 3.5 Potential distribution diagram of open-circuit circuit with the top plate unseen. 

Generally, the electrical resistance of a segmented TEG includes the resistance R0 of the 

segmented legs Rm and the interfacial resistance Ri. In this case, the interfacial resistance is 

neglected (Ri ≈ 0, R0 ≈ Rm). The inherent resistance R0 is calculated by 

 𝑅0 = ∫
𝑙

𝐴𝜎(𝑙)
𝑑𝑙 =

𝐿

0
∫

𝑙

𝐴𝜎(𝑇)𝑑𝑇
∗

𝑑𝑇

𝑑𝑙
= ∫

𝑙𝜌(𝑇)

𝐴𝑑𝑇
∗

𝑑𝑇

𝑑𝑙

𝑇ℎ

𝑇𝑐

𝑇ℎ

𝑇𝑐
 (6) 

where A is the cross-sectional area and l is the length through the thermoelectric legs and  𝜌 

is the electric resistance which is the reciprocal of the electric conductivity 𝜎. Ro is around 

1.1 when the temperature difference T is 296K. 

Since the thermoelectric properties are temperature dependent, as long as the temperature 

difference remains the same, the open circuit voltage Vo and inherent R0 resistance are 

constant. For a generator, the efficiency is usually defined as below  

 μ𝑡 =
P

Q𝐻
 (7) 
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where P represents the output power and QH represents the thermal input power.  

The input power QH  can be derived as below 

 Q𝐻 = 𝐾∆T + α𝑇𝐻𝐼 − 0.5𝐼2𝑅0 (8) 

where the overall thermal conductance is found 

 K = 8 ∗ (κ𝑛
𝐴𝑛

𝑙𝑛
+ κ𝑝

𝐴𝑝

𝑙𝑝
) = 8κ𝑛𝛾𝑛 + 8κ𝑝𝛾𝑝  (9) 

The calculated overall thermal K conductance is 34.25x10-3[W/K]. The calculated input 

power QH is 11.68W. The next step is to maximize the output power. The load voltage can be 

written as     

 𝑉𝑙𝑜𝑎𝑑 = 𝑉𝑜 − 𝑅0𝐼 (10) 

Multiplying and differentiating both sides of (10) by I, we can get 

 
𝑑𝑃𝑙𝑜𝑎𝑑

𝑑𝐼
= 𝑉𝑜 − 2𝑅0𝐼 (11) 

Equating (11) to zero, we can solve for the system current to be: 

 𝐼 =
𝑉𝑜

2𝑅0
 (12) 

In order to meet the requirement of (12), the system achieves the highest output power 

when the inherent resistance R0 equals to load resistance Rload. Fig. 3.6 shows the close-circuit 

simulation when Rload = R0. From the illustration, Vload could be obtained to be around half of 

Vo which also proves the former conclusion. 
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Fig. 3.6 Potential distribution diagram of close-circuit circuit with Rload=0.95 and the top plate unseen. 

The respective maximum power is found to be 

 𝑃𝑚𝑎𝑥 =
𝑉𝑜

2

4𝑅0
 (13) 

The calculated maximum output power is 188.2mW. Using (7), we can derive the efficiency 

to be 1.66%. Table 1 list the operating parameters of the TEG. There is good agreement 

between the COMSOL model and Li’s results. The error between them is close to 10%, which 

is quite small.  

Table 1 Test results of the simulation model. 

 Simulation model Li’s result Error 

Open-circuit Voltage 0.91V 0.81V 11.0% 

Inherent resistance 1.10  1.0 9.1% 

Output power 188.2 mW 165.9 mW 11.7% 

Maximum efficiency 1.66 % 1.53% 7.8% 
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Chapter 4 MODEL OPTIMIZATION 

Li et al. gave four recommendations to improve the segmented TEG. They proposed that 

 
“First, due to current equipment limitations, the maximum T is just 296 K. A larger T should 

raise the Pm and . Second, intrinsic properties of segmented TE materials synthesized by a one -step 

SPS process can be improved. Especially, the electrical conductivity of PbSe 0.5Te0.5 needs to be 

enhanced. Third, the quality of electrical contact between different segments can be improved to 

reduce the Ri. Fourth, geometry of segmented legs such as the length of each segment can be optimized 

to maximum the Pm and ”. 

 

In the following sections, simulations are conducted according to these recommendations. 

4.1 Raising Temperature Difference 

The output voltage is in proportion to the temperature difference. Hence, in most case, 

raising the temperature difference would improve the output voltage Vo. The inherent 

resistance is temperature dependent so that we need to investigate how it would change.  We 

could also have a look at how the temperature difference influences the output power Pm and 

conversion efficiency  through simulation.  

 A set of experiments is carried out when T rises from 276K to 356K. The results of V0, 

R0, Pm and  are illustrated in Fig. 4.1. The performance of the original model and the 

improved model are compared in Table 2.  

The output power rises significantly. The efficiency doesn’t improve as much as output 

power because the input power is also increased when the working temperature is raised. 

Which results in a reduction of efficiency. 
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Table 2 Test results after raising temperature. 

 Original model 

T=296K 

Improved model 

T=356K 

Increasing 

Open-circuit Voltage 0.91V 1.13V +0.22 

Inherent resistance 1.1  0.9 -0.2 

Output power 188.20mW 354.7mW +166.5mV 

Maximum efficiency 1.66 % 2.08% +0.42% 

 

 

Fig. 4.1 Temperature dependence of the TEG (a) Open-circuit voltage (b) Inherent resistance (c) Output 

power (d) Conversion efficiency. 

 

4.2 Reselecting Thermoelectric Materials  

The second recommendation pointed out that certain material properties, especially the 

electrical conductivity of PbSe0.5Te0.5 needs to be increased. Table 3 shows thermoelectric 

properties of materials used in the original model. The figure of merit of PbSe0.5Te0.5 is much 

smaller than other three materials. That’s mainly because its electric conductivity is almost 
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10 times smaller than others. Although its Seebeck coefficient is adequate, the energy it 

generates can’t make up the energy it consumes. 

Table 3 Thermoelectric properties of thermoelectric materials. 

 

The third recommendation advised that the quality of electrical contact between different 

segments is inadequate. Fig. 4.2 shows the resistance distribution along n-type segments. A 

step occurs at the interface between PbSe0.5Te0.5 segments and Bi2Te3 segments. The interface 

resistance is caused by incompatibility. According to Snyder’s theory, PbSe0.5Te0.5 and 

Bi2Te3are incompatible because their compatibility factors s differ by more than 2. In this 

section, Zn4Sb3 would be substituted for better compatibility in positive legs. 

 

Fig. 4.2 Resistance distribution along n-type segmented TE legs. Source from [20]. 

Fig. 4.3 shows the flow-chart of the process of selecting segments materials. Generally, 

segmented materials are chosen based on their figure of merit z(T) and compatibility factor 

s(T). First, several materials with high z(T) are listed as potential materials. Then two 

materials are chosen from the list. If their s(T) differ by a factor of 2 or more, they are 

  

+/- 

Thermal 

conductivity 

(W/m/K) 

Seebeck 

Coefficient 

(V/K) 

Electric 

conductivity 

(S/m) 

Figure of 

merit 

 

Compatibility 

factor 

 
Bi0.3Sb1.7Te3 + 0.83 206x10-6 5.7x104 2.91x10-3 5.6 

Zn4Sb3 + 0.92 142x10-6 6.7x104 1.47x10-3 4.5 
PbSe0.5Te0.5 - 0.87 -295x10-6 0.8x104 0.80x10-3 1.25 

Bi2Te3 - 0.92 -135x10-6 10.8x104 2.14x10-3 6.6 
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considered to be incompatible so that either of the materials needs to be changed. By repeating 

this iterative process, we get two segmented materials with good z(T) and similar s(T).  

  

Fig. 4.3 Flow-chart of the process of selecting segments materials. 

In this case, only PbSe0.5Te0.5. needs to be replaced. The target is to find a material with 

good thermoelectric properties and compatibility with Bi2Te3. Six materials are listed and 

compared in order to get a relatively good performance. These six materials are  (Bi,Sb)2Te3
[23]

 ,  

BTS[23], BTS/Al2O3 [23], Ce0.45Co 0.25 Fe1.5Sb12
[24], FeSi2 

[25], and alloy 75% Bi2Te3, 25% Bi2Se3 

[26] .The properties of those materials are illustrated in Table 4. 

After comparing several materials, alloy 75% Bi2Te3, 25% Bi2Se3 are chosen to replace 

PbSe0.5Te0.5. The properties of new materials are illustrated in Table 5.  
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Table 4 Comparison of several electrical materials (T=450K). 

 

Table 5 Thermoelectric properties of thermoelectric materials after replacement 

(T=450K). 

 

Table 6 shows test results of the original model, improved model and a conventional 

TEG (Zn4Sb3, Bi2Te3). All models are tested at a temperature difference of 296K (same as the 

original model in Section 3). The conventional TEG has better output power and efficiency. 

However, the thermoelectric properties of Zn4Sb3 and Bi2Te3 do not fit the whole range of the 

working temperature. So, the performance is not as good as the segmented one. Besides, the open 

circuit voltage is greatly reduced so that more thermoelectric models need to be cascaded to get 

the same output voltage.  

The new alloy added in the segments has more similar thermoelectric properties with 

the Zn4Sb3 and it works better. The output power and efficiency are improved significantly, 

almost 4 times better than the original model.  

  

 Thermal 

conductivity 

(W/m/K) 

Seebeck 

Coefficient 

(V/K) 

Electric 

conductivity 

(S/m) 

Figure of 

merit 

 

Compatibility 

factor 

 

(Bi,Sb)2Te3 1.3 -228x10-6 5.5x104 2.19x10-3 3.9 
BTS 0.9 -180x10-6 5.1x104 1.84x10-3 4.3 

BTS/Al2O3 0.9 -210x10-6 5.1x104 2.5x10-3 4.8 
Ce0.45Co 0.25 

Fe1.5Sb12 
1.4 -119x10-6 7.9x104 0.8x10-3 3.1 

FeSi2 1.1 -136x10-6 1.4x104 0.3x10-3 1.1 
75% Bi2Te3 

25% Bi2Se3 
1.25 -180x10-6 5.7x104 2.05x10-3 4.8 

 Thermal 

conductivity 

(W/m/K) 

Seebeck 

Coefficient 

(V/K) 

Electric 

conductivity 

(S/m) 

Figure of 

merit 

 

Compatibility 

factor 

 
75% Bi2Te3 

25% Bi2Se3 
1.25 -180x10-6 5.7x104 2.05x10-3 4.8 

PbSe0.5Te0.5 0.87 -295x10-6 0.8x104 0.80x10-3 1.25 
Bi2Te3 0.92 -135x10-6 10.8x104 2.14x10-3 6.6 
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Table 6 Test results after replacing thermoelectric material. 

 Original model Conventional TEG Improved model 

Open-circuit Voltage 0.91V 0.63V 0.75V 

Inherent resistance 1.1  0.3  0.2 

Output power 188.20mW 330.75mW 703.13mW 

Maximum efficiency 1.66 % 2.91% 7.03% 

 

 

4.3 Rebuilding TEG’s Geometry 

After selecting materials, we can derive the best size of electric couples according to their 

properties. The conversion efficiency is also written as 

 μ𝑡 =
𝑚′(∆𝑇/𝑇𝐻)

(1+𝑚′)

𝑇𝐻
∗

𝑅𝐾

𝛼2 +(1+𝑚′)−0.5(∆𝑇/𝑇𝐻)
 (14) 

In (14), m’ is meant by the ratio of loading resistance and inherent resistance. The optimal 

value of m’ is a constant as long as the temperature gradient remains the same. 

 𝑚′ = √1 +
𝑧(𝑇ℎ+𝑇𝑐)

2
 (15) 

where RK is defined as 

 RK = κ𝑛 𝛾𝑛 + κ𝑛 𝜌𝑝 
𝛾𝑛

𝛾𝑝
+ κ𝑝 𝜌𝑛  

𝛾𝑝

𝛾𝑛
+ κ𝑝 𝛾𝑝  (16) 

Conversion efficiency reaches its maximum value with the minimum RK. Differentiating 

(16), RK is solved to reach its minimum value when 

 
𝛾𝑛

𝛾𝑝
=

𝐴𝑛/𝑙𝑛

𝐴𝑝/𝑙𝑝
=

𝐴𝑛

𝐴𝑝
=

κ𝑝∗𝜌𝑛

κ𝑛∗𝜌𝑝

0.5
 (17) 

Let’s set the length of the legs to be ln=lp=3.7 cm, and the cross-sectional area of the n-type 

terminal to be An =9cm2. So that we can get Ap=13.33cm2. The new TEG model is testing at a 

temperature difference of 296K. The test results are listed in Table 7. 
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Table 7 Test results after rebuilding TEG’s geometry. 

 Original model Improved model Increasing (or Rates) 

Open-circuit Voltage 0.91V 0.95V +0.04 

Inherent resistance 1.1  1.06 -0.04 

Output power 188.20mW 212.85mW +13.10% 

Maximum efficiency 1.66 % 1.85% +11.45% 
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Chapter 5 SUMMARY & CONCLUSION 

5.1 Overview of the Project 

This paper introduces the simulation model of an existing physical segmented TEG. The 

simulation model is built with the exactly the same materials and of the same size as the existing 

TEG. The test results are compared with the prototype model to testify the accuracy of the 

simulation. The output power is 188.2mV and the conversion efficiency is 1.66%. The error 

between the simulation model and the existing physical model is around 10%.  

After building simulation model, several methods are explored to improve the output power 

and conversion efficiency. Those methods include raising the working temperature, replacing the 

thermoelectric materials and rebuilding the TEG geometry. It was found that the original model 

has much potential to be further improved.  

The output voltage Vo rises steadily when the temperature difference keeps increasing, 

because Vo is proportional to the temperature difference. The inherent resistance Rin increase 

a little bit in this case. The output power rise from 188.2mV to 354.7mV and the conversion 

efficiency rise from 1.66% to 2.08% when the temperature difference increases 50K.  

The properties of thermoelectric materials have great impact on the TEG performance. In this 

case, although PbSe0.5Te0.5 has the largest Seebeck coefficient among those four materials, its 

electrical conductivity is almost 10 time smaller than the others. As a result, PbSe0.5Te0.5 has a 

modest figure of merit. The incompatibility between PbSe0.5Te0.5 and Bi2Te3 results in a large 

interface resistance, which makes the situation worse. After the thermoelectric material 

PbSe0.5Te0.5 is replaced by alloy 75% Bi2Te3, 25%, the output voltage goes down from 0.91V 

to 0.75V. However, the internal resistance is greatly reduced so that the output power and 

conversion efficiency significantly improve. The output power rises from 188.2mV to 

703.13mV and the conversion efficiency rises from 1.66% to 7.03%.  
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The geometry of the TEG also influences the TEG performance. Optimizing the length and 

cross-sectional area of the couple, the output power rises from 188.2mV to 210mV and the 

conversion efficiency rises from 1.66% to 1.85% when the geometry is improved. 

5.2 General Process to Design a Segmented TEG 

To summarize, several iterative steps are taken to design a segmented TEGs. First, we need 

to set the working temperature and its difference. Working conditions such as heat source, 

pressure and safety might limit the working temperature. The temperature difference should 

be as large as possible in order to obtain maximum efficiency (as mentioned in Section 4.1). 

Second, the thermoelectric materials are chosen to build the TEG. The primary selection of 

all materials is based on the figure of merit z in that temperature range. The higher z the 

material has, the better the material will be. Then the material’s compatibility factor s is 

calculated. Any two materials would be considered to be compatible to each other if their 

compatibility factors differ by less than 2. The materials are finally determined by both their 

figure of merits and compatibility factors (as discussed in Section 4.2). The cost and 

manufacturability are also considered when the TEG is designed. Third, the geometry of the 

TEG is designed. The optimum length and cross-sectional area of a single thermoelectric 

couple is derived using (17) -(20). The number of thermoelectric couples n is determined by 

the ratio of expected output voltage and the output voltage per electric couple.  

𝑛 >
𝑉𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑

𝑉𝑒𝑎𝑐ℎ
 

For the sake of heat efficiency, the shape of plates on both sides is usually square. Thus, 

the number of the thermoelectric couples is usually x2/2 such as 8, 18, 32, 50. Finally, other 

minor parameters are designed such as size and materials of the plates, size and materials of 

the electrodes. 
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Appendix I  

Material properties 

 
Fig. 6.1 Temperature dependence of (a)Thermal conductivity (b) Seebeck coefficient (c)Electrical 

conductivity ofBi2Te3. 
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Fig. 6.2 Temperature dependence of (a)Thermal conductivity (b) Seebeck coefficient (c)Electrical 

conductivity of Bi0.3Sb1.7Te3. 
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Fig. 6.3 Temperature dependence of (a)Thermal conductivity (b) Seebeck coefficient (c)Electrical 

conductivity of PbSe0.5Te0.5. 
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Fig. 6.4 Temperature dependence of (a)Thermal conductivity (b) Seebeck coefficient (c)Electrical 

conductivity of Zn4Sb3. 
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Fig. 6.5 Temperature dependence of (a)Thermal conductivity (b) Seebeck coefficient (c)Electrical 

conductivity of Zn4Sb.  
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Appendix II  
    This MATLAB code gives out a quick access to design a simple ideal TEG. The structure 

of the TEG is the same as Fig. 1.2 shown. In order to get a quick answer, only the 

thermoelectric module and the resistance are considered. Time dependent functions are 

averaged to shorten the calculation time. This code is used for quick analysis and prediction. 

 

MATLAB Codes 

%%Initial condition of the system 

Th=622.8; 

Tc=298.6; 

Lp=0.01; 

An=0.0001; 

Ln=0.01; 

%% Initial condition of the thermoelectric materials 

ALPn=187*10^-6; 

RHOn=1.818*10^-5; 

KAPn=2.07; 

ALPp=180*10^-6; 

RHOp=2*10^-5; 

KAPp=1.736; 

%% The material used for positive and negative (depending on working temperature) 

Tw=(Th+Tc)/2; 

Ap=(An*Lp/Ln)*((RHOp*KAPn)/(RHOn*KAPp))^0.5;            %can be derived 

GAMn=An/Ln;                                                                             %can be derived Geomatry ratio 

GAMp=Ap/Lp;                                                                              %can be derived Geomatry ratio 

Ztot=(abs(ALPn)+abs(ALPp))^2/((RHOn*KAPn)^0.5+(RHOp*KAPp)^0.5)^2;  

                                                                                                      %can be derived                     

K=KAPn*GAMn+KAPp*GAMp; 

Voc=(abs(ALPn)+abs(ALPp))*(Th-Tc); 

%Num=ceil(Voc/0.1); 

Rin=(RHOn/GAMn+RHOp/GAMp); 

Mopt=(1+Ztot*Tw)^0.5; 

Rout=Mopt*Rin; 

Iopt=Voc/(Rin+Rout); 

Pout=Iopt^2*Rout;       

qh=K*(Th-Tc)+Voc*Iopt-0.5*Iopt^2*Rout;                                                   

TE=Pout/qh; 

%% results 

fprintf('the thermal conductance is %f\n',K) 

fprintf('the internal resistance is %f\n',Rin) 

fprintf('the optimum resistance ratio Rout/Rin is %f\n',Mopt) 

fprintf('the load risitance is %f \n',Rout) 

fprintf('the open circuit voltage is %f\n',Voc) 

fprintf('the curent is %f\n',Iopt) 

fprintf('the output power is %f\n',Pout) 

fprintf('the input power is %f\n',qh) 

fprintf('the efficiency of the output load is %f\n',TE) 
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