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ABSTRACT

This present study focuses on the utilization of waste heat from internal combustion

engines through the use of automotive exhaust gas thermoelectric generators (AETEGs).

The ine�ciency of internal combustion engines, where approximately 70% of the heat

produced is wasted, presents an opportunity to increase the e�ciency of automobiles by

converting this waste heat into useful electricity. TEGs, which are solid-state devices that

directly convert heat to electricity, have the potential to harness the heat energy from

automotive exhaust gases. However, these devices are currently less explored and have

lower e�ciency, typically below 10%. Despite their lower e�ciency, even the extraction

of a small amount of energy from waste heat can have a signi�cant impact.

The objective is to evaluate the properties and performance of a commercially avail-

able thermoelectric generator module and analyze the e�ciency of AETEGs. The present

work involves designing and fabricating heat exchangers to analyze AETEGs. Theoreti-

cal, numerical, and machine learning approaches are employed for analysis, and experi-

mental methods validate results.

The current study delves into the concepts of equivalent and e�ective material prop-

erties, considering contact resistance and heat loss during experimentation. Equivalent

material properties are in�uenced by temperature, making their theoretical and numerical

modeling intricate. On the other hand, e�ective material properties remain una�ected by

temperature, making them more suitable for theoretical and numerical modeling. The

experimental analysis results of power output are compared with those obtained from

theoretical and numerical modeling using e�ective material properties; they are compa-

rable with a maximum deviation of 13% and 12% , respectively. As a result, chapter 4

and 5 adopts the use of e�ective material properties. Skuttrudite (CoSb3) is a promising

thermoelectric material for AETEGs; in the present work, it produced low voltage output

due to electric contact resistance and a metal-semiconductor junction. Hence AETEG

analysis is conducted on the commercially used bismuth telluride (Bi2Te3) Modules.

A commercially available TEG module (TEM-12706) is simulated, and its perfor-

mance under di�erent conditions is studied. For commercial TEG 12706, the hot side

temperature is maintained at 700 C, and the cold side temperature is maintained at 300

C. The peak power produced is 168 milliwatts at a load resistance of 2.4Ω. The analysis

includes the e�ects of load resistance, source and sink temperatures, and leg length. The

present study also explores the impact of TEG shape on internal resistance and e�ciency,



suggesting that square-shaped TEGs are more suitable for low load resistance, while cir-

cular cross-sections are better for high load resistance due to load and internal resistance

tuning. Di�erent shapes of uni-couple thermoelectric generators are examined, revealing

the advantages of trapezoid cross-sections in terms of increased e�ciency. The variation

in sink temperature is found to have a greater e�ect on performance compared to source

temperature. The concept of segmented legs is applied to increase power output.

The study highlights the role of heat exchangers in power production from AETEGs.

Heat exchangers are designed and fabricated, with one experiment involving blowing hot

air from a hot air gun on one side and circulating cold water on the other side of the

heat exchanger. The results demonstrate a peak power of approximately 59 watts when

24 TEGs are connected in series with an 81 Ω load resistance. The analysis considers

the e�ects of hot side temperature, load resistance, cold side temperature, and mass

�ow rate. Theoretical and numerical simulation results are compared with experimental

results, showing close agreement with minor deviations attributed to heat losses and

assumptions regarding e�ective material properties.

Furthermore, a heat exchanger is designed, fabricated, and mounted on the exhaust

of a single-cylinder diesel engine to evaluate the performance of AETEG, the e�ect of

temperature, the �ow rate of hot exhaust gases, cold �uid, and the number of TEGs on

the performance of AETEG are studied for exhaust gas mass �ow of 12gm/s. The power

of 10 TEG in series at matched load resistance is 35 watts. The matched load resistance

is 24Ω.

In summary, this present work contributes to the understanding and improvement

of AETEGs, providing insights into their properties, performance, and potential for in-

creasing the e�ciency of AETEGs. The �ndings emphasize the importance of material

properties, heat exchanger design, and AETEG system tuning for maximizing power

generation from waste heat.

Moreover, the present study validates e�ective material properties for thermoelectric

generator simulations, enabling more accurate modeling and analysis. The optimization

of the thermoelectric generator shape and the emphasis on the role of heat exchangers

contribute to improved performance and power production from AETEGs.

Keywords: Thermoelectric generator,AETEG,Numerical Analysis,Characterization; �
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Table 1: Nomenclature

Symbol Description

ZT Device Figure of merit

α Seebeck Coe�cient

κ Thermal Conductivity

ρ Resistivity of material

A Cross section area

L Length of Leg

Q̇out Heat �ow rate out from cold junction

Q̇in Heat �ow rate into hot junction

Rin Internal resistance

R Total resistance

RL Load Resistance

Th Hot Junction Temperature

Tc Cold Junction Temperature

Pout Power output from Thermoelectric generator

ZT Device Figure of merit

zt Material �gure of merit

α Seebeck Coe�cient

κ Thermal Conductivity

ρ Resistivity of material

Vopn open circuit voltage

ηth Thermal E�ciency

L Length of Leg

A Cross section area

Q̇out Heat �ow rate out from cold junction

Q̇in Heat �ow rate into hot junction

ṁexh mass �ow rate of exhaust gases

ṁc mass �ow rate of cold �uid

R Total resistance

RL Load Resistance

Rin Internal resistance

Tc Cold Junction Temperature

Pout Power output from Thermoelectric generator

Th Hot Junction Temperature

ηth Thermal E�ciency

K, σ Thomson e�ect

J current density

Pi Peltier coe�cient

Q̇h Heat �ow at the hot side
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Table 1 � continued from previous page

Symbol Description

Q̇c Heat �ow at the cold side

Pout Electric power generated by the TEG

Th Temperature at the hot side

Tc Temperature at the cold side

α Seebeck coe�cient

I Electric current

R Internal resistance

K Thermal conductivity

RL Load resistance

Z Figure of merit

T c Average temperature between the hot and cold sides

Q̇in Heat input to the element

Pmax Maximum power

η E�ciency

N Number of thermoelectric material pairs

Aleg Cross-sectional area of a single leg of the TEG
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∆Tpair Temperature di�erence across each thermoelectric material pair

ṠT Source term in the TEG equation

S Seebeck coe�cient
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Chapter 1

Introduction

Energy harvesting involves converting ambient energy into electrical energy through

various methods, including solar, thermal, mechanical, and vibration approaches. Solar

energy harvesting relies on solar cells to convert sunlight into direct current electricity.

Mechanical energy harvesting employs piezoelectric generators to convert mechanical

motion into electricity, while vibration energy harvesting utilizes electromagnetic gener-

ators to convert vibrations into electrical power. Thermal energy harvesting utilizes heat

tranfer to generate electricity.

There are two main types of thermal energy harvesting: thermoelectric generators

(TEGs) and pyroelectric generators. However, there are several other types of thermal

energy harvesting methods with their unique applications. Thermophotovoltaic (TPV)

cells use semiconductor materials to convert heat into electricity by emitting photons that

are absorbed by photovoltaic cells. Thermoacoustic generators, made of materials with

high acoustic impedance like aluminum, generate electricity from heat through the expan-

sion and contraction of gases, producing sound waves. Thermogalvanic generators use the

electrochemical reaction between two di�erent metals, such as zinc and copper, to con-

vert heat into electricity. Selecting the best thermal energy harvesting method depends

on speci�c application requirements, with TEGs being suitable for large temperature dif-

ferences and pyroelectric generators for applications with frequent temperature changes,

such as in the human body. Examples of thermal energy harvesting applications include

self-powered sensors, wearable devices, IoT devices in remote locations, telecommunica-

tions equipment, building energy management systems, and spacecraft using solar heat.

As technology advances, thermal energy harvesting is likely to see increased adoption in

a broader range of applications.

This chapter reports an introduction to the thermoelectric generator and its basic
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principle. The automotive vehicle exhaust system is discussed. The possible location and

potential of an Automotive exhaust thermoelectric generator are discussed. Statement

of problem is made and objectives are de�ned. In the end outline of the thesis and the

interconnection between chapters are briefed.

In the 21st century, energy is a predominant factor in de�ning the economy of a

country. The economy of the country is driven by electrical energy. According to IEA [1]

about 65% of electricity is produced from coal, oil, and natural gas as shown in Fig. 1.1.

The chemical energy associated with fossil fuels is initially converted to heat energy before

converting to electricity. Heat is low-grade energy; about 66% of energy is lost in the form

of waste heat, as shown in Fig. 1.2. From Fig. 1.3 it can be observed that, during various

applications such as residential, Commercial, Industrial, and transportation, about 65.4%

of energy is rejected.

Automotive vehicles are an integral part of modern human life. On average automo-

tive vehicles can convert about 25% of available fuel energy into useful. About 5% is

lost to friction, and the rest 70% is lost to exhaust gases and coolant. This waste heat

can be trapped and converted to useful electrical energy using a solid-state device called

a thermoelectric generator. Figure 1.4 shows the progress of research in the �eld of au-

tomotive vehicles. The research is focused not only to increase the e�ciency of vehicles

with present vehicles but also explore new technology like hybrid electric vehicles and

hydrogen technology.

Figure 1.1: IEA 2017 World Energy scenario [1]
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Figure 1.2: Waste heat to electricity [2]

Figure 1.3: US Energy use in 2021 [3]

1.1 Increase Electri�cation in Automotive Vehicles

With the increase in technology, more electric components are included in Automotive

vehicles, as shown in Fig. 1.5. An increase in electri�cation doesn't only mean electric

vehicles. The electric components of conventional vehicles are also increasing. For con-

ventional vehicles, waste heat recovery is best suited. This is done by Thermoelectric

generator.
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Figure 1.4: Progress of Automotive vehicle

Figure 1.5: Increase electri�cation in vehicles [4]
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1.2 Introduction to thermoelectrics

A Thermoelectric generator is a solid-state device. It converts heat to electricity di-

rectly without any moving parts. About 200 years ago, this phenomenon was discovered

by Seebeck. It mainly consists of P & N type of semiconductors connected by metal elec-

trodes sandwiched between the ceramic substrate. The problem with these devices is they

are less e�cient. The e�ciency of the TEG device is less than 10%. The thermoelectric

generator works on the Seebeck principle. When the junction of two dissimilar materials

is kept at di�erent temperatures EMF is generated. The performance of a thermoelectric

generator mainly depends on the Seebeck coe�cient(S), Electrical conductivity σ, Ther-

mal conductivity κ, and Peltier e�ect π. A thermoelectric material should have a high

Seebeck coe�cient, Low thermal conductivity, and electrical resistivity. These terms can

be combined to form a term called a �gure of merit as zT = α2

ρκ
T . A material having

a high �gure of merit will produce more power and is considered a good thermoelectric

material. Previously it was believed that zt of material will not cross 1. Because all

good thermal conducting materials are electrical conducting materials. With invent of

nanotechnology. New materials are being discovered of zt=2 in bulk materials. In thin

�lms Scientists at TU Wien (Vienna) [15] have now got success in inventing a material

with a ZT value of 5 to 6. In thin �lms, high zt has been reported in the literature.

1.3 History of Thermoelectrics

In 1823 Seebeck [16] reported the de�ection of a compass needle in the vicinity of

the closed loop formed by two dissimilar conductors when one is heated. In 1834 Peltier

[17] discovered that when voltage is applied to the junction of two dissimilar materials

temperature di�erence is observed at the ends. He could not co-relate this to the Seebeck

e�ect. In 1838 Lenz [18] explained the Peltier e�ect. In 1851 Thomson [19] discovered

the third thermoelectric e�ect, which describes the generation or absorption of heat in

a current-carrying conductor having a temperature gradient. Altenkrich [20] explained

theory of thermoelectric generator in 1905. A thermoelectric material should have a high

Seebeck coe�cient, low electrical resistivity and thermal conductivity. The above three

terms can be combined in a term Z = α2

ρκ
. Z is having a unit of K−1 it is usually ex-

pressed by a non-dimensional term called ZT �gure of merit. In 1950 Lofee [18] found

that doped semiconductors produce good thermoelectric with low thermal conductivity
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and high Seebeck coe�cient. Maria Telkes [21] during research on solar energy harvest-

ing, developed the �rst Thermoelectric generator. Several experiments failed to increase

zt in 1960s many believed that it is not possible to produce materials with high electrical

conductivity and low thermal conductivity. Hence zt of materials has reached its highest

value and the e�ciency of TEG cannot be increased further. In the 1990s after nan-

otechnology started developing. Scientists started to think of producing new engineered

materials of high zt.

1.4 Principle of Thermoelectric Generator

The thermoelectric generator works on the principle of the Seebeck e�ect. If the

junction of two dissimilar materials is kept at two di�erent temperatures an EMF is

generated. The EMF is directly proportional to the temperature di�erence between the

hot and cold sides. Figure 1.6 shows the working principle of a thermoelectric generator.

P-Type and N-Type semiconductors are connected by a metal electrode. One side is

maintained at higher temperature Th other side at lower temperature Tc. A load resis-

tance Rl connected across the uni-couple TEG. Power is delivered across the load. The

power produced by a thermoelectric generator depends on material properties such as the

Seebeck coe�cient, Electrical conductivity, and thermal conductivity. The thermoelec-

tric generator works mainly on three e�ects Seebeck E�ect, the Peltier e�ect & Thomson

e�ect. Theses e�ects are explained in this section.

Figure 1.6: Principle of working of thermoelectric generator
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1.4.1 Seebeck E�ect

When the junctions of two dissimilar materials are kept at di�erent temperatures

(T1 > T2) a voltage is developed and is measured with a voltmeter as in Fig.1.7. Material

A and B are two dissimilar materials. As the junctions are at two di�erent temperatures

(T1 > T2) EMF is developed. Seebeck coe�cient is denoted by α. Seebeck coe�cient is

given by Eqn. 1.1

α = lim
∆T→0

∆V

∆T
(1.1)

Figure 1.7: Seebeck e�ect

1.4.2 Peltier E�ect

When an electric potential is applied across the junction of two dissimilar materials

heat is absorbed or liberated at the junction. Heat is directly proportional to the current

�owing through it. The Peltier e�ect is as shown in Fig. 1.8. The rate of heat transfer

is given by Eqn 1.2. The Peltier e�ect occurs due to the di�erent chemical potentials of

the charge carriers in the material on either side of the junction.

Q = (ΠA − ΠB) = ΠABI (1.2)
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Figure 1.8: Peltier e�ect

1.4.3 Thomson e�ect

When current is �owing through temperature gradient single material. The heat is

liberated or absorbed not only at the junction but throughout the material. This is the

reversible e�ect. Heat is proportional to both electric current and temperature gradient.

The Thomson e�ect is observed in a single material with current �owing in a circuit

having a temperature gradient. The rate of heat liberated or absorbed is given in Eqn.

1.3. Where ∆T is a temperature di�erence. K is the Thomson coe�cient and J is the

current density.

dQ

dT
= KJ∆T (1.3)

Figure 1.9: Thomson e�ect
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1.5 Figure of merit

A thermoelectric material needs a high Seebeck coe�cient, low thermal conductivity,

and low electrical resistivity. The above transport properties are combined in one term

z = α2

ρκ
. The unit of z is K−1. It is good to express by a non-dimensional term called

zt material �gure of merit, the higher the zt value the best is the material suitable for a

thermoelectric generator. Thermal conductivity has two parts one is the Lattice part of

thermal conductivity other is the electronics part, the lattice part of thermal conductivity

can be decreased with some techniques [22]. With nanotechnology, a high �gure of merit

materials can be produced by nano inclusion [23]. [24] reported Tin selenide p-type

thermoelectric material of zt 2.6 and [25] Shang et al. reported n-Type material of zt 2.8

in bulk thermoelectrics.

Fabrication of a thermoelectric generator is a challenging task. A thermoelectric

generator consists of semiconductors connected by metal electrodes. When metal and

semiconductors are joined electrons will not �ow properly due to band bending. Hence

a proper connection is required to join metal with semiconductors. The device �gure of

merit is given by Eqn. 1.4.

ZT =
(αp − αn)

2

[(kpρp)
1
2 + (kpρp)

1
2 ]2

T (1.4)

If the device �gure of merit ZT is 4 then they can work as e�ciently as currently

available mechanical devices. If ZT reaches in�nity then the e�ciency of the thermoelec-

tric device reaches Carnot e�ciency. Presently all commercially available thermoelectric

generators are made of Bismuth Telluride.

1.6 Current State of Art of Thermoelectric material

A thermoelectric material should have a high Seebeck coe�cient low electrical resis-

tivity and thermal conductivity. The above three terms can be combined in one term

z = α2

ρκ
.z is having a unit of K−1 it is usually expressed by a non-dimensional term called

zt called material �gure of merit, the higher the zt value the better is the thermoelec-

tric material. A thermoelectric generator consists of P-Type & N-Type semiconductors.

Figure 1.10 shows the variation of the �gure of merit of material with temperature. It

can be observed that the zt of the material is high for small temperatures. Bi2Te3 is a

low-temperature thermoelectric material. Its zt is high at a temperature of around 60 C.
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(a) zt as a function of temperature for n-type ma-
terial

(b) zt as a function of temperature for p-type ma-
terial

Figure 1.10: Variation of zt with temperature [5]

1.7 Interface resistance

Several promising zt materials are available now but the ZT of the device is very

low compared to the zt of the material. A TEG consists of P & N type semiconductors

connected electrically in series with help of metal electrodes. The joint will be between a

metal-semiconductor junction, due to which band bending will take place and electrical

resistance will be high. The interface resistance are shown in the Fig.1.11. At hot

junction di�usion of material takes place hence di�usion barrier is used. The metallization

layer and bonding layers act as bonding layers. For the low-temperature application of

Bismuth telluride. Metalized contact layer is bonded with Cu/Ni electrode by soldering.

Soldering won't work at higher temperatures [26]. For high-temperature applications

of lead telluride-based thermoelectric modules, new joining methods are brazing [27],

soldering with nickel-based paste [28] and lead-free soldering [29] is used. Ajay Singh et

al. [30] developed a low electrical contact resistance on N-type lead telluride and TAGs as

P-type TEG elements. It reports an e�ciency of 6%. It also reports that as the number

of TE elements increases internal resistance increases. Zhonglin Bu et al. [31] developed

a GeTe alloy-based thermoelectric generator. It reports a peak e�ciency of 14%. It has

low chemical di�usion and electrical contact resistance.

1.8 TEG Fabrication Process

The TEG fabrication process involves the joining of metal with semiconductors. After

metallization legs are cut into the required shape. For wire cutting, EDM, Chemical
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Figure 1.11: TEG electrical resistance

etching methods are used. Then they are joined by soldering, brazing, etc. Finally,

electrical leads are attached and a quality check is carried out. The block diagram of steps

for fabrication of TEG are given in Fig.1.12. Most commercially available thermoelectric

modules are made of Bi2Te3 material. They can work reliably till 200 C. These use Ni

as a metallization layer [32]. Soldering is carried with SAC 305 and Zinc Aluminium

solder [33] [34]. In 2016 Alphabet Energy made a tetrahydrate and magnesium silicate-

based TEG with 6W power at 300K temperature di�erence [35]. TEG Canada sells

PbTe/TAGS-based TEG devices. HiZ [36], and Marlow [37] are other companies that

supply TEG. These all are highly expensive.

Figure 1.12: TEG fabrication process
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1.9 Thermodynamics of Thermoelectricity

Seebeck coe�cient, Peltier coe�cient, and Thomson e�ect have been discussed in the

previous section.

Figure 1.13: Junction of hot and cold side

Both Peltier and Thomson e�ects are reversible.

Due to the Peltier e�ect, the amount of energy absorbed is Π + dπ, and the amount of

energy liberated is π, where Π + dπ and π are Peltier coe�cients at points P and Q,

respectively. The Thomson coe�cients at points A and B are denoted as KA and KB,

respectively.

Due to the Thomson e�ect, the amount of heat absorbed is (KA−KB) ·dT . Applying

the second law of thermodynamics, we have:

Π+ dπ

T + dT
− π

T
+

(KA −KB) · dT
T

= 0 (1.5)

Simplifying Equation 1.5, we get:

dπ + (KA −KB) · dT =
π · dT
T

(1.6)

The algebraic sum of the Peltier EMF and the Thomson EMF is equal to the Seebeck

EMF:

dE = dπ + (KA −KB) · dT (1.7)
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By comparing Equation 1.6 and the Seebeck coe�cient equation, we can conclude

that the Peltier coe�cient is π = T · dE
dT
.

1.10 Exhaust system of Automotive Vehicle

Di�erent components of the exhaust system are shown in Fig. 1.14. The function

of the exhaust system is it is used to silence the noise caused by high-pressure exhaust

gases leaving the engine and transporting hot and toxic gases away from the driver's

compartment. It acts as an integral part of combustion and emission control. It converts

harmful & toxic gases to non-harmful gases to meet emission norms and reduce pollution.

It will stop leakage upstream of the catalytic converter. The main components of the

Exhaust system are the Exhaust manifold, catalytic convertor Mu�ers, and tailpipe.

Figure 1.14: Components of exhaust system [6]

1.11 Possible location of TEG on an Automotive Ve-

hicle

For an automotive vehicle, TEG can be placed at di�erent locations as shown in

Fig.1.15. The temperatures at di�erent locations are given in the Table. 1.1. Location 1 is

at the outlet of the engine exhaust at the exhaust manifold the temperature is high. High-

temperature TE materials like Lanthanum telluride can be used. Location 2 is after the

exhaust manifold and before the catalytic converter, the temperature is high and nano-

structured skutterudite and silicon germanium can be used as TE material. Location 3 is
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Table 1.1: Temperature in di�erent locations of an automotive exhaust system

Location Gasoline Diesel
1 750-1100 C 600-850 C
2 400-750 C 350-600 C
3 200-400 C 150-350 C
4 300-500 C 100-400 C

after the catalytic converter medium temperature TE materials like skutterudites, Half

Heusler can be used. Location 4 with Exhaust gas re-circulation TEG can be used.

Figure 1.15: Possible location of TEG on an Automotive vehicle

1.12 Potential for Exhaust gas energy recovery

In an automotive vehicle from Fig. 1.16 it can be observed that about 40% of energy

is lost in exhaust gases. Due to thermodynamic limitations, we cannot convert all energy

in the exhaust to useful electrical energy. If we can trap a small segment of the waste

heat of exhaust gases it will increase the e�ciency of an automotive vehicle. Exhaust

gas temperatures vary with time. For the New European drive cycle(NEDC) exhaust gas

temperature and mass �ow rate are reported as shown in Fig. 1.17 [8].

In conventional IC engines alternator is used to charge the battery. The conversion

e�ciency of the alternator is 60% [9]. The conversion e�ciency of an IC engine is 25%

hence the e�ciency of conversion of chemical energy of the fuel to electrical energy is

16% [38]. The thermoelectric generator will reduce the load on the alternator.

The temperature of the exhaust system varies from the exhaust manifold to the tail

pipe. The temperature pro�le of the exhaust system for full load and part load is shown

in Fig. 1.18 and Fig. 1.19. The temperatures of the SI engine exhaust system are higher

compared to CI engine

14



Figure 1.16: IC Engine energy balance [7]

Figure 1.17: Exhaust temperature and mass ow rate downstream of the three-way catalyst
for a 3L-BMW-gasoline engine [8]
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Figure 1.18: BMW 3-series exhaust temperature pro�les of a Compression Ignition (CI)
engine [9]

Figure 1.19: BMW 3-series exhaust temperature pro�les of a Spark Ignition (SI) engine
[9]
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1.13 Integration of TEG on Automotive Vehicle

In automotive vehicles battery supplies power to electrical components. In the con-

ventional vehicle, the battery is charged by an alternator. A thermoelectric generator

will produce dc power from a temperature gradient. Using a DC-DC converter the power

from TEG is converted to the required level. DC power is used to charge the battery as

shown in Fig.1.20.

Figure 1.20: Integration of TEG on Automotive vehicle

1.14 Problem Statement

The objective of this research is to investigate and analyze various aspects of Ther-

moelectric Generators (TEGs) and Automotive Exhaust Gas Thermoelectric Generators

(AETEGs). Speci�cally, the research aims to characterize the transport properties of

TEGs and evaluate their performance. Theoretical and numerical analysis will be con-

ducted to gain insights into the behavior of both TEGs and AETEGs. Furthermore, the

research will focus on the design optimization and modeling of TEGs and AETEGs. The

performance of the automotive exhaust gas thermoelectric generator will be evaluated

and validated through experimentation. The ultimate goal is to enhance the understand-

ing of TEGs, optimize their design, and assess their e�ectiveness in utilizing automotive

exhaust gases.
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1.15 Objectives of present work

1. Characterization of transport properties, Theoretical and numerical analysis of

TEG and AETEG

2. Design optimization and modeling of TEG and AETEG.

3. Performance evaluation of automotive exhaust gas thermoelectric generator and

validation.

1.16 Outline of Thesis

The organization of the thesis and a brief description of each chapter is given below.

Chapter 1: Introduction

This chapter gives introduction to thermoelectric generator. It introduces basic princi-

ples of the thermoelectric material, device and its application to AETEG. Statement of

problem is made and objectives are de�ned.

Chapter 2: Literature Review

This chapter gives a literature review of Thermoelectric Generators and Automotive

Exhaust Thermoelectric Generators. Based on the literature review research gaps are

identi�ed.

Chapter 3: Research Methodology

This chapter explains the theoretical modeling and numerical modeling of TEG and

AETEG. Performance analysis of TEG and AETEG and validation of theoretical and

numerical results with experimental results.

Chapter 4: Design Optimization and modeling of Thermoelectric Genera-

tor

This chapter focuses on the characterization of commercially available thermoelectric

generators (TEGs) using both experimental and theoretical methods to evaluate their

e�ective and equivalent material properties. Speci�cally, the Skutterudite thermometric

module is thoroughly studied and presented. The optimization of TEGs is performed for

both HiZ and uni-couple TEGs, considering various TEG shapes. Moreover, the study
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includes an investigation of segmented leg TEGs to enhance power output. Additionally,

the chapter reports on the analysis of TEGs with a heat exchanger mounted on a hot air

blower.

Chapter 5: Application of TEG to Automotive Exhaust Thermoelectric

Generator(AETEG)

In this chapter automotive exhaust gas thermoelectric generator mounted on exhaust

of IC engine is reported. A neural network model is trained using the experimental data

and analysis results are reported.

1.17 List of contributions

This research work contributes to the �eld of thermoelectric generators (TEG) and

automotive exhaust gas thermoelectric generators (AETEG) in the following ways:

1. Characterization of TEG: The research analyzes the transport properties of TEG

through experimental analysis. This characterization provides insights of transport

properties such as seebeck coe�cient,electrical conductivity and thermal conduc-

tivity

2. Design Optimization and Modeling of TEG: The research optimizes the geometry

using numerical modeling, resulting in enhanced e�ciency.

3. AETEG Performance Evaluation and Validation: Experimental performance evalu-

ation of AETEG and validation with results by theoretical and numerical methods.

These contributions advance the understanding of TEG systems, optimize TEG de-

vice design, and assess the viability of AETEG for automotive use. The research has

implications for the development of more e�cient and sustainable energy conversion

technologies, particularly in waste heat recovery and automotive energy systems.
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Chapter 2

Literature Review

2.1 Introduction

This chapter reports the literature review of work done on the thermoelectric genera-

tor. Since 2000 the work on thermoelectrics has gained momentum due to nanotechnol-

ogy. High zt materials are developed. Decent e�cient devices are developed now. this

chapter also reports the use of literature on automotive exhaust thermoelectric generators

and machine learning techniques for the analysis of thermoelectric generators.

2.2 Thermoelectric Generator

A thermoelectric generator is a solid-state device. It directly converts heat to elec-

tricity without any moving parts. It can be observed that about 60% of energy is lost

as waste. Figure 2.2 shows the development of thermoelectric material with time. From

1960 to 1990 there is no growth in the performance of TE materials. With Nanostructured

thermoelectric materials, the zt of materials has reached around 3. The performance of

thermoelectric material is based on the material property called �gure of merit zt = α2σ
κ
.

A good thermoelectric material should have a high Seebeck coe�cient and electrical con-

ductivity but low thermal conductivity. Most of the thermoelectric materials research is

based to reduce thermal conductivity.
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Figure 2.1: Seebeck coe�cient as a function of charge carriers

Figure 2.2: Material development [10]
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2.3 Important Thermoelectric Material development

in last 15 years

With the �rst-generation thermoelectric materials, the TEG e�ciency was about 3%

to 6%. Because of nanotechnology, high-e�ciency materials have developed. The ef-

�ciency of devices with these high-performance materials is 12 to 15%. Based on the

application thermoelectric generator can be classi�ed as stationary application genera-

tors and mobile application generators. In Stationary applications, the source temper-

ature is �xed and bismuth telluride or lead telluride is used as TE material. In mobile

applications such as automotive vehicles, source temperature is not �xed. Because the

temperature of the exhaust of an automotive vehicle is 600K to 1000k mid-temperature

thermoelectric devices are suitable. Skutturudites-based materials and Half Hausler ma-

terials are promising candidates as they have mechanical strength for the fabrication of

devices. But commercially available TEGs are made of Bi2Te3 material.

2.3.1 Telluride Based Modules

These materials were developed TEG in 1960-70 and have a conversion e�ciency

of 5% at a source temperature of 5100C and sink temperature of 930C [39] [40]. The

e�ciency of nanostructured PbTe-based material is low because of high electrical contact

resistance [29] [41]. Jood at al. [41] developed a P-type PbTe-MgTe material with

zt=1.9 and PbTe as N-Type material with a conversion e�ciency of 8.5% at TH = 6000C

& Tc = 100C. With the addition of a di�usion barrier layer using high-pressure sintering.

PbTe has good thermal stability on cyclic loads below 793 K. Hazan et al [42] prepared a

nanostructured Pb0.953Na0.04Ge0.007 P-Type and PbSn0.05Te0.92(PbS)0.08 as N-Type leg.

Produced peak power of 2 watts with an e�ciency of 12% for TH = 6000C & Tc = 100C.

Tellurium is a rare earth metal. Its production cost is very high hence researchers [43] [44]

have used PbSe or PbS in place of PbTe. The higher melting point of Se & S will increase

the operating temperature of Pb(s, Se) material and also the Vickers number. Jiang et

al [45] fabricated a segmented leg with Pb0.99−ySb0.012SnySe1−2xTexSx and Bi2Te3 as N-

Type material. Sodium doped with Bi2xSbxTe3 as P-Type material. TEG was prepared

with 8 uni-couple legs producing power of 3.1 w and maximum e�ciency of 12.3% at

a temperature di�erence of 500 K and the current reported is 3.5 A. Z Liu et al. [46]

reported that Mg-Sb based material that has high e�ciency at low temperatures. For the
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fabrication of a device mechanical strength is important. PbTe has a Vickers hardness

of 0.3 Gpa but doping with Na its Vickers hardness was 0.8 Gpa. PbTe sublimation was

observed by Sadia et al. [47] on the hot side at 0.5 to 1.1 mm length.

2.3.2 Skutterudite-based TEG modules

Skutterudites have good mechanical properties and can work e�ciently at medium

temperatures [48]. Zhou et al.[49] reported for Yb-�lled CoSb3 the Vickers hardness of

4 Gpa and bending strength of 180 Mpa. Zhong et al.[50] fabricated 4X4 leg TEG using

Y byCo4Sb12 with zt=1.5 as n-type material and CeyFe3CoSb12 as p-Type material has

max η = 8.4%. Nie et al [11] developed an 8X8 TEG device made of CoSb3 as shown

in Fig.2.3. The maximum e�ciency reported was 9.1% and the peak power developed

was 42 Kw with a temperature di�erence of 600 k. A segmented leg made of Bi2Te3 and

CoSb3 maximum e�ciency was reported as 12% with a temperature di�erence of 540 K

[51]. Skomedal et al.[52] performed a durability test with thermal cyclic loading failure

has happened mainly on the side due to oxidation and di�usion process at the interface.

Chu et al.[53] reported that Nb can be used as an electrode for TEG devices. Daniel et

al.[54] reported that CoSb3 & Nb junction was stable for 100 days at 848 K. Maximum

e�ciency was 10.4% and peak power was 4.1 W.

Figure 2.3: An 8x8 leg device made from CoSb3 [11]

2.3.3 Half Heusler TEG modules

Half Heusler TEG is a compound of two transition or rare earth metals with P block

elements. It has high mechanical strength, It is a mid-temperature TEG material with
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good zt. C Fu et al. [55] fabricated a TEG device with P-Type FeNb0.88Hf0.12Sb of

zt=1.5 at 1200K and for N-Type ZrNiSn with zt=1 at 950K is used. Conversion e�ciency

was reported as 6.2% source temperature at 1000 K and temperature di�erence as 655

K.

2.4 Machine Learning Timeline

In 1943 Pitts et al. [56] were the �rst to build the mathematical modeling of the neural

networks to predict the human brain. In 1950 Alan Turing et al. [57] reported the Turing

test, It stated if a machine can convince a human being, then the machine is also a human,

and it has intelligence. In 1952 Arthur Samuel [58] wrote a program for IBM that plays

checkers and has the capability to improve each time it plays. In 1956 at The Dartmouth

summer research project on arti�cial intelligence, John Mccarthy invited many scientists

and developed the �rst concept of arti�cial intelligence [59]. Frank Rosenblatt developed

the concept of perception, which was built to receive images as input and create output

as labels and categorization [60]. In 1963 D Miche developed a MENACE program to

learn and play a tic-tac-toe game [61]. In 1967 nearest neighbor algorithm was developed;

pattern recognization is used to �nd the route for traveling salesman. In 1970 Seppo [62]

developed a general method for automated di�erentiation This is the modern version

of the backpropagation algorithm. In 1979 Kunihiko Fukushima [63] reported work on

neurocognition, it is a multilayered neural network used for pattern recognition and is the

backbone of a convolution neural network. In 1981 Gerald Dejong developed explanation-

based learning(EBL). With this computer learns to analyze data and create rules and

delete junk data. In 1996 IBM's deep blue computer, a chess-playing computer defeated

Garry Kasparov. In 2006 Geo�rey Hinton 2006 used the term deep learning for algorithms

that assist computers to recognize di�erent types of objects and text.

2.5 Automotive Exhaust Thermoelectric Generator

In 1964 Tomarichio et al. [12] did experiments with air cooling as shown in Fig. 2.4 at

Clarkson College of Technology. PbTe was the thermoelectric material. They reported

a peak power of 514 w and a voltage of 14.7 V. At a vehicle speed of 80 km/hr. In

1994 Bass et al. [64] Experimental analysis of diesel engine with the 72TEG. Mounted

on an Octane-shaped heat exchanger. Assembled with �ns to increase heat transfer. It
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produces a maximum power of 1068 W.

Figure 2.4: Construction of AETEG [12]

In 1998 Ikoma et al. [65] mounted 72 TEG on downstream of the catalytic converter.

A 3000 cc gasoline engine is used. It is tested in hill climb mode with an exhaust gas

bypass. The e�ciency reported is 0.1%.

In 2002 Matsubara et al. [66] reported the use of segmented legs on 2000 cc gasoline

engines. It used 10 TEG, out of which six segmented leg upstream and 4 Hi-Z TEG down-

stream. E�ciency is about 5-10%. Karri [67] in 2005 modeled an automotive exhaust

thermoelectric generator. Reported the variation of pressure and power developed by

TEG. In 2007 Thacher et al.[68] conducted experiments with wind tunnels on light-duty

trucks with the gasoline engine. A rectangular heat exchanger with �ns was used. 16

TEG were used, and the Heat exchanger is downstream of the catalytic converter. Engine

coolant was used, and fuel economy was reported as 1% to 2%. In 2010 Wojciechowski

et al. [69] reported experiments on gasoline & diesel engines. Concluded that as gasoline

exhaust gas temperature is higher, AETEG is suitable for a gasoline engine.

Meisner et al.[70] conducted experiments using Skutteruditte TEG upstream and

Bismuth telluride TEG on downstream. E�orts were made to maintain the uniform

temperature of the heat exchanger using extended surfaces.

Mori et al.[71] reported experimental and simulation data on hybrid electric vehicles

& gasoline engines. They used material having temperature TE material upstream and

low-temperature TE material downstream.

Crane et al [72] fabricated an AETEG in a cylindrical shape and reduced the weight

of AETEG. Steady and transient analysis of BMW X6 is reported. The fuel economy

increased by 1.2%. For steady-state conditions, 605 W power is developed. For transient

conditions, the power is reduced to 450 W.

25



Liu et al. [73] conducted experiments on diesel engines with 240 thermoelectric mod-

ules. TEG �xed upstream of the mu�er. Four sections made each have 60TEG in series.

These four sections are connected in series. Conducted test bench and road tests for

steady and dynamic conditions.

Yu et al.[74] reported Finite volume method analysis. TEG in downstream of cat-

alytic converter with air as cooling �uid. The maximum power was 220 W. Kim et al.[75]

reported work on diesel engines. 40TEG were placed. To stabilize exhaust �ow, perfo-

rated sheets were used. Analyzed pressure drop across AETEG maximum power of 119

watts reported.

Merkisz et al [76] placed 24 TEG after a two-way catalytic converter on a gasoline

engine. Experiments were conducted on road conditions maximum power of 189 watts is

reported. Brito et al. [77] reported a theoretical analysis of AETEG on gasoline engines.

Water is on the cooling side. A variable resistance heat pipe was used, and the maximum

power reported was 550 watts.

Temizer et al. [78] reported experimental and simulation analysis of a diesel engine-

mounted octagonal heat exchanger between the exhaust manifold and mu�er. It reported

parallel connected TEG has good e�ciency. Vale et al.[79] reported theoretical and exper-

imental analysis of light and heavy-duty automotive vehicles. AETEG was downstream

of DPF. The one-dimensional steady-state analysis is reported with a maximum power

of 188 watts.

Ziolkowski et al. [80] conducted experiments on diesel engines with 24TEG down-

stream to the catalytic converter. Reported temperature distribution. The maximum ef-

�ciency is about 0.27%. Stobart et al. [81] designed two types of AETEG and simulated

them. Thermoelectric properties are assumed as constant. The results are compared

with experimental results with a di�erence of 10%.

Liu et al.[82] conducted a study of the thermoelectric generators in di�erent locations

of the exhaust system. They reported TEG located upstream of the catalytic converter

and mu�er has a higher surface temperature and lower back pressure. Massaguer et al.

[83] conducted an experimental and numerical analysis of an AETEG. They considered

power generation,back-pressure, weight, and coolant power for analysis. They reported

that maximum fuel economy and maximum power don't occur at the same point. They

reported maximum fuel economy values of 0.18%. Orr et al. [84] conducted experiments

of TEG assisted with heat pipe. They reported TEG with heat pipe can work e�ciently

together. Fernandez et al. [85] compared the energy recovery potential from spark igni-
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tion engines and compression ignition engines. They applied the same to diesel engines

and gasoline engines. They compared electric turbogenerators with TEG and reported

that electric turbogenerators have more capacity to harvest than thermoelectric gener-

ators.Orr et al. [86] conducted experiments of TEG with heat pipes. Eighth 8TEGs,

the power developed was 38 w and the reduction in fuel cost was 1.57%. Nicholas et

al. [87] simulated heat exchangers and compared stainless steel heat exchangers with

silicon carbide heat exchangers. The reported silicon carbide heat exchanger has higher

e�ciency because of its high thermal conductivity. Poshekhonov et al. [88] developed a

numerical model for a thermoelectric generator considering hydraulic resistance. They

reported power up to 500 W for a thermoelectric generator based on germanium and lead

telluride. Chi Lu et al. [89] simulated and studied the e�ect of heat transfer enhancement

on power output. Heat transfer was enhanced using a rectangular o�set strip and metal

foam. Heat foam increases power but consumes pumping power. Hongliang Lu et al. [90]

studied heat exchangers for automotive exhaust thermoelectric generators. They stud-

ied di�erent con�gurations of heat exchangers such as 1-inlet 2-outlets, 2-inlet 2-outlets

and reported pressure drop enhancement compared to the empty cavities. X.Liu et al.

[91] conducted an experimental and numerical analysis of exhaust gas, heat recovery

heat �ow and �uid �ow coupled equations are solved to obtain temperature and pressure

distribution. The heat exchanger used in this study reduces resistance to exhaust heat

conduction and increases heat exchanger surface temperature. X.Liu et al. [92] per-

formed experiments on automotive exhaust thermoelectric generators and reported that

heat exchangers with chaos-shaped internal structures have higher e�ciency. Bo li et al.

[93] simulated and studied thermoelectric generators with heat pipe technologies. Heat

pipes increase heat transfer; hence power from TEG increases. Wei He et al. [94] studied

heat exchanger optimization with di�erent widths and heights for di�erent temperatures.

They reported for exhaust gas temperatures of 3000C to 6000C, the optimum height of

the heat exchanger is 0.004 m. A height of 0.004 m and a length of 0.5 m to 0.8 m

are recommended. Bai, Shengqiang et al. [95] designed six di�erent heat exchangers as

shown in Fig. 2.5 and performed CFD analysis. They reported serial plate structure

has a maximum heat transfer of 1737w. It produced a pressure drop of 9.7 kpa in the

suburban drive cycle. The inclined plate and empty cavity structure had a pressure drop

of 80 kpa.

Energy harvesting attracts many researchers as it has wider applications in MEMS

and the Internet of Things . More than 90% of primary energy is �rst converted to heat
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Figure 2.5: Six internal structures a) Empty cavity b) Inclined Plate c) Parallel plate
structure d) Separate plate with holes e) Series plate structure f) Pipe structure
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before converting to electricity. The energy available in fuel is highly ordered, but the

energy associated with heat is disordered. Overall, end energy is 12% of the source [96].

In automotive vehicles, about 40% of heat energy is lost in exhaust gases [67]. If we

utilize that heat collectively, it can potentially increase the e�ciency of the automotive

vehicle. One of the earliest documented research on TEG can trace back to 1964 when

an experimental rig with air cooling was constructed, and some tests were conducted by

Tomarchio [12] at Clarkson College of Technology. Lead telluride was selected as the

thermoelectric material. Results showed that a maximum power of 514 W with a voltage

of 14.7 V was obtained for a vehicle speed of 80 km/h, which could furnish su�cient

power to the electrical load of an automobile. The decent results promote the research

and development of AETEGs to a large extent. [64] reported an experimental analysis of

diesel engines with the 72TEG. They were mounted on an Octane-shaped heat exchanger

and assembled with �ns to increase heat transfer. It produces a maximum power of 1068

watts. [65] mounted 72 TEG downstream of the catalytic converter. A 3000cc gasoline

engine is used. It is tested in hill climb mode with an exhaust gas bypass. The e�ciency

reported is 0.1%. [82] studied temperature distribution and backpressure analysis of

AETEG. Di�erent heat exchanger designs were proposed.

[83] did an analysis of AETEG fuel economy considering weight, back pressure, and

coolant pumping work and reported a fuel economy of 0.18%. [97] analyzed energy re-

covery potential for diesel engines using 20 TEG. Peak e�ciency was reported as 3%.

Biodiesel is also used for the study; it shows there is an increase in NOx with bio-diesel.

Performance of oxide-based TEG is reported with energy and exergy analysis by [98].

[99] reported a heat pipe-assisted thermoelectric generator with 36TEG. It produced a

maximum open circuit voltage of 81.09V .[100] simulated AETEG and analyzed power

and stress by the multi-physics coupling method. [101] performed an experimental study

on AETEG for an onboard vehicle. Results show that using a dimple, the power out-

put increases by 173% compared to without a dimple. [89] modeled using metal foam

plates to increase heat transfer. It increased power output but caused a high-pressure

drop, reducing net power output. The internal topology of the heat exchanger is studied

by [102], which suggests that cylindrical grooves could enhance the heat transfer coef-

�cient and increase e�ciency with low back pressure. [103] built a numerical model in

FORTRAN and reported the optimal length and width of the heat exchanger. CFD

simulation of folded heat exchangers for uniform temperature distribution is written by

[104]. Transient behavior of automotive thermoelectric generators is reported for New
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European Driving Cycle(NEDC) by [105]. It shows the performance of AETEG in the

transient condition is low compared to the steady state.

Each leg is made of more than one material in a segmented leg. [66] reported using

segmented leg on 2000cc gasoline engine. It used 10 TEG, six segmented legs upstream,

and 4 Hi-Z TEG downstream of the catalytic converter. E�ciency is about 5-10%. In

2007 [68] conducted experiments with wind tunnels on a light-duty truck with a gasoline

engine. A rectangular heat exchanger with �ns was used. 16 TEG were used, and the Heat

exchanger is downstream of the catalytic converter. Engine coolant was used on the cold

side, and fuel economy was reported as 1% to 2%. [69] reported experiments on gasoline

& diesel engines. As gasoline exhaust gas temperature is higher, AETEG is suitable

for a gasoline engine. [70] conducted experiments using Skutteruditte TEG upstream

and Bismuth telluride TEG downstream of the catalytic converter. E�orts were made

to maintain the uniform temperature of the heat exchanger using extended surfaces.

[71] reported experimental and simulation data on hybrid electric vehicles & gasoline

engines. They used high-temperature TE material upstream and low-temperature TE

material downstream.

The performance of AETEG depends on the properties of TEG material [106], the

geometry of TEG [107] and heat exchanger design [108]. A thermoelectric material should

have high electrical conductivity, thermal resistivity, and Seebeck coe�cient. These three

terms are combined and de�ned in a term called the �gure of merit [18] zt. If zt is high,

it is considered a good thermoelectric material. The mathematical model for commercial

Bi2Te3 TEG 12706 is reported by [109] [22].

Figure of merit of thermoelectric material is high for only a short temperature range

[5]. Di�erent sections of the TEG leg with di�erent materials based on the performance at

that temperate performance can be increased. The temperature of the leg in an AETEG

varies from 2000C to 6000C from sink to source. A segmented leg is a better choice to

improve the e�ciency of AETEG. During combining two materials to form a segmented

leg, a term compatibility factor is de�ned [110]. The compatibility factor signi�es the

ability of the charge carrier to transfer from one segment to another. Two materials with

di�erent compatibility factors cannot be combined to form an e�cient TEG. Thermal

analysis of segmented thermoelectric generator is reported by [111] its shows that e�-

ciency increases by 11%. Segmented TEG is modeled in commercial software by [112]

and reported e�ciency of 17% to 20%.

Arti�cial neural networks are a part of machine learning. Machine learning is a set
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of techniques to make computers better at doing things that humans (traditionally) can

do better [113]. Machine learning involves making machines learn things as humans do.

A neural network includes input and hidden layers called neurons and output layers.

Weights are assigned from one layer to another. In each neuron, the summation of

weights is calculated with bias. The summation of weights with bias is calculated. The

activation function is speci�ed. If the activation function calculated is higher than the

speci�ed activation value, a neuron gets activated, and output is sent. Mean square error

is calculated. The error is propagated by the backpropagation algorithm [114]. [115]

used a deep neural network to predict the performance of the TEG device. Training

data was taken from the FEM simulation method. DNN results were validated with

experimental results. Optimization was done, and a 182% power increase was reported.

[116] reported an ANN model. It used 5000 data for training, compared with FEM

results. It reports ANN model requires less CPU time compared to the FEM model. Niu

et al. [117] conducted experiments on a thermoelectric generator with a parallel �ow

heat exchanger. Glycol and water as the working �uids. They reported the e�ect of the

mass �ow rate of hot �uid, and cold �uid on power and e�ciency.

Literature review suggests that both TEG and heat exchanger play a vital role in

optimizing power. Most of the study is a simulation or on the test bench. Few reports

are available on the arti�cial neural network models of AETEG. Several experimental

works have been reported on AETEG. A signi�cant number of them have used single-leg

AETEG. There is potential to use segmented legs to increase e�ciency. Therefore, in this

work, we compare experimental results with numerical and ANN results and apply seg-

mented leg considering compatibility factors. The current model uses constant material

properties called e�ective material properties for analysis of AETEG and temperature-

dependent properties for Uni-couple and segmented leg analysis. Equivalent material

properties are calculated by experiments for commercially available thermoelectric gen-

erators. For commercial TEG, the manufacturer doesn't provide material properties.

They provide a set of parameters such as maximum current voltage and power; using

these parameters, e�ective material properties are calculated [118].

2.5.1 Components of Automotive Exhaust Thermoelectric Gen-

erator

An Automotive Exhaust Thermoelectric Generator has three main components.

31



1. Hot side heat exchanger.

2. Cold side heat exchange.

3. Thermoelectric Generator.

4. Power extraction unit.

Hot side heat exchanger

This heat exchanger extracts heat from the hot side. A hot-side heat exchanger

needs to be designed such that the surface temperature of the heat exchanger reaches the

exhaust gas temperature. This is possible if the heat transfer coe�cient h(w/m2K) is

high. The heat transfer coe�cient is directly proportional to the temperature of exhaust

gases and velocity. Wang et al [119] reported that with an increase in heat transfer

coe�cient power og TEG increases. Lesage et al. [13] studied di�erent insertions as

shown in Fig 2.6 in heat exchangers to create turbulence and increase the heat transfer

coe�cient. Jaideep Pandit et al [120] studied the e�ect of pin �ns geometry on hot side

of the heat exchanger. It suggests diamond-shaped pin �ns have higher e�ciency and it

reports that as the duct size reduces heat transfer coe�cient increases. X.Liu et al. [92]

performed experiments on automotive exhaust thermoelectric generators and reported

that heat exchangers with chaos-shaped internal structures have higher e�ciency. Niu et

al.[121] reported a 3-dimensional simulation model on the exhaust-based thermoelectric

generator. It reports the use of ba�ers in the exhaust channels. Ba�ers increase the

heat transfer coe�cient but it decreases the wall temperature downstream of ba�ers.

The ba�er angle should be large to increase e�ciency. A single ba�er angle is not

suitable for all �ow rates.

Pressure drop in heat exchanger is an important parameter to study as heat exchanger

is placed in the exhaust system of an automotive vehicle. Liu et al.[82] conducted a

study of the thermoelectric generators in di�erent locations of the exhaust system. They

reported TEG located upstream of the catalytic converter and mu�er has a higher surface

temperature and lower back pressure. [89] modeled using metal foam plates to increase

heat transfer. It increased power output but caused a high-pressure drop, reducing net

power output. The internal topology of the heat exchanger is studied by [102], which

suggests that cylindrical grooves could enhance the heat transfer coe�cient and increase

e�ciency with low back pressure.
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Figure 2.6: Insertions [13]

Cold side heat exchanger

Cold-side heat exchangers should have a minimum thermal resistance. If cooling is

not done both sides of the thermoelectric generator reach the same temperature and

power output reduces. Hendricks et al. [122] reported that the thermal resistance on

the hot side should be 10 to 30 times more than the thermal resistance on the cold side.

Most of the research is on water, air, or engine coolant as cold �uid.

Thermoelectric Generator

A thermoelectric generator is a solid-state device. It directly converts heat to elec-

tricity without any moving parts. The performance of thermoelectric material is based

on the material property called zt = α2σ
κ

A good thermoelectric material should have a

high Seebeck coe�cient and electrical conductivity but low thermal conductivity. Most

of the thermoelectric materials research is based to reduce thermal conductivity. Ther-

mal conductivity has two parts one is the Lattice part of thermal conductivity other is

the electronics part, the lattice part of thermal conductivity can be decreased with some

techniques [22]. With nanotechnology, a high �gure of merit materials can be produced

by nano inclusion [23]. [24] reported Tin selenide p-type thermoelectric material of zt

2.6 and [25] Shang et al. reported n-Type material of zt 2.8 in bulk thermoelectrics.
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Power extraction unit

The power output from the thermoelectric generator needs an extraction unit. To get

maximum output power, load resistance should match the internal resistance. For this

purpose maximum power point tracking method(MPPT) is used. TEGs are connected in

series to get more voltage and are connected in parallel to get more current [123]. Based

on the requirement TEGs are connected.

2.6 Summary from literature review

From the review, some features are summarized, and the assessment is made:

Sl.No Key

Points

Description

1. Research

Scope

Automotive exhaust Thermoelectric generators (AETEGs) have been

simulated and studied for two-wheelers and heavy vehicles. Most

studies are conducted on test benches, with only a few reporting

actual road tests.[101] [124] [125] [126]

2. Factors

Ex-

plored

Studies have focused on the e�ect of di�erent thermoelectric materi-

als, heat exchanger design, working �uid on the cold side, strategies

to enhance heat transfer coe�cient, and conversion e�ciency.[127]

[128] [129] [130]

3. TEG

Materi-

als

Commercially available TEGs mainly use Bismuth telluride (Bi2Te3).

However, due to temperature limitations, modi�cations such as by-

passing exhaust gases or using high-temperature materials like Skut-

terudites, Half-Heusler, and SiGe have been reported. Some studies

also utilize segmented legs or use di�erent materials upstream and

downstream of the exhaust system [109] [131] [132] [133]

4. Placement

of TEG

on Ex-

haust

System

Most studies place TEGs downstream of the catalytic converter to

avoid interference with its performance. Some propose integrating

AETEG and the catalytic converter in the rear of the exhaust heat

exchanger to utilize the reaction heat and improve temperature dis-

tribution. [134] [135] [136] [137]

Continued on next page
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(Continued)

5. Design

of Ex-

haust

Heat

Ex-

changers

To enhance heat transfer and reduce back pressure, various exhaust

heat exchanger structures have been designed, including modi�ed

shapes like rectangular, octagonal, and hexagonal exhaust pipes.

Heat pipes and vortex generators have also been utilized as heat

transfer enhancement structures. [138] [139] [140] [141] [142]

6. Working

Fluid

While early studies used air as the cooling medium, later studies em-

ployed water or engine coolant for better heat transfer. However,

most studies fail to consider the power loss associated with transmit-

ting water or coolant. [143] [144] [145] [146]

7. Power

Output

and E�-

ciency

Many studies report power output and e�ciency without considering

parasitic losses. These losses include the power consumed by an elec-

tric pump and increased exhaust back pressure due to the TEG. Some

researchers have proposed the concept of net power, which subtracts

the power loss associated with parasitic losses from the produced

power, leading to negative power outputs in some cases. [147]

8. Vehicle

Types

A wide range of vehicles, including light-duty trucks, heavy-duty

trucks, passenger cars, and hybrid electric vehicles (HEVs), have been

studied for AETEG applications. [66] [100] [103]

9. Dynamic

Road

Tests

While most studies are based on bench tests, only a few have con-

ducted actual dynamic tests on the road. [148] [149] [150]

10. Fuel

Econ-

omy

Improve-

ment

The literature reports the power output, e�ciency, and fuel economy

improvement achieved by incorporating TEGs into vehicles. The ef-

fects of thermoelectric material, mounting position, weight, con�g-

uration, and connections on these performance parameters are dis-

cussed in various studies. [83] [71] [9]

Continued on next page
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11. Cost

Analysis

Comprehensive cost analysis on AETEGs, including the contributions

of components, manufacturing, operating, and maintenance costs,

has been lacking in most studies. Cost reduction strategies and fea-

sible directions to reduce overall costs are not adequately explored.

12. Space

Con-

straints

The space required for AETEGs and associated auxiliary devices

(heat exchangers, accumulators, pipelines) has not received enough

attention in the literature. Limited chassis space in vehicles like

passenger cars poses a challenge for the direct implementation of

AETEGs.

13. Transient

Opera-

tion

Most studies have focused on steady-state operation, while real driv-

ing conditions involve variations in exhaust temperature and mass

�ow rate. Transient operation poses challenges in terms of operating

points and the risk of high-temperature damage to AETEGs. Investi-

gations under transient states are essential for practical applications.

[105]

2.7 Research Gaps

Based on the literature review, the research gaps identi�ed are as follows:

Comprehensive Performance Evaluations: Although there have been experimental,

numerical, and mathematical modeling studies on automotive exhaust thermoelectric

generators (AETEGs), there is a need for comprehensive performance evaluations. This

includes analyzing the power output, e�ciency, and considering various factors such as

thermoelectric material properties, design of heat exchangers, working �uid selection,

and strategies to enhance heat transfer coe�cient and power output. In this work, we

aim to address this gap by conducting thorough performance evaluations of AETEGs.

Exploration of Alternative Materials: Most commercially available thermoelectric

generators (TEGs) are made of Bismuth telluride (BiTe), which has limitations when

mounted downstream of the exhaust system due to its medium-temperature characteris-

tics. To overcome this limitation, we explore alternative materials such as Skutterudites,

which have shown promise in improving AETEG performance. Additionally, the use

of segmented thermoelectric generators is investigated as a strategy to further enhance

AETEG e�ciency.
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Design and Fabrication of Heat Exchangers: The e�ciency of AETEGs is signi�cantly

in�uenced by the design and performance of heat exchangers. In this research, we focus

on designing and fabricating two heat exchangers to optimize AETEG performance. The

performance evaluation of the AETEG system with the newly designed heat exchangers

is an important aspect of this work.

By addressing these research gaps, we aim to contribute to the understanding and im-

provement of AETEGs by conducting comprehensive performance evaluations, exploring

alternative thermoelectric materials, and optimizing heat exchanger design and fabrica-

tion.
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Chapter 3

Research Methodology

3.1 Introduction

This chapter focuses on the theoretical and numerical analysis of a thermoelectric

generator (TEG), speci�cally the use of bismuth telluride (Bi2Te3) as the thermoelectric

material. The chapter begins with analysis of 12P-N pair TEG further by introducing

the commercially available TEG made of bismuth telluride and provides an inside view

of the thermoelectric module (TEC 12706). The same module is then simulated using

the Finite Element Method (FEM) and a mathematical model.

The theoretical model of a TEG is presented, describing the conversion of thermal

energy into electrical energy based on the temperature di�erence between the hot and cold

sides of the thermoelectric materials. Equations are provided to describe the heat �ow

at the hot and cold sides, electric power generated by the thermocouple, electric current

equation, and the thermal e�ciency of the TEG. The chapter also presents equations

for output power, thermal e�ciency, maximum conversion e�ciency, optimum current,

maximum power, and maximum power e�ciency in terms of load resistance.

Assumptions made for the analysis of the TEG include the independence of transport

properties on temperature, negligible heat loss due to convection and radiation, negligible

contact resistance, and neglecting the Thomson e�ect.

The chapter then moves on to the theoretical modeling and numerical modeling of an

automotive exhaust gas thermoelectric generator (AETEG). The governing equations for

the heat exchanger and the TEG are explained. The heat exchanger equations include

conservation of mass, momentum, and energy, while the TEG equations include the

general TEG equation and its source term components.

The chapter concludes with the performance investigation and validation of both
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the TEG and the AETEG. Power versus load resistance for di�erent scenarios and leg

lengths are analyzed, along with the variation of power with temperature di�erence. The

experimental results for the AETEG are compared with the theoretical and numerical

results, showing a good agreement with a small deviation attributed to heat losses and

assumptions made during the analysis.

Overall, this chapter provides a comprehensive analysis of both a TEG and an

AETEG, incorporating theoretical models, numerical simulations, and validations, to

evaluate their performance and e�ciency.

3.2 Theoretical and Numerical Analysis of Thermo-

electric Generator

Commercially available thermoelectric generators are made of bismuth telluride. This

section includes the Theoretical and Numerical Analysis of Thermoelectric Generator. A

thermoelectric module TEC 12706 is shown in �g. 3.1. Its ceramic cover is removed and

the inside view is as shown in Fig. 3.2. It consists of P and N-type semiconductors.

The same with same dimensions are simulated with the FEM method and mathematical

model.

3.2.1 Theoretical model

A thermoelectric generator (TEG) is a device that converts thermal energy into elec-

trical energy. It operates based on the temperature di�erence between two dissimilar

materials, known as the n-type and p-type junctions. The following equations describe

the operation and e�ciency of a TEG [23]:
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Q̇h = αThI −
1

2
I2R +K(Th − Tc) (3.1)

Q̇c = αTcI +
1

2
I2R +K(Th − Tc) (3.2)

Pout = Q̇h − Q̇c (3.3)

Pout =
αI(Th − Tc)− 1

2
I2R

2
(3.4)

I =
α(Th − Tc)

RL +R
(3.5)

ηth =
Pout
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=
I2RL
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2
I2R +K(Th − Tc)

(3.6)
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)2
[(
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)−1

− 1

]
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)
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ηth =
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)(
1 +

√
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)
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√
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Th

)√
1 + ZT c − 1 +
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(3.9)

Imp =
α∆T

2R
, Pmax =

α

2∆T

1

4R
, ηmp =

(
1− Tc

Th

)(
2− 1

2

(
1− Tc

Th

)
+ 4

Tc

Th

√
1 + ZT c

)
(3.10)

where:

Q̇h and Q̇c are the heat �ows at the hot and cold sides, respectively.

Pout is the electric power generated by the TEG.

Th and Tc are the temperatures at the hot and cold sides, respectively.

α is the Seebeck coe�cient.

I is the electric current.

R is the internal resistance.

K is the thermal conductivity.

RL is the load resistance.

Z is the �gure of merit.

T c is the average temperature between the hot and cold sides.

following assumptions are made for the analysis of TEG.
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Figure 3.1: Commercially available TEM

41



Figure 3.2: commercial TEG inside view

1. Transport properties don't depend on temperature.

2. Heat loss due to convection and radiation is negligible

3. Contact resistance is negligible

4. Thomson e�ect is negligible

The boundary conditions used for analysis of thermoelectric generator are.The source

temperature is assumed as Th = 300oC.The sink temperature is assumed as Tc = 30oC

Figure 3.3 shows di�erent types of heat distributions in an element of TEG.

The following equations for theoretical modeling are as follows.

Heat input to the element

Q̇in = αThI −
1

2
I2R + κ(Th − Tc) (3.11)
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Heat output from the element

˙Qout = αTcI −
1

2
I2R + κ(Th − Tc) (3.12)

Power produced by Thermoelectric generator is calculated as

Pout = Q̇in − ˙Qout = αI∆T − I2R (3.13)

E�ciency is calculated as

η =
power

Heatinput
(3.14)

performance evaluation is reported in the section 3.4.1.

Figure 3.3: Di�erent Heat Contributions in TEG

3.2.2 Numerical Analysis

Ansys Workbench is used for numerical simulation. Modeling of commercial TEG is

done in ANSYS design modeler. The model is shown in �g. 3.4. Meshing is done in

Ansys Mesh the details of the mesh are in Tabel. 3.1. Following points are considered

during meshing.

1. Element size: The element size should be small enough to capture the important

features of the TEG, such as the size of the thermoelectric legs and the heat source.

However, the element size should not be too small, as this can lead to a large number

of elements and a long computational time.

2. Mesh quality: The mesh quality should be high in order to ensure accurate results.

This means that the elements should be as close to regular as possible, with low
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skewness and orthogonality.

3. Mesh density: The mesh density should be higher in areas where the temperature

gradients are steep, such as the junctions between the thermoelectric legs. This

will help to capture the heat transfer accurately.

The minimum element size is 0.1mm , the hexahedral mesh are used.The skewness

is 0.7,The orthogonality is 0.9. Under relaxation factor is 0.75. Figure 3.6 shows the

temperature distribution. In the numerical analysis of a thermoelectric generator (TEG)

using ANSYS thermal electric, the Finite Element Analysis (FEA) method is employed.

The governing equations for the TEG are solved using the FEA method in ANSYS

thermal electric.

The main equation used in the analysis is the general TEG equation, which is based

on the conservation of energy. The equation takes into account the thermal conductivity,

temperature distribution, and the source term in the TEG [151]. It can be expressed

mathematically as:

div(kgrad(T )) + ṠT = 0 (3.15)

In this equation, k represents the thermal conductivity, T represents the temperature,

and ṠT represents the source term in the TEG. The source term ṠT includes contributions

from di�erent components of the TEG. It can be further divided into three components:

the source component of the P-Type leg (ṠTP ), the source component of the N-Type leg

(ṠTN), and the source component of the copper (ṠTC).

The source component of the P-Type leg is given by the equation:

ṠTP =
J2

σp

+ αpJTp (3.16)

Here, J represents the current density, σp represents the electrical conductivity of the

P-Type leg, αp represents the Seebeck coe�cient of the P-Type leg, and Tp represents

the temperature of the P-Type leg.

Similarly, the source component of the N-Type leg can be expressed as:

ṠTN =
J2

σn

+ αnJTn (3.17)

In this equation, σn represents the electrical conductivity of the N-Type leg, αn rep-

resents the Seebeck coe�cient of the N-Type leg, and Tn represents the temperature of
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the N-Type leg.

Finally, the source component of the copper can be represented by the equation:

ṠTC =
J2

σcop
(3.18)

Here, σcop represents the electrical conductivity of the copper.

These equations, along with appropriate boundary conditions and material proper-

ties, are solved using the �nite element method in ANSYS thermal electric. The FEA

method divides the TEG into small elements, allowing for the numerical solution of the

governing equations. By solving these equations, the temperature distribution and other

characteristics of the TEG can be analyzed and evaluated.

Figure 3.4: Model of Commercial TEG

Table 3.1: Mesh Details

Nodes 251524
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Figure 3.5: Meshed component of TEM

Figure 3.6: Temperature pro�le
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3.3 Theoretical and Numerical Modeling of AETEG

3.3.1 Theoretical Modeling of AETEG

Theoretical modeling for an automotive exhaust gas thermoelectric generator expla-

nations and equations:

1. Heat Flux Calculation: The �rst step in modeling an exhaust gas thermoelectric

generator is to calculate the heat �ux (Q̇inlet) from the exhaust gases to the TEG module.

The heat �ux can be determined using the following equation:

Q̇inlet = ṁexhaust · Cpexhaust · (Tinlet − Texhaust) (3.19)

where:

ṁexhaust is the mass �ow rate of the exhaust gases (in kg/s),

Cpexhaust is the speci�c heat capacity of the exhaust gases (in J/(kg·K)),

Tinlet is the temperature of the exhaust gas at the TEG inlet (in Kelvin), and

Texhaust is the temperature of the exhaust gases at TEG outlet (in Kelvin).

2. Temperature Distribution: To model the temperature distribution along the

TEG module, we consider the heat �ux and thermal resistances. Assuming uniform tem-

perature distribution within each TEG material pair, the temperature di�erence across

each pair (∆Tpair) can be calculated using the following equation:

∆Tpair =
Q̇inlet

N · Aleg · kleg
(3.20)

where:

N is the number of thermoelectric material pairs in the TEG module,

Aleg is the cross-sectional area of a single leg of the TEG (in m2),

kleg is the thermal conductivity of a single leg of the TEG (in W/(m·K)).

3. Electrical Output Power: The electrical power output (Pout) of the TEG

module can be determined by considering the temperature di�erence (∆Tpair) and the

internal electrical resistance (Rinternal) of the TEG. The equation for electrical output

power is given by:
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Pout = N ·
(

∆Tpair
Rinternal

)2

(3.21)

The equation can be derived from the Seebeck e�ect, which states that a voltage is

generated across a thermoelectric material when there is a temperature di�erence across

it. The magnitude of the voltage is proportional to the temperature di�erence and the

Seebeck coe�cient of the material.

The internal electrical resistance of the TEG module is due to the resistance of the

materials used in the module and the contact resistance between the materials. The

internal resistance limits the amount of electrical power that can be generated by the

TEG module. The internal resistance can be given as.

Rinternal =
Ltotal

Aleg

· 1

σleg
(3.22)

where:

Rinternal is the internal electrical resistance of the TEG module,

Ltotal is the total length of the TEG module,

Aleg is the cross-sectional area of a single thermoelectric leg,

σleg is the electrical conductivity of the thermoelectric leg material.

4. Overall E�ciency: The overall e�ciency (η) of the TEG system can be calcu-

lated as the ratio of electrical output power to the heat input:

η =
Pout

Q̇inlet

(3.23)

5. Figure of Merit: The �gure of merit (ZT ) is an important parameter in ther-

moelectric materials and represents their performance. It can be calculated using the

Seebeck coe�cient (S), electrical conductivity (σ), and thermal conductivity (k) of the

thermoelectric material:

ZT =
S2 · σ · T

k
(3.24)
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where:

S is the Seebeck coe�cient of the thermoelectric material (in V/K),

σ is the electrical conductivity of the thermoelectric material (in S/m),

T is the average temperature across the thermoelectric material (in Kelvin), and

k is the thermal conductivity of the thermoelectric material (in W/(m·K)).

These equations provide a comprehensive theoretical modeling approach for an au-

tomotive exhaust gas thermoelectric generator. These equations are used for theoretical

analysis of AETEG and the results are discussed in section 3.4.2.

3.3.2 Numerical Modeling of AETEG

Theory used in the numerical analysis of an automotive exhaust gas thermoelectric

generator (TEG) with a heat exchanger, using ANSYS. In ANSYS, this includes �uid

�ow analysis in heat exchanger and thermoelectric equations for thermoelectric generator.

The details are as follows.

Heat Exchanger Equations Heat Exchanger Equations:

The heat exchanger in the TEG system is modeled using the following equations:

a) Conservation of Mass: The conservation of mass equation describes the �uid

�ow in the heat exchanger and is given by:

div(V) = 0 (3.25)

where: - V is the �uid velocity.

b) Conservation of Momentum: The conservation of momentum equation ac-

counts for the forces acting on the �uid and is given by:

div(VV) +
1

ρ
∇P + div(µ∇V) = 0 (3.26)

where:

ρ is the �uid density,

P is the pressure,

µ is the dynamic viscosity.

49



c) Conservation of Energy: The conservation of energy equation represents the

heat transfer in the heat exchanger and is given by:

div(k∇T ) = 0 (3.27)

where:

k is the thermal conductivity,

T is the temperature.

These equations are solved using the Finite Volume Method (FVM) in ANSYS Flu-

ent, which discretizes the domain into small control volumes and numerically solves the

governing equations.

Thermoelectric Generator Equations

The TEG equations account for the heat transfer, electrical behavior, and performance

of the TEG. The equations include:

a) General TEG Equation: The general TEG equation represents the conservation

of energy in the TEG system and is given by:

div(k∇T ) + ṠT = 0 (3.28)

where:

k is the thermal conductivity,

T is the temperature,

ṠT is the source term in the TEG equation.

b) Source Term Components: The source term ṠT in the TEG equation consists of

several components that account for di�erent heat sources and e�ects. These components

include:

Peltier E�ect Component: The Peltier e�ect component represents the heat

generation or absorption at the junctions of the TEG due to the Peltier e�ect. It is given

by:

ṠP = −αJT (3.29)
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where:

α is the Seebeck coe�cient,

J is the current density, and

T is the temperature.

Joule Heating Component: The Joule heating component accounts for the heat

generated within the TEG due to the electrical resistance of the material. It is given by:

ṠJ =
J2

σ
(3.30)

where:

J is the current density,

σ is the electrical conductivity.

Heat Conduction Component: The heat conduction component represents the

transfer of heat within the TEG due to thermal conductivity. It is given by:

ṠC = div(k∇T ) (3.31)

where:

k is the thermal conductivity,

T is the temperature.

These equations, along with the appropriate boundary conditions and material prop-

erties, are solved using the Finite Element Method (FEM) in ANSYS Thermal Electric to

analyze the behavior and performance of the automotive exhaust gas TEG. The following

is a summary of the steps involved in the numerical modeling:

1. The conservation of mass, momentum, and energy equations are solved for the heat

exchanger using the FVM in ANSYS Fluent.

2. The temperature �eld is calculated from the heat exchanger equations.

3. The source term components are calculated from the temperature �eld.
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4. The TEG equations are solved for the heat generation and electrical behavior of

the TEG using the FEM in ANSYS Thermal Electric.

5. The process is repeated until the temperature �eld converges.

Figure 3.7 illustrates an AETEG model implemented in ANSYS. The simulation was

conducted, and the outcomes are analyzed in section 3.4.1.

Figure 3.7: AETEG model in ansys on test bench

Numerical Model Validation

Results of the numerical model are validated by results reported by [117].A heat

exchanger with 600mm length and cross-section of 40mmx8mm with four layers. Each

layer has 14TEG made of Bi2Te3 is simulated similarly to the one reported by Niu et

al. [117]. Present numerical model results are compared with Niu et al. [117] results

as shown in Fig. 3.8. Hot side �uid temperature is Th = 900C & Tc = 300C. A glycol

water mixture of 60:40 is used as working �uid for both hot and cold sides. The hot �uid

volume �ow rate is Qh = 0.4m3/hr. Cold �uid volume �ow rate is Qc = 0.3m3/hr. The

power output from the present and from the literature are comparable as shown in Fig.

3.8. This validated numerical model is used to simulate the experimental model and is

reported in sec 5.2.1.
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Figure 3.8: Numerical results compared with niu et al

3.4 Performance Investigation and Validation of TEG

and AETEG(TEG Mounted on Hot air Blower)

3.4.1 Performance investigation and validation of TEG

Analysis of 12P-N Pair TEG

Initially a 12 P-N pair TEG is analyzed initially theoretically and numerically with

the model peoposed in the section 3.2.The model of 12pair TEG is done in ANSYS and

the mesh of 12p-n pair TEG is shown in �gure 3.9. Constant material properties are

used in this simulation and are tabulated in the table 3.2. Only in this section e�ective

material properties are not used for simulation.
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(a) 12 pair TEG module (b) Mesh 12 pair TEG

Figure 3.9: TEG with 12 P-N Pair

Table 3.2: Properties of material used for simulation

Geometry Value Units
P type

· Thermal Cross section area 2 mm2 mm2

· Length Varies from 0.1 mm to 1.7 mm mm
· Seebeck coe�cient 160 µV/C
· Electrical resistivity 1.27e-5 ohm m

N type
· Thermal Cross section area 2 mm*2 mm mm2

· Length Varies from 0.1 mm to 1.7 mm mm
· Seebeck coe�cient -160 µV/C
· Electrical resistivity 1.27e-5 ohm m

Load Resistance
· Cross section area 0.1 mm*2 mm mm2

· Electrical resistivity Varies accordingly -
· Electrical length 19 mm mm

Figure 3.10: Load resistance VS Power for constant leg length 1.5mm
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Figure 3.11: load versus power for 1mm

Figure 3.12: Power versus load resistance 12pair TEG

Figure 3.13: power versus length of leg 12 pair
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Grid Independence Test

In a simulation using ANSYS to optimize a number of elements a grid independence

test is necessary. In the present work, the grid independence test is done on single P-

N pair thermoelectric generator. The hot side temperature is 7000C and the cold side

temperature is 3000C. From Fig.3.14 it is observed that as the number of elements

increases more than 500 the results will not change. But with the increase in element

numbers computing time increases. Hence the optimum element number is 500.

Figure 3.14: Grid independence test

Table 3.3: Details of Grid

Particulars Type-I Type-II Type-III
Elements 500 3296 2500
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Analysis of 127 PN Pair Bismuth Telluride TEG

Based on the theoretical and numerical models for a thermoelectric generator, the

source temperature is assumed to be Th = 300◦C, while the sink temperature is assumed

to be Tc = 30◦C. This simulation use the properties tabulated in section 3.2. The

relationship between power and load resistance for various load resistances is depicted in

Figure 3.15. Both the mathematical modeling results and numerical simulation results

exhibit a high level of agreement.

As the load resistance increases, the power initially increases until it reaches its max-

imum when the load resistance equals the internal resistance. At this peak power point,

the power measures 20watts, attributed to electrical resonance. Subsequently, as the

load resistance continues to increase, the power progressively decreases.

Figure 3.15: Power versus load resistance Bi2te3

Figure 3.16 illustrates the relationship between power and load resistance for di�erent

leg lengths. It is evident from the �gure that as the leg length decreases, the power gener-

ated by the thermoelectric generator increases. Moreover, Figure 3.17 demonstrates the

variation of power with temperature di�erence. As the temperature di�erence increases,

the power produced by the TEG also increases.

57



Figure 3.16: Power versus load resistance for di�erent leg length

Figure 3.17: Power vs temperature di�erence
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3.4.2 Performance Investigation and validation of AETEG(TEG

Mounted on Hot air Blower)

Based on the analysis of the thermoelectric generator on the test bench with a hot air

blower, Figure 3.18 demonstrates that at a load resistance of 81 Ω, the power generated

is 67 watts, with an average hot-side temperature of 300◦C and an average cold-side

temperature of 30◦C. The mass �ow rate of hot gases is mhi = 0.5 g/s, and the cold-side

mass �ow rate is Qc = 0.1 ltr/s. The theoretical and numerical simulation results are

compared, and they exhibit close similarity. A detailed experimental study of this is

reported in section 4.8.

Figure 3.18: Power verses load resistance validation
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3.5 Results

For analysis of 12P-N pair TEG. The hot side temperature is assumed as 427C and

the cold side temperature is assumed as 27C. From �gure 3.10 it is observed that. The

peak power produced by 12pair TEG is 21 watts calculated by a mathematical model

for 1.5mm leg length. For 1mm leg length TEG from �g. 3.11 the peak power produced

from the mathematical model is 31 watts. Power versus load resistance for di�erent leg

lengths is shown in �g. 3.12. It is observed that as the length of the leg decreases power

increases. A graph of power versus the length of the leg is shown in �g. 3.13. It is

observed that as the length of the leg decreases power increases.

The performance investigation and validation of the Thermoelectric Generator (TEG)

revealed promising results. The power generated by the TEG was analyzed in relation

to load resistance, leg length, and temperature di�erence. Figure 3.15 displayed the

power-load resistance relationship, indicating an initial increase in power until reaching a

maximum at the peak power point. At this point, a power of 20 watts was achieved due to

electrical resonance. Further increasing the load resistance resulted in a gradual decline

in power. Additionally, it was observed from Figure 3.16 that reducing the leg length

increased the power output of the TEG. Furthermore, Figure 3.17 illustrated the positive

correlation between power production and temperature di�erence. As the temperature

di�erence increased, the power generated by the TEG also increased.

Moving on to the Advanced Exhaust Thermoelectric Generator (AETEG), its per-

formance was evaluated on a test bench with a hot air blower. Figure 3.18 showcased

the power-load resistance relationship, highlighting a power output of 67 watts at a load

resistance of 81 Ω. The AETEG operated with an average hot-side temperature of 300◦C

and an average cold-side temperature of 30◦C. The mass �ow rate of hot gases was 0.5

g/s, while the cold-side mass �ow rate was 0.1 ltr/s. Comparing theoretical and numeri-

cal simulation results, a strong resemblance was observed, validating the accuracy of the

AETEG model.

Overall, the results obtained from both TEG and AETEG investigations demonstrate

the potential and reliability of thermoelectric generators in converting temperature gra-

dients into electrical power.
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3.6 Conclusion

Theoretical and numerical modeling of TEG and AETEG can be used for performance

investigation and validation of the TEG and AETEG revealed promising results. The

power generated by the TEG was analyzed in relation to load resistance, leg length, and

temperature di�erence. For a hot side temperature Th = 3000C and cold side temperature

Th = 300C the peak power produced is 20 watts. The results showed an initial increase

in power until reaching a maximum at the peak power point, attributed to electrical

resonance. Further increasing the load resistance resulted in a gradual decline in power.

Reducing the leg length increased the power output of the TEG, while increasing the

temperature di�erence also led to higher power generation.

The Automotive Exhaust Thermoelectric Generator (AETEG) was evaluated on a

test bench with a hot air blower. The power-load resistance relationship demonstrated

a theoretical and numerical power output of 67 watts at a load resistance of 81 Ω. The

AETEG operated with an average hot-side temperature of 300◦C and an average cold-

side temperature of 30◦C. The comparison between theoretical and numerical simulation

results showed close similarity, validating the accuracy of the AETEG model.
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Chapter 4

Design Optimization and modeling of

Thermoelectric Generator

4.1 Introduction

This chapter focuses on the characterization and performance analysis of Thermo-

electric Generators (TEGs). TEGs are devices that convert heat energy into electrical

energy using the Seebeck e�ect. The chapter begins with the characterization of TEGs,

including the measurement of transport properties such as electrical conductivity, thermal

conductivity, and Seebeck coe�cient.

The section presents the experimental setup used to measure temperature-dependent

transport properties. A thermoelectric module is sandwiched between two copper blocks,

one heated and the other cooled using liquid nitrogen. The Seebeck coe�cient is calcu-

lated from the open circuit voltage, and the electrical resistivity is determined from the

voltage-current relationship. The thermal conductivity is evaluated by measuring heat

transfer from the hot side to the cold side.

The subsequent section discusses the experimental analysis of commercially available

TEG models, including Marlow, TEC12706, and TEC SP 27145. A detailed characteri-

zation is conducted using a well-designed experimental setup, which includes a heating

element, PID controller, liquid nitrogen cooling, and instrumentation for electrical and

temperature measurements. LabVIEW software is utilized for data acquisition and anal-

ysis.

The performance parameters of TEG modules are evaluated, including current, volt-

age, power, and e�ciency. Experimental results are compared with analytical and sim-
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ulation results, demonstrating the e�ectiveness of the characterization and performance

analysis.

Furthermore, the chapter explores the experimental analysis of a single-leg TEG made

of Indium-�lled CoSb3. The preparation procedure for the thermoelectric material is

described, followed by the testing setup and measurements of open circuit voltage. The

limitations and challenges associated with measuring low voltage outputs are addressed.

Mathematical modeling and simulation techniques are employed to analyze the per-

formance of multi-leg TEGs. The �nite element method (FEM) is utilized to simulate the

temperature pro�le and evaluate power output. The e�ects of leg geometry, cross-section

area, and leg length on TEG performance are studied and compared through simulations.

Further the chapter investigates the performance evaluation and optimization of single

P-N pair TEGs. The in�uence of various leg shapes, cross-section areas, and temperatures

on power output and thermal stresses is analyzed using numerical simulations. The

results provide insights into the design and optimization of TEGs for e�cient energy

conversion. The concept of segmented leg is studied to increase power output from a

thermoelectric generator. Section 4.8 reports Thermoelectric Generator with a Heat

exchanger mounted on a hot air blower. 24 TEGs are connected in series.

Overall, this chapter provides a comprehensive analysis of TEG characterization,

performance evaluation, and optimization techniques, o�ering valuable insights for the

development of e�cient thermoelectric energy conversion systems.

4.2 Characterization of TEG

In this section, the characterization of a Thermoelectric Generator (TEG) is outlined,

with a focus on assessing its transport properties, namely electrical conductivity, ther-

mal conductivity, and Seebeck coe�cient. To achieve this, a experimental technique is

employed to calculate equivalent material properties and reported in section 4.2.1. Ad-

ditionally, theoretical methods are utilized to determine the e�ective material properties

reported in section 4.2.2.

4.2.1 Equivalent Material Properties

These are temperature-dependent transport properties. These include the e�ect of

losses and contact resistance. These are calculated with experiments. The experimental

setup for characterization is shown in �g. 4.1. The commercially available thermoelectric
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module is sandwiched between two copper blocks; one side is heated with a heater, and

another is cooled using liquid nitrogen. Using thermocouples, four temperatures are

measured, two on the hot side and two on the cold side, as shown in Fig. 4.1.

Figure 4.1: Equivalent material property set up (IISC Banglore)

Equivalent Seebeck coe�cient

Seebeck coe�cient is calculated from open circuit voltage. A plot of open circuit

voltage versus hot and cold side temperature is shown in Fig.4.2. The formula to calculate

the equivalent Seebeck coe�cient is in Eqn. 4.1. This is taken for mean temperature

(Th + Tc)/2. Seebeck coe�cient versus temperature is plotted as shown in Fig.4.3. For

this material as temperature increases Seebeck coe�cient increases.

S =
Vopen

Th − Tc

(4.1)

Equivalent Electrical Resistivity

A graph of voltage versus current is plotted by measuring the closed circuit voltage.

Electrical resistance is calculated by Eqn. 4.2. For the �xed temperature di�erence

between the hot side and cold side temperature, a plot of current and voltage is plotted

as shown in Fig. 4.4. The slope of the curve is internal resistance. Figure. 4.5 shows the

equivalent electrical resistance for di�erent temperatures. As temperature increases the

electrical resistivity of the material increases.

1

σp

+
1

σn

=
RinAleg

Nhleg

(4.2)
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Figure 4.2: Open circuit voltage versus hot and cold side temperatures

Figure 4.3: Seebeck coe�cient for equivalent properties
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Figure 4.4: Internal Resistance

Figure 4.5: Electrical resistivity for equivalent properties

Q =
κcuA(T1 − T2)

L
(4.3)

Heat F lux q =
κcu(T1 − T2)

L
=

T2 − T3

Rin + 2Ralumina

(4.4)
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Figure 4.6: Equivalent thermal conductivity Evaluation setup

Rin =
l

κin

(4.5)

Figure 4.7: Equvilent thermal conductivity

Equivalent Thermal Conductivity Equivalent Thermal Conductivity of TEG is

calculated by measuring heat �ux across the TEG using equation 4.4. The setup for

evaluation is shown in Fig. 4.6. From Fig 4.7 it is observed that as the temperature

increases equivalent thermal conductivity increases.
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4.2.2 E�ective material properties

E�ective matrial properties are temperature independent properties. The manu-

facturer of TEG doesn't not provide the properties of TEG materials. They provide

a set of performance curve containing maximum parameters such as maximum cur-

rent,voltage,power and e�ciency as tabulated in tabel 4.1. Using these parameters

e�ective material properties are calculated theologically. Lofee [18] was a pioneer in

thermoelectrics. He proposed the constant material properties method. It used average

properties of di�erent temperatures. The following equations are used for analysis of

e�ective material properties.

Table 4.1: Data of TEGs provided by munufacturer

Speci�cation TEC 12706 Marlow TEC SP27145 Hi-Z 97

Hot Side Temp (ºC) 27 - 50 25 - 50 25 - 50 25 - 250
Qmax (Watts) 61.4 - 66.7 63 - 69 65.3 - 69.3 47 - 53
Delta Tmax (ºC) 70 - 79 60 60 - 65 200
Imax (Amps) 6.4 0.2 6.1 0.71 - 0.79
Vmax (Volts) 14.4 - 16.4 7 13.8 - 14.2 5.7 - 6.3
Cross Section Area (mm2) 1.25 1.5 1.25 1.25
Leg Length 1.25 1.25 1.25 1.75
Number of Thermocouples 127 241 127 97
Module Resistance (Ohms) 2 - 2.4 4.2 - 4.8 2.5 - 2.9 3.8 - 4.2

Current is calculated as

I = α
Th − Tc

RL +Ri

(4.6)

Where RL is load resistance and Ri is internal resistance

Voltage is calculated as

V = nα(
RL

Ri

)(
Th − Tc

RL

Ri
+ 1)

) (4.7)

Power can be calculated as

P =
nα2(Th − Tc)

2

Ri

RL

Ri

(1 + RL

Ri
)2

(4.8)

E�ciency can be calculated as

ηth =
1− (Tc

Th
)Rl

Ri

(1− RL

Ri
)− 1

2
(1− Tc

Th
)
(1+

RL
Ri

)2
Th
Tc

ZTc

(4.9)
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ZTc is called the dimensional �gure of merit

The e�ciency of the thermoelectric module is maximum for

RL

Ri

=
√
1 + zTm (4.10)

Tm is the mean temperature. Maximum power is produced when RL = Ri. The maximum

current is produced when loading resistance RL = 0. Therefore

Imax =
α(Th − Tc)

Ri

(4.11)

Maximum voltage can be obtained as.

Vmax = nα(Th − Tc) (4.12)

Maximum power can be obtained as

Pmax =
nα2(Th − Tc)

2

4Ri

(4.13)

From maximum properties, e�ective material properties are calculated with the fol-

lowing equations. α∗ is e�ective seebeck coe�cient, ρ∗ is e�ective electrical resistivity, k∗

is e�ective thermal conductivity.

α∗ =
2(Qc)max

nImax(Th −∆Tmax)
(4.14)

ρ∗ =
α∗(Th −∆Tmax)

A
l

Imax

(4.15)

Z∗ =
2∆Tmax

(Th −∆Tmax)2
(4.16)

k∗ =
(α∗)2

ρ∗Z∗ (4.17)

Calculated E�ective material properties calculated are tabulated in Table 4.2.
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Table 4.2: E�ective Properties TEG material

Material Thermal

conductivity

(w/mk)

Seebeck

Coe�cient

(mV/k)

Electrical

Resistivity

(Ohm.cm)

Youngs

modulus

(Gpa)

Poision

Ratio

CTE

(/K)

Speci�c

heat

(j/kgk)

Hz-2 TEG

N-

Type

1.62 -0.167 0.00153 45 0.22 1.6∗

10−5

154

P-

Type

1.62 0.167 0.00153 0.22 1.6 ∗ 10−5 154

Copper 385 1.68 ∗ 10−8 120 385

Resistor Varies

TEC12706

N-

Type

1.83 -0.120 0.00130

P-

Type

1.83 0.120 0.00130

TEC SP27145

N-

Type

2.1 -0.103 0.00121

P-

Type

2.1 0.103 0.00121

Marlow

N-

Type

1.84 -0.213 0.00168

P-

Type

1.84 0.213 0.00168

4.2.3 Results

E�ective material properties are calculated by theoretical calculations using the data

provided by the manufacturer as discussed in section 4.2.2. As e�ective material prop-

erties are temperature independent and can hence it will be easy to do theoretical and
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numerical modeling of TEG and it give similar results for performance evaluation com-

pared to experimental results as reported in section 4.3. The maximum deviation of

power for theoretical and numerical model compared to experimental value is 13% and

12% respectively as shown inthe Fig 4.11. Hence for present work theoretical and nu-

merical modeling are done using e�ective material properties.
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4.3 Experimental Analysis of Commercially available

thermoelectric generator

The performance evaluation of di�erent commercially available Thermoelectric Gen-

erators (TEG) models, speci�cally Marlow, TEC12706, and TEC SP 27145, involved

conducting a detailed characterization using a well-designed experimental setup. The

setup, as depicted in the schematic diagram shown in Figure 4.8, allowed for precise

measurements and analysis of the TEG devices.

To initiate the experiments, a heating element with a power output of 500 watts was

employed to heat one side of the TEG. This heating element provided the necessary

thermal energy to generate a temperature gradient across the device. The temperature

of the hot side was accurately regulated and controlled using a select 544 PID controller.

The PID controller ensured that the desired temperature was maintained consistently

throughout the experiments.

On the opposite side of the TEG, cooling was achieved by liquid nitrogen. Liquid

nitrogen is a commonly used cryogenic cooling medium due to its low temperature and

e�cient heat transfer properties. By subjecting the cold side of the TEG to liquid

nitrogen cooling, a substantial temperature di�erence was established across the device,

contributing to the thermoelectric e�ect and the generation of electricity.

To measure the electrical parameters, such as voltage and current, a Keithley 3700A

System Switch Multimeter is utilized. The Keithley 3706-S 32-Channel Switch Module

is a modular switching unit designed to be used as part of the Keithley 3700A series

mainframe system. The mainframe serves as the central control unit for the entire mea-

surement system, and the 3706-S module is one of the many available plug-in modules

that can be integrated into the mainframe. The measurement capacities are in table 4.3.

Based on the requirements resolutions can be changed. It provided the necessary means

to monitor the electrical behavior of the TEG devices under varying conditions.

Measurement Range Accuracy Resolution

Voltage (DC) 100 nV to 300 V ±0.002% of reading ±2 counts 1 nV
Voltage (AC) 1 µV to 300 V ±0.02% of reading ±2 counts 1 µV
Current (DC) 1 nA to 3 A ±0.002% of reading ±2 counts 1 nA
Current (AC) 10 µA to 3 A ±0.02% of reading ±2 counts 10 µA
K-type temperature -200°C to 1372°C ±0.5°C 0.1°C

Table 4.3: Keithley 3700A System Switch Multimeter
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The voltage measured ranged from 0.001volts to 2 volts. Uncertainty is measured

with this formula :

Relative uncertainty

To calculate the uncertainty for a DC voltage measurement of 2 volts, we use the

accuracy and resolution speci�cations provided in the table4.3:

Using the formula for relative uncertainty:

Relative Uncertainty(%) =

(
Absolute Error
Measured Value

)
× 100%

we can proceed with the calculations:

1. Calculate the Absolute Error:

Absolute Error = Accuracy×Measured Value+ Resolution

Absolute Error =

(
0.002

100
× 2

)
+ 0.000001

Absolute Error = 0.00004 + 0.000001

Absolute Error = 0.000041 volts

2. Calculate the Relative Uncertainty:

Relative Uncertainty(%) =

(
0.000041 volts

2 volts

)
× 100%

Relative Uncertainty(%) = 0.00205%

Therefore, the uncertainty for a DC voltage measurement of 2 volts is approximately

0.00205%. Similarly, the relative uncertainty for a DC voltage measurement of 0.0001

volts is approximately 0.001002%.

The uncertainties are tabulate in table

Voltage Relative uncertainty

0.0001 V 0.001002%
2V 0.00205%

Table 4.4: Uncertainty for DC Voltage Measurements

In addition to electrical measurements, K-type thermocouples were strategically placed
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at various points within the setup to measure temperature di�erentials accurately. K-type

thermocouples are speci�cally designed to measure temperature variations and provide

reliable readings in a wide temperature range. These thermocouples ensured precise

temperature measurements, allowing to evaluate the thermal performance of the TEG

devices.

To facilitate data acquisition, analysis, and control of the experimental setup, Lab-

VIEW software was employed. LabVIEW is a popular programming environment that

enables e�cient interfacing with instruments and sensors, providing a comprehensive

platform for data collection, analysis, and visualization. It streamlined the experimental

process and enabled to e�ectively manage and interpret the collected data.

Figure 4.9 provides a picture representation of the actual experimental setup used

for the characterization of the TEG devices. The setup, incorporating the heating ele-

ment, PID controller, liquid nitrogen cooling, Keithley multimeter, thermocouples, and

LabVIEW software, o�ered a controlled and controlled environment for evaluating the

performance of the di�erent TEG models. It allowed for precise measurements of elec-

trical and thermal properties, contributing to a comprehensive analysis of the TEG.

Figure 4.8: TEG Device testing setup(IISC Bangalore)
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Figure 4.9: Picture of expt setup(IISC Bangalore)

4.3.1 Performance Parameters of TEG module

In this section the performance of three commercially available thermoelectric gen-

erators are calculated. The current is calculated as in equation 4.18. Voltage, Power

& e�ciency are calculated as in Eqn. 4.19,4.20, 4.21 respectively. ZTc is called the

dimensional �gure of merit.

I = α
Th − Tc

RL +Ri

(4.18)

V = nα(
RL

Ri

)(
Th − Tc

RL

Ri
+ 1)

) (4.19)

P =
nα2(Th − Tc)

2

Ri

RL

Ri

(1 + RL

Ri
)2

(4.20)

ηth =
1− (Tc

Th
)Rl

Ri

(1− RL

Ri
)− 1

2
(1− Tc

Th
)
(1+

RL
Ri

)2
Th
Tc

ZTc

RL

Ri

=
√

1 + zTm (4.21)

4.3.2 Repeatability Analysis

This section reports the repeatability of experiments conducted to measure the voltage

across a circuit at di�erent load resistances. The experimental setup is shown in the �gure

4.8.

The table 4.5 has the data on voltage measurements in circuit load resistance exper-

iments for three trails. The Repeatability Analysis involves utilizing the standard devi-

ation method to assess the consistency and precision of the experimental results. The

standard deviation method is a statistical tool used to quantify the dispersion or spread
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of data points around the mean value, providing valuable insights into the repeatability

of the measurements.

Table 4.5: Voltages for di�erent trails

Load ResistanceΩ Th Tc Voltage Trail 1 Voltage Trail 2 Voltage Trail 3

0.5 70 30 0.255273 0.260378 0.252951
1 70 30 0.365084 0.372768 0.356959
1.5 70 30 0.483124 0.491579 0.489856
2 70 30 0.561158 0.568904 0.573659
2.5 70 30 0.631187 0.620345 0.619212
3 70 30 0.669339 0.684314 0.657174
3.5 70 30 0.726160 0.738791 0.740272
4 70 30 0.784764 0.769341 0.763189
4.5 70 30 0.814389 0.792229 0.826693
5 70 30 0.841620 0.852879 0.856945
5.5 70 30 0.870583 0.850405 0.893635
6 70 30 0.899589 0.884704 0.881536
6.5 70 30 0.921505 0.908634 0.928467
7 70 30 0.934401 0.948037 0.943973
7.5 70 30 0.959812 0.967047 0.948588
8 70 30 0.965233 0.981682 0.974977

To perform the Repeatability Analysis using the standard deviation method, �rst the

mean voltage and standard deviation are calculated for each load resistance, considering

three voltage trials for each resistance. The formulas for calculating the mean and sample

standard deviation are as follows:

1. Mean Voltage (x̄) for a load resistance:

x̄ =

∑n
i=1 xi

n

2. Sample Standard Deviation (s) for a load resistance:

s =

√∑n
i=1(xi − x̄)2

n− 1

Where: xi represents each individual voltage trial value for a speci�c load resistance.

x̄ is the mean voltage for that load resistance.

n is the number of voltage trials (3 in this case).

Figure 4.6 shows mean voltage and standard deviation calculated for each load resis-

tance. The standard deviation is low implying higher repeatability and precision in the

experiment's results. Figure 4.10 represents the standard deviation, for di�erent mean
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voltages at di�erent load resistance.

Figure 4.10: Error plot: Mean Voltage with Standar deviation
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Table 4.6: Repeatability Analysis of Voltage Measurements

Load Resistance (Ohms) Mean Voltage Standard Deviation

0.5 0.256201 0.003015
1 0.364937 0.007059
1.5 0.488853 0.003879
2 0.567907 0.006547
2.5 0.623248 0.005457
3 0.670942 0.012062
3.5 0.735741 0.006922
4 0.772098 0.011873
4.5 0.810437 0.016434
5 0.850815 0.006181
5.5 0.871208 0.016915
6 0.888609 0.008174
6.5 0.919202 0.005378
7 0.942137 0.006136
7.5 0.958816 0.007875
8 0.973964 0.007591

4.3.3 Results

The hot side temperature is maintained at 70C, and the cold side temperature is

maintained at 30C. Variation of power with load resistance for TEG 12706 is shown in

Fig. 4.11. Experimental results shows the peak power produced is 168 milliwatts at a load

resistance of 2.4Ω. Power increases as load resistance increases and reaches the maximum

when the load resistance is equal to internal resistance. This is due to electrical impedance

matching. Further power decreases. For the same boundary, condition simulation is

done in ANSYS using e�ective material properties. Analytical simulation is also done

and analytical and simulation results are compared with the experimental. The results

are comparable. The maximum deviation of power for theoretical and numerical model

compared to experimental value is 13% and 12% respectively as shown in the Fig 4.11.

The deviation is due to the use of e�ective material properties at peak power, further

deviation has decreased. Experimental performance analysis of commercially available

Marlow 241-1.4-1.2 TEG is done. Figure 4.12 shows open circuit voltage versus hot

side temperature for di�erent cold side temperatures. It shows that open circuit voltage

depends on the temperature di�erence between the hot and cold sides. Figure 4.13

shows Variation of voltage with current is linear, and power with current is parabolic.

Figure 4.14 shows the power variation with the load resistance; the curve is parabolic.

Figure 4.15 shows the variation of power with hot side temperature for two (SP27145 &
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TEG12706) commercially available TEGs; it is observed that power output is directly

proportional to hot side temperature. For constant cold side temperature.

Figure 4.11: Results of 12706 experimental TEG

Figure 4.12: Open circuit voltage of marlow thermoelectric generator

From the table 4.7, we can observe a comparison of three di�erent Thermoelectric

Generators (TEGs) based on their performance characteristics.
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Figure 4.13: Morlow current verses voltage

Figure 4.14: Marlow power verses load resistance

Table 4.7: Comparison of TEG Performance

Delta T Power Type of TEG Hot Side Cold Side
50 485mW MARLOW 70 30
50 115mW SP27145 70 30
50 168mW TEG12706 70 30
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Figure 4.15: Power verses temperature for di�erent TEG

1. Power Output: The TEG with the highest power output is the MARLOW TEG,

generating 485mW of power. The other two TEGs, SP27145 and TEG12706, pro-

duce lower power outputs.

2. Type of TEG: The table lists three di�erent types of TEGs - MARLOW, SP27145,

and TEG12706. Each TEG has its own unique design and speci�cations.

3. Temperature Di�erence (Delta T): All three TEGs operate with the same tempera-

ture di�erence of 50 degrees Celsius between the Hot and Cold sides. This indicates

that the comparison focuses on the TEGs' e�ciency and performance rather than

the temperature gradient.

In summary, the MARLOW TEG demonstrates the highest power output among the

three TEGs, while the other two TEGs generate lower power outputs.
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4.4 Experimental Analysis of Single Leg CoSb3 Ther-

moelectric Generator

A single leg TEG made of CoSb3 is tested. A single leg TEG made of In �lled CoSb3

is taken. The procedure for In �lled CoSb3 reported in Mallik et al. [152]. The �ow

diagram for the preparation of the thermoelectric material leg is shown in Fig. 4.16. A

stoichiometric mixture of di�erent elements is prepared. It is sealed in a quartz tube

under vacuum pressure. Then the material is melted in an induction furnace. Heat

treatment is carried out in the furnace. The ingot is taken and powdered in a ball mill

machine with a vacuum hot press sintering technique. The powdered sample is converted

into a circular pellet.

With low-speed diamond cutting, These pellets are cut to the required cross-section

leg as shown in Fig.4.18a. A uni-couple TEG holder made of copper is fabricated as

shown in the model Fig.4.17. A single leg made of CoSb3 is placed inside the uni-couple

holder and is insulated. Single-leg teg is tested with the heating on one side with a heater

and cooling on another side with liquid nitrogen, as shown in �g. 4.18d. A low internal

resistance wire is soldered to the uni-couple leg as shown in �g. 4.18c.

4.4.1 Results

Open circuit voltage is measured, and a plot of open circuit voltage versus hot side

temperature is as shown in �g. 4.19. Open circuit voltage is very low, about 7 mv at a

temperature di�erence of 50 C. Low voltage is due to electric contact resistance between

leads to measure voltage and the TEG leg. There is a metal-semiconductor junction due

to band bending there is low voltage output.
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Figure 4.16: Procedure for sample preparation

Figure 4.17: Uni couple TEG holder complete
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(a) Cutting of single leg (b) single leg

(c) Single Leg soldered in testing device

(d) Single leg testing setup

Figure 4.18: Single LEG TEG Characterization

84



Figure 4.19: Open circuit voltage for Skutturides

4.5 Design Optimization of Thermoelectric Generator

4.5.1 Methodology

A Hi-Z thermoelectric generator consisting of 97 P-N pairs is simulated using the �nite

element method(FEM). Commercially available software ANSYS is used for simulation.

Mathematical modeling is done using e�ective material properties as explained in section

4.2.2. Simulation of Hi-Z Thermoelectric generator is done for square and circular-shaped

thermoelectric generators.

4.5.2 Simulation Modeling and performance evaluation of of Ther-

moelectric Generator for HiZ-2 TEG

A thermoelectric generator is simulated using commercial software ANSYS thermal

electric. It uses the �nite element method[FEM]. In 1943 [153] Courant was the �rst

to propose the �nite element method. In 1996 Lau et al. [154] were the �rst to use

the �nite element method in thermoelectrics. The �nite element method is suitable for

a wide range of solid mechanics problems. It is also used for �uid mechanics and heat

transfer problems. The present work thermal-electric coupled analysis is done. Several

commercial software such as ANSYS, and COMSOL can solve these equations e�ectively.
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In the present work a commercial HiZ-2 Thermoelectric module is modeled in ANSYS

design modeler as shown in Fig.4.20a it consists of 97 P-N pair semiconductors. To study

the e�ect of shape. A similar cross-section area circular leg is also simulated as shown

in Fig.4.20b. Meshing is done in ANSYS mesh with coarse meshing. For checking the

performance of meshing a grid independence test is done and is reported in section 3.4.1.

(a) Square leg TEG [155] (b) circular leg TEG

Figure 4.20: TEG of di�erent leg shapes

4.5.3 Performance analysis of HiZ-2 TEG

A Hi-Z thermoelectric generator consists of 97- P-N pairs. This TEG is simulated

in ANSYS with e�ective material properties. The temperature pro�le of square and

circular TEG are shown in Fig. 4.21. The hot side boundary condition is 2300 cold side

300C. Analytical results are obtained with equations as reported in section 3.2.1. The

simulation results and analytical results are compared with experimental results from lee

et al. [156] and the graph of hot junction temperature with power is shown in Fig. 4.22.

It is observed that the results of the experimental, simulation, and analytical are well

in agreement. Figure 4.23 shows the performance curves. The variation of power with

current is shown in Fig.4.23a and it is parabolic. Figure 4.23b shows the linear variation

of current with voltage.

To study the e�ect of the shape of the leg of the thermoelectric generator. The shape

of the leg is varied from a standard square shape to a circular shape. For the same

boundary condition of a hot side, the temperature is 250C and the cold side temperature

is 50C. The simulation results experimental results and analytical results are compared

and a graph of power with hot side temperature is shown in Fig. 4.24. The C/s area of

the square leg is 2mm2 and the circular leg is 1.6mm2. The square leg has low internal

resistance and is suitable for low load resistance. Circular has high internal resistance

hence it is suitable for high load resistance.
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(a) Temperature distribution of HiZ-2

(b) circular leg TEG Temperature distribution

Figure 4.21: Temperature pro�le of square and circular TEG

Figure 4.22: Power Verses Hot junction temperature
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(a) variation of power with current (b) variation of voltage with current

Figure 4.23: Performance analysis of 97 P-N Pair TEG(HiZ-2)

Figure 4.24: E�ect of load resistance on power

4.6 Study of the e�ect of Geometry of Thermoelectric

generator

Figure 4.25 shows di�erent geometries of a thermoelectric generator. The hot junction

temperature Th = 700oC and The cold junction temperature Th = 30oC. square cross-

section leg is converted to circular with the same cross-section area. From Fig Fig. 4.26

it is observed that there is no change in power output. Because thermoelectric transport

properties don't depend on temperature. The cascaded thermoelectric generator has
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produced low power but if di�erent materials are used at di�erent stages cascaded has

good potential. The "Cone-up" TEG consistently demonstrates the highest power output

compared to other shapes across di�erent load resistances. It is a strong candidate for

applications prioritizing maximum power generation.

With the increase in cross-section area more heat enters into the element but this

will create di�culty in maintaining the temperature di�erence between the hot and cold

sides. To reduce heat transfer a new design is proposed as shown in Fig. 4.25f. This

produced more power than a cone and trapezoid-shaped TEG as shown in Fig. 4.26. A

combination of square and trapezoid produces less power than square or circular TEG. P-

type larger TEG produced the least power. Trapezoid-shaped TEG has higher e�ciency

compared to others as shown in Fig.4.27. But the power produced is not higher. This

analysis provides valuable insights for designing and selecting TEG shapes tailored to

di�erent application needs.
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(a) Single PN junction Square leg (b) Single PN junction circular leg

(c) Single PN junction cone up leg (d) Single PN junction cone down leg

(e) Pyramid up(Trapezoid) (f) New shape

(g) P Larger (h) Cascaded

(i) Square trapezoid

Figure 4.25: Di�erent shapes of uni-couple thermoelectric generator
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Figure 4.26: E�ect of load resistance on power for uni-couple TEG

Figure 4.27: Variation of e�ciency with load resistance for uni-couple TEG
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E�ect of C/S area of leg

A cone-shaped single P-N pair leg of cone up is simulated in ANSYS. Two top cone

diameters one of 0.6mm diameter and another of 0.8mm diameter. It is observed from

Fig. 4.28 as top cross-section area increases power output increases. Because more heat

enters into the element as the cross-section area increases.

Figure 4.28: E�ect of C/S area of leg

From Fig.4.29 it is observed that there is no change in power by changing the pyramid

up to pyramid down and cone up to down.
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Figure 4.29: Performance analysis of Cone, pyramid Up & Down TEG

Thermal Stress Analysis on TEG leg

In a thermoelectric generator thermal stresses are developed due to the coe�cient of

linear expansion. Because of exposure to high temperatures, is an important parameter

for the design of a thermoelectric generator. For the present study of thermal stresses

hot side temperature is 5000C and the cold side temperature is 300C. Figure 4.30a shows

the e�ect of length on maximum von mises stress. It is observed that as the length of

the leg decreases Von mises stress increases. From Fig. 4.30b It is observed that the

pyramid shape has maximum von mises stress of 795 MPa, the square has 755Mpa and

the circular has 710Mpa. Pyramid has the highest stress and circular has the least stress.

From Fig. 4.30c it is observed that as hot side temperature increases von Mises stress

increases. From Fig 4.30d it is observed that the circular cross-section has the least von

mises stress.
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(a) Variation of max von Mises stress with the
length of leg (b) Thermal stress for di�erent shapes

(c) Variation of Max von Mises stress with temper-
ature

(d) Variation of Max von Mises stress with temper-
ature for di�erent shapes

Figure 4.30: Thermal Stress Analysis
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E�ect of Hot and Cold side Temperature

A single P-N pair TEG is simulated with a constant temperature di�erence of 630C

as shown in Fig. 4.31. Cold side temperature is increased from 0C to 50C the variation

in power is 0.75mw. With increasing the hot side temperature from 700C to 750C the

variation in power is 0.58mw. The variation in cold side temperature has more e�ect on

performance than the hot side.

(a) Variation of power with cold junction tempera-
ture

(b) Variation of power with hot junction tempera-
ture

Figure 4.31: E�ect of Hot and cold Junction Temperature

E�ect of Leg Length

From Fig. 4.32 it is observed that as the length of the leg decreases power produced

increases. But it will be di�cult to maintain temperature di�erence for a small length.
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Figure 4.32: E�ect of leg length on power

4.7 Segmented Leg

Thermoelectric material zt is high for a small temperature range. The temperature

of the leg of the thermoelectric generator varies from 2000C to 6000C. Based on the tem-

perature of the leg, di�erent materials are used for di�erent lengths, called a segmented

leg. While doing a segmented leg, a term compatibility factor is considered. The com-

patibility factor is calculated by Eqn.4.22. Materials with compatibility factor di�erences

of more than two cannot be combined to form segmented legs to get high e�ciency. The

compatibility factor for di�erent materials is plotted in Fig.4.34

s =

√
1 + zt− 1

αT
(4.22)

Two P-Type materials, one reported by [157] is skutterudites based with zt>1.3; it is a

high-temperature TE material. The second, reported by [158] is nanostructured bismuth

telluride-based TE material; its zt is high at low temperatures. Two N-Type materials,

one reported by [159] is high-temperature SiGe-based TE material. Another reported by

[160] is Bismuth-thulium co-doped chalcogenide is low-temperature TE material. With

these materials, segmented legs are simulated. Uni-couple TEG is analyzed considering
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it is made entirely of Bi2Te3, CoSb3 & segmented leg. Figure 4.33a shows the Uni-

couple TEG of a single material. Figure 4.33b shows a segmented leg. Temperature-

dependent transport properties are taken from respective literature for segmented leg for

corresponding material [157] [158] [159] [160]. The hot side temperature is 900K cold

side temperature is 400K.

(a) Singleleg (b) Segmented TEG

Figure 4.33: Uni-couple TEG

Figure 4.34: Compatibility factor

4.7.1 Results

Open circuit voltage is Vopen is an indicator of the amount of power a TEG can

produce. Figure 4.35shows the comparison of output voltage for uni-couple TEG. The

results show that Bismuth Telluride (Bi2Te3) produces the least voltage of 70mV, as
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its zt is low at high temperatures. But the temperature of exhaust gases varies from

2500C to 7500C. Hence Bismuth Telluride (Bi2Te3) is not suitable for direct AETEG

application. The TEG made of Skutterudite CoSb3 produces 170mV voltage as its zt is

high at medium temperature. Skutterudite CoSb3 zt is low at low temperatures. When

these two materials are segmented & a leg is formed and analyzed. It shows an increase

in power of 14.7% compared to the Skutterudite CoSb3 leg. There is a 178% increase

compared to the single Bi2Te3 leg.

Figure 4.35: Segmented and single leg open circuit voltage
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4.8 Analysis of Thermoelectric Generator with Heat

exchanger mounted on hot air blower

4.8.1 Heat sink to cool the cold side of TEG

In this study we used aluminum alloy block measuring 40 x 200 x 12mm. It is available

in market mostly used to cool CPU. It boasts a smooth, polished surface and incorporates

an innovative M-shaped �ow channel design. The pagoda nozzle, featuring a minimum

outer diameter of 7mm, facilitates easy connection to water pipes with inner diameters

ranging from 7mm to 8mm. The dimensions are shown in Fig.4.36. Flow pattern and

nozzle parameters are shown in Fig.4.37.

Heat Transfer The heat transfer rate from the hot component to the coolant is given

by:

Qheat = ṁ · C ·∆T (4.23)

Where:

� Qheat: Heat transfer rate (in watts, W)

� ṁ: Mass �ow rate of the coolant (in kilograms per second, kg/s)

� C: Speci�c heat capacity of the coolant (in joules per kilogram per degree Celsius,

J/kg°C)

� ∆T : Temperature di�erence between the hot component and the coolant (in degrees

Celsius, °C)

Flow Rate

The �ow rate of the coolant through the heat sink is determined by the cross-sectional

area of the �ow channel and the velocity of the coolant. Formulas used are:

Q�ow = Achannel · v (4.24)

Where:

� Q�ow: Flow rate of coolant (in cubic meters per second, m³/s)

� Achannel: Cross-sectional area of the �ow channel (in square meters, m²)

� v: Velocity of the coolant �ow (in meters per second, m/s)
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Figure 4.36: Heat sink[14]
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Reynolds number

The Reynolds number (Re) is essential for determining the �ow regime (laminar, transi-

tional, or turbulent). It's calculated as:

Re =
ρ · v ·Dh

µ
(4.25)

Where:

� Re: Reynolds number (dimensionless)

� ρ: Density of the coolant (in kilograms per cubic meter, kg/m³)

� v: Velocity of the coolant �ow (in meters per second, m/s)

� Dh: Hydraulic diameter (in meters, m)

� µ: Dynamic viscosity of the coolant (in pascal-seconds, Pa·s)

Figure 4.37: heatsink dimensions[14]
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4.8.2 Methodology

In this study six heat sinks are used to cool the cold side of TEG and 24 Commer-

cially available TEGs are �xed on a heat exchanger. A hot air blower with a controlled

temperature and mass �ow rate blows hot air on the hot side, and on the cold side, water

is made to �ow, as shown in �g. 4.38. Figure 4.39 shows an infrared thermal camera.

An infrared thermal imager and infrared temperature indicator are used to measure the

surface temperature of the heat exchanger, as shown in �g. 4.40 and Fig. 4.41. The

thermal image of the hot side heat exchanger without TEGs captured by the IR thermal

imager is shown in Fig. 4.43.

Figure 4.38: AETEG heat exchanger for hot air blower

Figure 4.39: Fluke infrared camera

24 TEGs are connected in series. The thermoelectric generators are sandwiched be-

tween hot and cold sides as shown in the Fig 4.42. The thermal image of heat exchanger
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Figure 4.40: AETEG with hot air blower and IR camera

Figure 4.41: AETEG Expt setup with infrared temperature indicator gun
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without TEG module is shown in Fig 4.43. For di�erent load resistance, voltage is mea-

sured, and power is calculated. Parameters such as mass �ow rate of hot �uid, cold

�uid hot and cold side temperatures are measured. Numerical simulation of the heat

exchangers is done using commercial software ANSYS. Theoretical analysis of TEG is

done using e�ective material properties. The results are compared.

Figure 4.42: Heat Exchanger for hot air blower

Figure 4.43: Thermal image of heat exchanger
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4.8.3 Results and discussion

From the analysis of the thermoelectric generator on the test bench with hot air

blower. It is observed from �g. 4.44 that at a load resistance of 81 Ω experimental

power produced is 59 watts for hot side average temperature of 3000C and cold side

average temperature of 300C. The mass �ow rate of hot gases is mhi = 0.5g/s. The

cold side mass �ow rate is Q0.1ltr/s. The theoretical and numerical simulation results are

compared with experimental results. Theoretical and numerical results are almost similar

with a deviation of 11.94%. There is a small deviation in experimental results due to heat

losses and the assumption of equivalent material properties. Figure 4.45 shows that as

the hot side temperature increases, the power produced by the thermoelectric generator

increases. The simulation results are shown in Fig. 4.46. It shows for constant hot

side temperature as cold side temperature decreases, power produced increases. Figure

4.47 shows the variation of power with the mass �ow rate of cold �uid. Hot side cold

side temperatures are constant. The mass �ow rate of the hot side is also constant. As

the mass �ow rate of cold �uid increases, the power produced increases. Figure 4.48

shows the power versus the mass rate of hot �uid for the constant cold �uid �ow rate of

Qci = 0.1ltr/s. As the mass �ow rate of hot �uid increases, the power produced increases.

Figure 4.44: Power verses load resistance for AETEG with hot air blower
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Figure 4.45: Power versus Hot side temperature

Figure 4.46: Power versus cold side temperature
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Figure 4.47: Power versus mass �ow rate of cold �uid

Figure 4.48: Power versus mass �ow rate of hot fuid
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4.9 Conclusions

This chapter presented a characterization of Thermoelectric Generators (TEGs). To

achieve this, a experimental technique is employed to calculate equivalent material prop-

erties. Theoretical methods are utilized to determine the e�ective material properties.

Performance evaluation of a commercially available TEG is done. The experimental anal-

ysis results, are compared with those obtained from of theoretical and numerical modeling

using e�ective material properties, They are comparable with a maximum deviation of

13% and 12% respectively. As a result, the subsequent work adopts the use of e�ective

material properties.

A single leg TEG made of CoSb3 is tested. A single leg TEG made of In �lled CoSb3

is taken.Open circuit voltage is very low, about 7 mv at a temperature di�erence of 50

C. Low voltage is due to electric contact resistance between leads to measure voltage and

the TEG leg.

The experimental analysis further extended to evaluate the performance of commer-

cially available TEG models, namely Marlow, TEC12706, and TEC SP 27145. A detailed

experimental setup was utilized to measure electrical and thermal parameters, such as

voltage, current, and temperature di�erentials. The power output of these TEG models

was assessed under speci�c operating conditions. For instance, the TEG 12706 exhibited

a peak power output of 168 milliwatts at a load resistance of 2.4W. MARLOW TEG pro-

duced a power of 485mW under same boundary conditions.These experimental results

were then compared to analytical simulations, showing a good agreement overall.

Additionally, the chapter explored the performance and optimization of Hi-Z TEGs

and single P-N pair TEGs through mathematical modeling and �nite element simula-

tions. The simulations provided insights into the power generation capabilities of these

TEG con�gurations under di�erent geometries, material properties, and temperature

di�erentials. Square shaped TEG produce high power for low load resistance, circular

section TEG produced high power at high load resistance due to tuning of internal to load

resistance. For Hi-Z TEGs, the power output was found to increase as the leg length

decreased. The simulations were in good agreement with analytical and experimental

results obtained from previous studies.

The optimization analysis of single P-N pair TEGs considered the e�ect of geometry,

including variations in leg shapes such as square, circular, cone-shaped, and cascaded

legs. Trapezoid shaped leg has higher e�ciency. Thermal stress analysis revealed that
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the von Mises stress increased as the leg length decreased. Di�erent leg shapes exhibited

varying stress levels, with the pyramid shape showing the highest stress. The Cone-

up TEG consistently demonstrates the highest power output compared to other shapes

across di�erent load resistances.

Uni-couple leg is simulated for Bi2Te3, CoSb3 materials. The results are compared

with the segmented leg. It is observed that after segmentation, the power output increases

by 14.7% compared to CoSb3. There is a 178% increase compared to the single Bi2Te3

leg.

From analysis of Thermoelectric Generator with heat exchanger mounted on hot air

blower. It is observed that at a load resistance of 81 Ω experimental power produced is

59 watts. There is deviation of 11.94% when compared with numerical and theoretical

values.

Overall, the results obtained from experimental measurements, simulations, and an-

alytical models provide valuable insights into the characterization, analysis, and opti-

mization of TEGs. These �ndings contribute to a better understanding of the factors

in�uencing the power output and e�ciency of TEG devices, facilitating their further

development and application in thermoelectric energy conversion.

.

.
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Chapter 5

Application of Thermoelectric

Generator to Automotive Exhaust

System

5.1 Introduction

Automotive vehicles utilize only about 25% of the energy produced. 40% of energy is

available in the form of heat in exhaust gases; this heat can be trapped & converted to

electrical energy using a Thermoelectric generator[TEG].

Section 5.2 presents a performance analysis of the Automotive Exhaust Thermoelec-

tric Generator[AETEG]. An AETEG is designed and fabricated to the exhaust pipe of

a single-cylinder diesel engine. A neural network is trained with experimental results

and studied. The experimental, ANN and validated numerical model [3.3.2] to simulate

AETEG results are compared. Experimental results are used to train the neural network.

The e�ect of external load resistance, the mass �ow rate of hot & cold �uid, and hot

junction temperatures are analyzed and reported.

5.2 Experimental Analysis of Automotive Exhaust ther-

moelectric Generator Mounted on Exhaust of IC

engine

This section reports the Experimental Analysis of an Automotive Exhaust thermoelec-

tric Generator Mounted on the Exhaust of an IC engine. Numerical analysis, ANN model
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and experimental study of TEG are reported in section 3.3.2, section5.2.2, section5.2.1

respectively. E�ective material properties are used for analysis. E�ective material prop-

erties are discussed in section 4.2.2. The numerical model is validated in section 3.3.2. A

heat exchanger is designed and fabricated. The experimental setup is shown in Fig.5.1.

Figure 5.2 shows a schematic diagram of a heat exchanger with TEG.

Figure 5.1: AETEG Set-Up

Figure 5.2: Heat exchanger for AETEG

The e�ective material properties are listed in table 4.2.

For simulation, a heat exchanger is modeled as shown in Fig. 5.3. Numerical anal-

ysis is done in the commercial software ANSYS. For heat exchanger analysis Fluent is

used. Fluent uses the Finite volume method to analyze the �uid �ow and heat trans-

fer. TEG analysis is done using coupled thermal electric equations solved using the FEA

method. The temperature calculated from the FVM method is imported to ANSYS ther-

mal electric. Thermal electric uses the Finite element method to analyze. The numerical
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model used is discussed in the section 3.3.2.Temperature distribution of heat exchanger

after simulation in software is shown in �g. 5.4. For FVM, a Semi-Implicit Method

for Pressure-Linked Equations [SIMPLE] algorithm is used, and Second-order upwind is

used for discretization.

Figure 5.3: Model of Heat Exchanger for TEG

Figure 5.4: Temperature pro�le of Heat exchanger

5.2.1 Experimental Analysis

Engine is operated for di�erent speeds to get di�erent exhaust gas temperature which

are taken as boundary conditions. In table 5.1 exhaust gas temperature for di�erent
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speed is tabulated. The heat exchanger is insulated, and heat transfer takes place only

from hot �uid to cold �uid. On one side, hot exhaust gases are made to �ow; on the other

side, cold water. Ten commercially available thermoelectric generators TEM12706 are

connected in series as shown in Fig.5.5. By measuring the temperatures at the inlet and

outlet of the hot side of the heat exchanger, heat supplied is calculated by Equation. 5.1.

Voltage and current of 10 TEG in series are noted, and power is calculated with Equation

5.2. E�ciency is calculated by equation 5.3. Experiments are conducted for the di�erent

�ow rates of hot �uid, cold �uid, external load resistance, and exhaust gas temperatures.

The cold �uid inlet temperature is varied from Qc = 0.1ltr/s to Qc = 0.2ltr/s at a time

step of 0.05ltr/s. The mass of exhaust gas is varied from 6g/s to 12g/s at regular intervals

of 2g/s. Load resistance is varied from 2Ω to 30Ω. Performance evaluation is based on

power and conversion e�ciency and is reported in the section 5.3.

Q̇ = ṁe(Thi − Tci) (5.1)

Power = V ∗ I (5.2)

η =
Q̇

power
(5.3)

Table 5.1: Engine parameter for AETEG

Engine Speed (RPM) Exhaust Gas Temperature (°C) Air-Fuel Ratio
1000 300 20:1
1500 350 18:1
2000 400 16:1
2500 450 14:1
3000 500 12:1

113



Figure 5.5: Heat Exchanger with TEG

5.2.2 Arti�cial Neural network model

Experimental data is used for modeling ANN model. Levenberg-Marquardt's back-

propagation Algorithm is used for the present study. Weights are assigned from one layer

to another. In each neuron, the summation of weights is calculated with bias by equation

5.4. The summation of weights with bias is calculated. The sigmoid activation function

is evaluated by Equation 5.5. If the activation function calculated is higher than the

speci�ed activation value, a neuron gets activated, and output is sent. Mean square error

is calculated from Equation 5.6. A neural network is constructed using MATLAB. Fig.5.7

shows the regression curves of ANN. It shows the relationship between the ANN model's

predicted output and the training set's output. Training data is taken from experimental

results. From Fig.5.7 for training, R is 99.9% means it can predict at the accuracy of

99.9%. 70% data is taken for training and 15% each for testing and validation. The

performance of the ANN model is discussed in section 5.3.

Ŷ = W1x1 +W2X2 +X3.....Xm + bias (5.4)

S(x) =
1

1− e−̂Y
(5.5)
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Figure 5.6: Arti�cial Neural Network

MSE =
1

m

m∑
i=1

(Yi − Ŷi)
2 (5.6)

Figure 5.7: Regression Plots
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5.3 Results

The results of the analysis of are reported in this section. Figure 5.8 shows the

variation of mass �ow of exhaust gases with power produced by TEG. For di�erent

exhaust mass �ow rates from mex = 6g/s to mex = 12g/s at regular intervals of 2g/s

power is evaluated. The mass �ow of exhaust gases is directly proportional to the power

produced by AETEG. As the mass �ow rate of exhaust gases increases, the temperature

and heat �ux increase; hence power increases. For exhaust gas mass �ow of 12gm/s. The

power of 10 TEG in series at matched load resistance is 31 watts. The matched load

resistance is 24Ω.

Figure 5.8: Exhaust gases mass verses Power

For inlet temp of exhaust gases at 2300C. Cold water inlet temp if 300C variation of

power with load resistance is shown in Fig. 5.9. The �ow rate of cold �uid is varied from

0.1ltr/s to 0.2ltr/s at 0.05lts/s intervals. It is observed that the mass �ow rate of cold

�uid is directly proportional to the power developed. The power of AETEG depends on

the amount of heat rejected at the cold junction. As the mass �ow rate of the cold side

increases, more heat is rejected, and more power is generated. The curve power produced

versus load resistance is parabolic in nature. Maximum power is produced when the load

resistance is equal to internal resistance due to electrical resonance.

For �ow rate of Qc = 0.1itr/s Th = 2300C, Tc = 300C, and mex = 10g/s. Figure 5.10
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Figure 5.9: Load resistance verses power

shows the comparison of experimental results with numerical and ANN model results.

Experimental and ANN results match. For experimental with a numerical analysis, there

is a deviation of 12.9% at peak power. The di�erence in experimental and numerical

results is due to the use of e�ective material properties and heat loss in experiments.

Variation of current with voltage is shown in Fig. 5.11, and it is linear according to ohms

law. For matched load resistance power versus hot side inlet temperature, is shown in

Fig.5.12 for constant cold side temperature. As the hot side inlet temperature increases,

power output also increases as the Seebeck coe�cient is directly proportional to the power

generated. E�ciency versus load resistance is plotted in Fig.5.14. It is observed that the

e�ciency is maximum at a load resistance of 34Ω. Peak e�ciency is 3.5%. The peak

power and peak e�ciency are not at the same external load. This is due to Thomson

and Peltier's e�ect.

Figure 5.13 shows the power produced versus load resistance when TEGs are con-

nected in series. As more TEGs are connected in series, power output increases. Peak

power is produced at electrical resonance when internal resistance is equal to load resis-

tance. It is observed that peak power is 31 watts for 10TEG in series. Peak power is at a

load resistance of 24Ω. The peak power for 5TEG in series is 12.5 watts. Peak power is

at 12Ω load resistance as the number of TEG is reduced; peak power shifts for low load

resistance. The energy produced by one TEG is 1.4 watts for 2Ω load resistance. It is
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Figure 5.10: Comparison of numerical & experimental results

Figure 5.11: Current verses voltage
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Figure 5.12: Power verses Hot side temperature

observed from Fig. 5.9 that as the number of TEG reduces, the peak power point shifts

towards the left. AETEG needs to design based on the load resistance.

Figure 5.13: Power for di�erent number of TEG in series
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Figure 5.14: E�ciency verses load resistance

5.4 Conclusion

The performance analysis of AETEG on exhaust of IC engine. The peak power and

peak e�ciency are not at same load resistance. Peak power occurs at a point when

internal resistance is equal to load resistance due to electrical resonance. Maximum

e�ciency occurs when the load resistance is 1.4 times the internal resistance and is due

to Thomson and Peltier e�ect. Based on the external load, AETEG needs to be designed.

For inlet temp of exhaust gases at 2300C. Cold water inlet temp if 300C. For �ow rate

of Qc = 0.1itr/s Th = 2300C, Tc = 300C, and mex = 10g/s. Peak power is 31 watts at

24Ω and peak e�ciency is 3.5% at 34Ω.

A numerical model is validated with results in the literature and used to simulate

the experimental setup. Experimental results are compared with numerical results. The

results agree with an acceptable deviation of 12.9% for peak power. The di�erence

in experimental and numerical results is due to e�ective material properties used for

simulation and unaccounted heat loss in experiments. An arti�cial neural network is

trained with experimental data. Arti�cial neural network model results are compared

with experimental and numerical results. ANN results and experimental results are

similar. Hence ANN can predict AETEG performance. The performance of AETEG

depends on TEG material and heat exchanger design parameters. As the mass �ow rate
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and exhaust gas temperature increase, power output from AETEG increases because

heat �ux increases. The mass �ow rate of cold �uid is directly proportional to power

output since the convective heat transfer coe�cient increases. Peak power increases as

the hot side temperature increases. Because as Seebeck e�ect is directly proportional to

the temperature di�erence between the hot and cold sides. E�ective material properties

can be used to simulate TEG.
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Chapter 6

Conclusions and Future Scope

6.1 Conclusions

In conclusion, this comprehensive study on Thermoelectric Generators (TEGs) and

Automotive Exhaust Thermoelectric Generators (AETEGs) has demonstrated the im-

portance of theoretical and numerical modeling for investigating and validating their

performance. The results obtained have been promising and shed light on various factors

that in�uence the power generation capabilities of these energy conversion systems.

Theoretical and numerical modeling of TEG and AETEG can be used for performance

investigation and validation of the TEG and AETEG revealed promising results. The

power generated by the TEG was analyzed in relation to load resistance, leg length, and

temperature di�erence. For a hot side temperature Th = 3000C and cold side temperature

Th = 300C the peak power produced is 20 watts. The results showed an initial increase

in power until reaching a maximum at the peak power point, attributed to electrical

resonance. Further increasing the load resistance resulted in a gradual decline in power.

The evaluation of AETEGs using theoretical and numerical models on a test bench

with a hot air blower demonstrated a theoretical and numerical power output of 67 watts

at a load resistance of 81 Ω. The close similarity between theoretical and numerical

simulation results validated the accuracy of the AETEG model. Moreover, the utilization

of e�ective material properties in the theoretical and numerical modeling allowed for

reliable comparisons with experimental data, with maximum deviations of 13% and 12%

respectively.A single leg TEG made of CoSb3 is tested. A single leg TEG made of In �lled

CoSb3 is taken.Open circuit voltage is very low, about 7 mv at a temperature di�erence

of 50 C. Low voltage is due to electric contact resistance between leads to measure voltage

and the TEG leg. Commercially available TEG models, such as Marlow, TEC12706, and
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TEC SP 27145, were also analyzed experimentally. TEG 12706 exhibited a peak power

output of 168 milliwatts at a load resistance of 2.4W. MARLOW TEG produced a power

of 485mWatts under same boundary conditions.

With simulation of HiZ TEG it is observed that square shaped TEG produce high

power for low load resistance, circular section TEG produced high power at high load

resistance due to tuning of internal to load resistance. The optimization analysis of single

P-N pair TEGs considered the e�ect of geometry, including variations in leg shapes such

as square, circular, cone-shaped, and cascaded legs. Trapezoid shaped leg has higher

e�ciency. Thermal stress analysis revealed that the von Mises stress increased as the leg

length decreased. Di�erent leg shapes exhibited varying stress levels, with the pyramid

shape showing the highest stress. The Cone-up TEG consistently demonstrates the

highest power output compared to other shapes across di�erent load resistances.

Uni-couple leg is simulated for Bi2Te3, CoSb3 materials. The results are compared

with the segmented leg. It is observed that after segmentation, the power output increases

by 14.7% compared to CoSb3. There is a 178% increase compared to the single Bi2Te3

leg. From analysis of Thermoelectric Generator with heat exchanger mounted on hot air

blower. It is observed that at a load resistance of 81 Ω experimental power produced is

59 watts. There is deviation of 11.94% when compared with numerical and theoretical

values.

The performance analysis of AETEG on exhaust of IC engine. For inlet temp of

exhaust gases at 2300C. Cold water inlet temp if 300C. For �ow rate of Qc = 0.1itr/s

Th = 2300C, Tc = 300C, and mex = 10g/s. Peak power is 31 watts at 24Ω and peak

e�ciency is 3.5% at 34Ω. Maximum e�ciency occurs when the load resistance is 1.4

times the internal resistance and is due to Thomson and Peltier e�ect. An arti�cial

neural network (ANN) was trained with experimental data, and its predictions closely

matched both experimental and numerical results, indicating the potential of ANN in

predicting AETEG performance.

In conclusion, this study demonstrated the importance of theoretical and numerical

modeling in the characterization and evaluation of TEGs and AETEGs. E�ective ma-

terial properties were found to be a reliable approach in simulating TEGs, and ANN

proved to be a promising tool for predicting AETEG performance. This study has pro-

vided valuable insights into the design, optimization, and characterization of TEGs and

AETEGs.
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6.2 Future Work

An automotive exhaust gas thermoelectric generator needs commercialization. High

performance materials such as Selenide Polycrystalline TEG needs to be analyzed and

optimized. High temperature materials such as half Heusler and skutterudite need to be

used to produce commercial TEGs. Device fabrication with half Heusler and skutterudite

is a challenging task that needs to be addressed. Heat exchanger to enhance heat tranfer

coe�cient are to be designed and explored. Machine learning techniques can be used

to explore and optimization of AETEG. Uncertainty analysis, using Kline-McClintock

method can be done.
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Appendix-A

A.1 Simulation of Thermoelectric  Generator  For Hy-
brid electric Vehicle

The simulated hybrid electric vehicle consists of an internal combustion engine, bat-

tery, transmission, and wheels. The HEV is simulated for di�erent speeds from 100km/hr to 

200km/hr. The exhaust temperature is calculated and reported in section A.1.2. Figure A.1 

shows di�erent blocks of the simulated thermoelectric generator.

Figure A.1: Shematic diagram of hybrid electric vehicle
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A.1.1 Simulation of thermoelectric generator for a hybrid electric

vehicle with vortex generator
Taking the input from the exhaust gas temperatures of the hybrid electric vehicles. A heat 

exchanger is modeled as shown with dimensions in �g.A.2. The heat exchanger is modeled 

with vortex generators. As the vortex generator increases the heat transfer coe�cient, the heat 

transfer rate increases hence performance of TEG increases. 32 bismuth telluride 
thermoelectric modules are simulated [109] . The temperature pro�le of the heat exchanger is 

shown in Fig.A.3. Fluid �ow and heat transfer analysis is carried out with �nite volume. Finite 
element analysis is used for Thermoelectric generator analysis using coupled heat transfer 

and electric equation. Power developed by the thermoelectric generator is reported in 

section A.1.2.

Figure A.2: Heat exchanger

Figure A.3: Temp pro�le of Heat exchanger
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A.1.2 Results

The hybrid electric vehicle is simulated in MATLAB Simulink. Exhaust gas tempera-

ture versus vehicle speed and mass of exhaust gases versus vehicle speed are plotted as in Fig. 

A.4. It is observed that for variation of speed from 100km/hr to 200km/hr, exhaust gas 

temperature increases from 650K to 750K. Exhaust gas temperature and mass �ow rate 

increase with temperature. These temperatures are taken as input to simulate the heat 
exchanger. 32 Thermoelectric modules were simulated, and power versus load resis-tance is 

plotted in Fig. A.5. The temperature of the exhaust gas is 700K mass �ow rate of the exhaust 

gas is 87.5g/s. Water is selected as cold �uid with an inlet temperature of 313K. It is observed 

that the variation of power with load resistance is parabolic. At 75ohms load resistance, the 

maximum power produced is 72watts.

Figure A.4: Vehicle speed verses Exhauts gas temp

7.2 Results

In this section results of the automotive exhaust thermoelectric generator are dis-

cussed. Initially from analysis with a thermoelectric generator mounted on a hot air 

blower. It is observed that at a load resistance of 82Ω power produced is 61 watts for the 

hot side average temperature of 3000C and cold side average temperature of 300C. The 

mass �ow rate of hot gases is mhi = 0.5g/s. The cold side mass �ow rate is Qci = 0.1ltr/s. 

The theoretical and numerical simulation results are compared with experimental results.
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Figure A.5: power verses load resistance

Theoretical and numerical results are almost similar. There is a small deviation in exper-

imental results due to heat losses and the assumption of equivalent material properties.

From the analysis of AETEG mounted on the exhaust of an internal combustion 

engine. It is observed that when 10 TEGs are connected in series a power of 31 watts was 

produced at a matched load resistance of 24Ω. The results are validated with numerical 

and ANN results.

The hybrid electric vehicle is simulated in MATLAB Simulink. With the increase in 

speed of the engine mass �ow rate and exhaust gas temperature increase. These temper-

atures are taken as input to simulate the heat exchanger in ANSYS. 32 Thermoelectric 

modules were simulated, and power versus load resistance is plotted. For the tempera-

ture of the exhaust gas of 700K and the mass �ow rate of the exhaust gas of 87.5g/s. At 

75ohms load resistance, the maximum power produced is 72watts.
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