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Abstract 

The growing demand for sustainable energy solutions has intensified interest in recovering waste heat 
to reduce energy losses in automotive and industrial systems. In this study, a thermoelectric generator 
(TEG) system was designed, modelled, and experimentally validated to convert waste heat into 
electrical energy using the Seebeck effect. Thermoelectric modules were selected based on a high 
Seebeck coefficient and low thermal conductivity to minimize energy losses while maintaining a large 
temperature gradient across the system. Thermal and electrical performance of the TEG system under 
varying operating conditions was analysed using ANSYS and MATLAB Multiphysics simulations. 
Experimental validation demonstrated a maximum electrical power output of 3.0 W and a peak 
thermal-to-electrical conversion efficiency of 6.0% at a temperature differential of 350 °C. The results 
indicate that compact thermoelectric generator systems can serve as reliable, maintenance-free, and 
decentralized power sources for waste heat recovery in automotive exhausts and industrial processes. 
Although conversion efficiency and power management remain key challenges for thermoelectric 
technologies, the findings highlight their significant potential for clean energy harvesting from medium- 
to high-grade waste heat sources. 
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1. Introduction 

The rapid growth in global energy 
consumption, coupled with increasing 
environmental concerns, has made efficient 
energy utilization a critical engineering 
challenge. A significant proportion of primary 
energy input in industrial facilities, thermal 
power plants, and automotive engines is 
dissipated as waste heat. Studies indicate that 
nearly 60–70% of the total fuel energy 
consumed in such systems is lost to the 
environment in the form of unused thermal 
energy [1]. Recovering even a fraction of this 
waste heat and converting it into usable 
electrical power can substantially improve 
overall system efficiency while simultaneously 
reducing greenhouse gas emissions. 

Thermoelectric generators (TEGs) present a 
promising solution for direct waste heat 
recovery due to their ability to convert thermal 
energy into electrical energy using the Seebeck 

effect [2]. When a temperature gradient is 
maintained across a thermoelectric material, 
an electrical voltage is generated without the 
need for moving components. This solid-state 
operating principle results in silent operation, 
high reliability, compact system design, and 
minimal maintenance requirements, making 
TEGs particularly suitable for decentralized 
and space-constrained applications. 

In recent years, extensive research has explored 
the application of thermoelectric generators for 
waste heat recovery in automotive exhaust 
systems. Experimental and numerical studies 
have demonstrated that TEGs integrated with 
engine exhausts can generate electrical power 
ranging from a few watts to several hundred 
watts, depending on the temperature gradient, 
system configuration, and material properties 
[3], [4]. Similarly, industrial applications such 
as furnaces, boilers, and marine engines offer 
substantial potential for TEG deployment due 
to the availability of sustained high-
temperature heat sources [5], [6]. 
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The advancement of thermoelectric materials 
has played a key role in enhancing the 
performance of TEG systems. The introduction 
of high-figure-of-merit (ZT) materials, 
nanostructured compounds, and optimized 
material compositions has contributed to 
measurable improvements in conversion 
efficiency and operational stability [7], [8]. 
Despite these advancements, commercially 
available thermoelectric systems typically 
exhibit conversion efficiencies below 10%, 
which remains a primary limitation to 
widespread adoption [9], [10]. In addition, high 
material costs, system integration challenges, 
and thermal management constraints continue 
to restrict large-scale commercial 
implementation [11], [12]. 

The performance of a thermoelectric generator 
is strongly influenced by the temperature 
gradient maintained between its hot and cold 
junctions. Efficient heat transfer at the hot side 
and effective cooling at the cold side are 
therefore essential for maximizing power 
output and conversion efficiency [13], [14]. 
Furthermore, long-term mechanical and 
thermal reliability of TEG modules under cyclic 
and high-temperature operating conditions 
remains an important area of investigation, 
particularly for automotive and industrial 
environments [15], [16]. 

Several experimental and analytical studies 
have focused on the design and testing of TEG-
based systems for effective waste heat recovery 
[18]–[20]. Recent research has increasingly 
emphasized the use of combined experimental 
and simulation-based approaches to optimize 
material selection, system geometry, and 
thermal interfaces under realistic operating 
conditions [21]–[23]. These studies highlight 
the importance of integrated thermal-electrical 
modelling for predicting system performance 
and identifying opportunities for efficiency 
enhancement. 

In this context, the present work focuses on the 
design, modelling, and experimental validation 
of a thermoelectric generator system intended 
for waste heat recovery from automotive and 
industrial heat sources. The study aims to 
evaluate system performance under varying 
temperature gradients, assess material 
suitability, and validate simulation results 
through experimental testing. By adopting a 
systematic and documented approach, this 
research contributes toward the development 
of compact, low-profile, and reliable 
thermoelectric systems capable of 

decentralized waste heat energy harvesting 
from exhaust gases and flue streams [25]–[30]. 

2. Methodology  

This study adopts a research-based approach to 
evaluate the performance of thermoelectric 
generators (TEGs) for waste heat recovery 
applications. The methodology focuses on 
understanding the fundamental operating 
principles of TEGs, with particular emphasis on 
thermoelectric material selection and system 
design considerations. Existing thermoelectric 
module configurations were analysed to assess 
their electrical and thermal performance under 
varying temperature gradients. In addition, the 
applicability of TEG systems across different 
industrial sectors, including automotive, 
manufacturing, and electronic systems, was 
examined through analytical evaluation, 
numerical modelling, and experimental 
investigation. 

3. System Design and 
Configuration 

The thermoelectric generator (TEG) system 
developed in this study is designed to recover 
waste thermal energy from high-temperature 
sources such as automotive exhaust pipes, 
industrial flue gases, and engine blocks, and 
convert it into electrical energy. The system 
comprises multiple integrated components that 
operate synchronously to achieve stable and 
efficient energy conversion. 

A high thermal conductivity metallic interface 
plate is used at the heat source to ensure 
effective heat transfer to the hot side of the 
thermoelectric module. Thermoelectric 
modules are selected based on key material 
properties, including a high Seebeck 
coefficient, suitable operating temperature 
limits, and low thermal conductivity to 
maintain a strong temperature gradient across 
the module. Materials such as bismuth telluride 
(Bi₂Te₃) and lead telluride (PbTe) are 
considered due to their established 
thermoelectric performance within the targeted 
temperature range. 

To sustain the temperature difference required 
for power generation, a heat sink or active 
cooling mechanism is employed at the cold side 
of the thermoelectric module. Effective thermal 
management at this interface is essential for 
minimizing heat losses and improving electrical 
output. The electrical power generated by the 
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thermoelectric module is conditioned using a 
power management circuit, typically 
incorporating a DC–DC converter, to regulate 
voltage levels and ensure compatibility with 
practical electrical loads and energy storage 
systems. 

 

Figure 1: Schematic of thermoelectric 
generator system [1] 

4. Equations 

Seebeck Voltage Generation 

The electrical voltage generated across a 

thermoelectric material due to a temperature 

difference ( Δ𝑇 ) between its hot and cold 

junctions is governed by the Seebeck effect and 

is expressed as: 

𝑉 =  𝛼 𝛥𝑇           (1)  

where, 𝛼 is the Seebeck coefficient of the 

thermoelectric material. 

Electrical Power Output 

The electrical power output of a thermoelectric 

generator (TEG) connected to an external load 

can be calculated using: 

𝑝 = [
𝑉2

(𝑅𝑙𝑜𝑎𝑑+ 𝑅𝑖𝑛𝑡)
]         (2) 

where 𝑅𝑙𝑜𝑎𝑑 is the external load resistance and 

𝑅𝑖𝑛𝑡  is the internal electrical resistance of the 

thermoelectric module. 

More generally, the power output can be 

expressed as: 

𝑃 =
(𝛼 𝛥𝑇)2

𝑅
             (3) 

where 𝑅 represents the effective electrical 

resistance of the system. 

Efficiency of Thermoelectric Generator 

The thermal-to-electrical conversion efficiency 

𝜂 of a thermoelectric generator is given by: 

η =  (
P𝑜𝑢𝑡

Q𝑖𝑛
) = (

𝛥𝑇

𝑇ℎ𝑜𝑡
) · (

(√1 + 𝑍𝑇𝑎𝑣𝑔− 1)

(√1 + 𝑍𝑇𝑎𝑣𝑔+
𝑇𝑐𝑜𝑙𝑑
𝑇ℎ𝑜𝑡

)
)     (4) 

where Tℎ𝑜𝑡 and T𝑐𝑜𝑙𝑑 are the absolute 

temperatures of the hot and cold junctions, 

respectively, and ZT𝑎𝑣𝑔 is the average figure of 

merit over the operating temperature range. 

Figure of Merit (ZT) 

The performance of thermoelectric materials is 

characterized by the dimensionless figure of 

merit 𝑍𝑇, which is defined as: 

𝑍𝑇 =
(𝛼2𝜎 𝑇)

𝐾
            (5) 

where 𝜎 is the electrical conductivity, 𝑇 is the 

absolute temperature, and 𝐾 is the thermal 

conductivity of the material. 

These equations form the theoretical 

foundation for modelling and analysing the 

performance of the thermoelectric generator 

under varying waste heat conditions. 

They were integrated into analytical 

calculations and numerical simulation tools 

during the system design, optimization, and 

evaluation phases. 

5. Material Selection 

Material selection for the thermoelectric 
generator (TEG) system was guided by the 
objective of maximizing overall system 
performance under practical operating 
conditions. Key selection criteria included a 
high Seebeck coefficient to enhance voltage 
generation, low thermal conductivity to 
maintain a strong temperature gradient across 
the thermoelectric module, and adequate 
electrical conductivity to facilitate efficient 
charge carrier transport. In addition, thermal 
stability at the intended operating temperature 
range was considered essential to ensure 
reliable and continuous performance under 
fluctuating heat input conditions. 

For experimental evaluation and system 
integration, commercially available TEC1-
12706 thermoelectric modules were selected. 
These modules were chosen due to their 
established performance characteristics, 
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availability, and suitability for medium 
temperature gradient applications. Their use 
enabled effective assessment of system 
feasibility, performance trends, and integration 
challenges in waste heat recovery applications. 

6. Modelling and Simulation 

A system model was created, and the 
operational thermal and electrical performance 
was predicted by conducting simulations using 
ANSYS and MATLAB. The simulations 
analysed the thermal distribution within the 
system and predicted the output voltage, 
generated power, and system efficiency across 
a range of temperatures. The simulation 
parameters were precisely defined and reliably 
controlled for hot-side temperatures between 
200–400 °C and cold-side temperatures 
between 25–50 °C. The model also accounted 
for thermal contact resistances within system 
components and convective heat losses to the 
surrounding environment. These simulations 
provided valuable insights into the functioning 
of the thermoelectric generator system while 
identifying areas for potential performance 
optimization.   

7. Experimental Validation 

Validating of the prototype system simulation 
involved multiple trials and experimental 
testing of the system’s heat input. The 
experiments included measurement of heat 
flux input, as well as the corresponding power, 
current, and voltage at both the input and 
output. The analysis of waste heat–to–
electricity generation for the prototype system 
was based on the efficiency calculated using the 
relation (Efficiency = Output Electrical Power 
/ Input Thermal Energy). This evaluation was 
performed using the measured values and the 
described area analysis. 

8. Data Analysis  

Model verification was carried out to assess the 
consistency between experimental and 
simulated results under varying operating 
conditions. Performance trends were analysed 
to identify the underlying factors influencing 
system behaviour, primarily temperature 
differences and gradients, material properties, 
and heat losses across the system. Verification 
of the findings, including the application of 
statistical methods and error checks, enabled a 
thorough comparison between simulated and 
experimental data, thereby validating the 

overall reliability and accuracy of the research 
outcomes. The data analysed also supported 
the effectiveness of the modelling approach in 
predicting system performance and provided 
confidence in the repeatability of the 
experimental results. 

9. Results and Discussion   

Overview of Experimental and 
Simulation Data 

The thermoelectric generator system was 
analysed over temperature differences ranging 
from 50 °C to 350 °C, corresponding to 
common waste heat conditions in automotive 
and industrial environments. The experimental 
investigation determined both the electrical 
power output and the corresponding thermal-
to-electrical conversion efficiency. The 
following table summarizes the key findings:: 

Temperature 
Gradient (°C) 

Power 
Output 

(W) 

Efficiency 
(%) 

50 0.2 1.5 
100 0.6 2.5 
150 1.1 3.8 
200 1.6 4.5 
250 2.1 5.2 
300 2.6 5.6 
350 3.0 6.0 

 
Thermal Performance and Power 
Output 

To calculate the operational efficiency of the 
thermoelectric generator, experimental testing 
alongside simulations was carried out across 
different temperature differentials ranging 
from 50 °C to 350 °C. Higher temperature 
differences across the hot and cold sides of the 
TEG consistently improved electrical power 
generation and conversion efficiency. At a 
temperature differential of 50 °C, the system 
generated approximately 0.2 W of electrical 
power. At a hot-side temperature of 350 °C, the 
TEG achieved a maximum power output of 3.0 
W. The thermal-to-electrical conversion 
efficiency reached 1.5% at the lowest 
temperature gradient and increased to 6.0% at 
higher gradients, demonstrating that the 
system is more effective under conditions of 
high thermal gradients typically found in 
engineered exhaust systems. These results 
indicate that the system is suitable for energy 
recovery applications involving thermal 
gradients similar to those present in industrial 
flue gas subsystems. 
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10. Graphical Representation 

Power Output 

As the temperature difference increased, the 

electrical power output rose steadily, reaching 

3.0 W at a temperature differential of 350 °C. 

This trend indicates a consistent increase in 

power generation with higher thermal 

gradients. Thermoelectric generators can 

effectively utilize waste heat at medium and 

high temperature levels, particularly in engine 

exhaust systems, industrial furnaces, and other 

heat-producing applications. Literature 

indicates that power generation is maximized 

at higher thermal gradients; however, practical 

challenges arise at the heat-receiving 

interfaces. Issues such as material degradation 

due to elevated temperatures and inadequate 

heat dissipation are associated with improper 

thermal interfaces. Realizing the full potential 

of TEG-based systems requires the use of high-

temperature-resilient materials, refined 

thermal interfaces, and effective cooling 

systems. 

 

Graph 1 : Variation of electrical power 

output with temperature gradient 

Efficiency  

 Performance measurements showed an 
increase in efficiency from 1.5% to 6.0%, which 
is consistent with the standard performance of 
commercial thermoelectric modules fabricated 
from bismuth telluride (Bi₂Te₃). Beyond a 
temperature gradient of 250 °C, the system 
exhibited an efficiency plateau, as further 
increases in temperature difference resulted in 

only marginal efficiency improvement. This 
observation indicates that Bi₂Te₃-based 
materials experience performance limitations at 
higher temperatures, thereby motivating the 
exploration of alternative thermoelectric 
materials such as lead telluride (PbTe) and 
nanostructured compounds to enhance waste 
heat recovery system performance. 

 

Graph 2 : Power Output Vs Efficiency 

 

Graph 3 : Temperature gradient Vs 

Efficiency 

Comparative Analysis 

Thermoelectric generators (TEGs) offer several 

advantages over conventional waste heat 

recovery systems, including Rankine and 

Organic Rankine cycle technologies, despite 

their relatively lower conversion efficiency. 

TEGs are compact, stationary devices with no 

moving components, which enables reliable 

operation and eliminates the need for frequent 

maintenance. Although their conversion 

efficiency is lower than that of traditional 
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systems, TEGs are well suited for applications 

where system integration is straight-forward, 

and space availability is limited. Additionally, 

TEGs are effective for recovering low-grade 

waste heat and are particularly suitable for 

operation in the confined environments of 

automotive exhaust systems and localized 

industrial heat sources. 

11. Conclusion 

These results indicate a high potential for 

thermoelectric generators (TEGs) in waste heat 

recovery across a wide temperature range in 

automotive and industrial applications. Both 

the mechanisms of power generation and the 

performance ratios in thermal-to-electrical 

conversion showed continuous improvement, 

attributed to experimentally and numerically 

modelled increases in temperature gradients. A 

peak power output of 3.0 W along with an 

efficiency of 6.0% at an operating temperature 

gradient of 350 °C indicates potential 

applicability in engine exhaust and industrial 

steam flow systems. However, TEG systems for 

high-temperature applications still require 

further performance improvement, along with 

advancements in resource utilization and 

thermal management. More effective TEGs will 

require improved construction materials, 

enhanced thermal resistance research, and 

advanced cooling techniques. Although TEGs 

recover heat less effectively than traditional 

Rankine cycle systems, their compact design, 

reliable operation, and zero-maintenance 

characteristics establish them as valuable 

solutions for decentralized and low-grade waste 

heat recovery. Utilizing waste heat to generate 

usable electricity through thermoelectric 

generators presents an effective pathway 

toward sustainable energy solutions across 

various industrial sectors. 
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