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1. Introduction

ABSTRACT

This study presents the performance optimization of a Thermoelectric
Energy Harvesting (TEH) system designed to recover waste heat from
Internal Combustion Engines (ICEs). It includes optimizing the energy
conversion efficiency of the thermoelectric module (TEM), optimizing the
design of the Plate Heat Exhcanger (PHE), and simulation-based
validation. The optimization process, conducted using Python optimization
code developed for the study, yielded an energy conversion efficiency of
7.209%, marking a 56% improvement over the experimentally measured
efficiency of 4.63%. The optimized PHE design, incorporate finless
triangular-rectangular composite duct. The analysis showed a fully
turbulent flow within the PHE, which significantly enhances convective
heat transfer coefficients, improve the heat exchange between the exhaust
gas and heat exchanger surfaces, and reduces the risk of fouling and
clogging. The exhaust gas contained 1792W of waste heat, with 230W
transferred to the hot side of the TEM. This corresponds to a heat
exchanger effectiveness of 0.13, indicating that only 13% of the available
waste heat in the exhaust gas is utilized by the TEM. The overall TEH
system efficiency was determined to be 0.94%, which, despite being
relatively modest, yields considerable energy savings in large-scale
applications where waste heat is abundant. Computational simulations,
using a CAD model in SOLIDWORKS, validated the TEH system’s
optimized performance, by ensuring the desired temperature gradient is
maintained across the TEM, given that the power output of the TEH is
directly proportional to the temperature gradient across the thermoelectric
couples in the TEM.

© 2025 The Author(s)
This is an open access article under the CC-BY-SA license.

The Internal Combustion Engines (ICEs) remains a vital component of the global energy

infrastructure, widely used in transportation systems, industrial processes, and power generation.
However, ICEs exhibit significant thermal inefficiencies, with approximately 20-50% of its input energy
lost as waste heat, primarily in the form of exhaust gases discharged into the environment at temperatures
exceeding 300°C [1], [2]. Waste heat recovery technologies offer the potential to utilize this waste heat,
and reduce fossil fuel consumption, lowering greenhouse gas emissions, and improving the economic
viability of power generation systems [1]. Among emerging waste heat recovery technologies,
Thermoelectric Energy Harvesting (TEH) systems have gained attention for their ability to convert
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waste heat directly into electrical energy through the Seebeck effect. Seebeck eftect is a phenomenon
that occurs when a temperature gradient is applied across thermoelectric materials, typically composed
of p-type and n-type semiconductors, causing charge carriers (electrons and holes) to diffuse from the
hot side to the cold side, thereby generating a voltage difference [3].

The increasing adoption of TEH systems is driven by their solid-state operation, modularity, and
scalability. Their modularity facilitates integration with existing infrastructure, while scalability supports
a wide range of applications, from small Internet of Things (IoT) devices to large-scale industrial systems
[4]. Despite these advantages, several limitations continue to impede their large-scale applications. These
include the inherently low energy conversion efficiency of commercial TEMs (typically between 5% and
7%), significant thermal losses at the interfaces between the heat source and TEMs reduce the effective
heat input, and challenges in maintaining a stable temperature gradient across the TEMs that is critical
for consistent power generation. Collectively, these constraints limit the energy yield, scalability, and
cost-effectiveness of TEH systems [5], [6].

While TEH systems offer a significant potential for waste heat recovery, overcoming existing
limitations is essential to facilitate their large-scale application. To address these limitations, recent
studies have focused on performance optimization through advancements in thermoelectric materials,
adaptive thermal management strategies, innovative system design, and hybridization with
complementary energy systems. Some of the recent studies are reviewed as follows: Reference [7]
developed a TEG operating under constant heat flux using a simulation tool for geometrical optimization
of the device. The simulation was performed by varying the number of pellets and the clearance between
them. The results showed that high power was obtained with a large number of pellets, and enough

clearance between the pellets, which was required to increase the thermal conductivity of the device.

Reference [8] carried out a simulation and experimental validation study on the transient behavior
of a power generation system combining exhaust heat recovery device and TEM. The system was
designed such that the exhaust heat recovery device would provide a source of heat to the TEM. A
thermoelectric model was developed for the performance of waste heat recovery device. Also, a CFD
analysis was performed to obtain the data of heat flux and temperature. The CFD model was coupled
with the thermoelectric model to obtain the optimal power generating capacity of the system. Reference
[9] investigated the optimization of a TEG-powered wireless sensor node designed for industrial
applications. The system was experimentally tested using heat pipes of varying diameters to assess
scalability. Results demonstrated successful energy harvesting from the temperature difference between
the heat pipe and ambient air. Optimization analysis confirmed that the harvested power is sufficient for

practical use in industrial wireless sensor node applications.

Reference [10] evaluated the performance of TEMs in recovering waste heat from LPG stoves,
focusing on the impact of various cooling methods. Using four TEMs connected in series, they tested
three cooling systems: a heatsink, a fan-assisted heatsink, and a water block. Results showed that heat
absorption increased by over 300% with the fan-assisted heatsink compared to the standalone heatsink
and by an additional 27% with water cooling. The water block system also yielded the highest power
output, leading to the conclusion that water cooling optimize TEG performance in waste heat recovery
applications. Reference [11] reviewed various ways to hybridize TEGs with renewable energy sources for
optimal performance. They explored TEG integration with biomass systems for waste heat recovery from
gasifiers, enhancing performance by optimizing surface contact and heat structures. In fuel cell systems,

hybridizing with TEGs improved efficiency and thermal performance by regulating temperature and
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capturing additional waste heat. TEG integration with solar photovoltaics increased energy conversion
efficiency, reduced overheating, and extended the lifespan of solar cells. The review concluded that TEGs

could boost renewable energy system efficiency.

Reference [12] studied the hybridization of TEG and solar systems for air conditioning in an
educational building. The TEG system that derived its source of heat from diesel engine’s exhaust gasses
complemented the energy generated by the solar system. The study concluded that the hybrid energy
system provided an optimal solution for meeting the building's cooling load. Reference [13] explored
waste heat recovery in autonomous aerial vehicles using a TEH system. The study achieved optimal
performance through triangular plate-fin heat exchangers designed to efficiently capture thermal energy
from engine exhaust streams. A longitudinal trapezoidal fin cylindrical heatsink was developed to amplify
heat dissipation via forced convection, with its design refined through finite element analysis. This
optimization maximized the thermal gradient across the integrated TEMs, resulted in increase in
electrical output. The authors further developed a computational system model to simulate exhaust gas
dynamics, enabling real-time performance. Experimental and numerical validation confirmed the
system’s feasibility, demonstrating stable power generation across flight cycles and reinforcing its

potential for integration into next-generation autonomous aerial vehicles energy recovery systems.

Despite the potential of TEH system for waste heat recovery and optimal solutions to the limitations
reported in the literatures, thermoelectric technology remains in a developmental phase and continues
to face significant implementation challenges, necessitating further research for optimal and innovative
design. For instance the triangular plate-fin heat exchanger employed by Reference [13] for optimal
performance does not address uniform heat distributions that improve efficiency, as triangular fins can
create higher flow resistance, leading to an increased pressure drop across the heat exchanger; which can
reduce the flow rate of the exhaust gases and consequently affect the heat transfer performance. This
present study employs a plate heat exchanger (PHE) configured with a hybrid duct design comprising
both rectangular and triangular channels, to optimize heat transfer and exhaust gas flow dynamics. The
study also utilizes advanced bismuth-telluride-based TEM doped with semiconductors from lead
telluride to enhance their operating temperature range and electrical conductivity. The thermal

performance optimization was further validated through simulations.

2. Method

The materials used in this study include the thermophysical property data of the exhaust emissions
from the gasoline generator, design specifications of the TEM and the PHE, as well as Python and
SOLIDWORKS simulation software.

2.1. Data Collection

The data used in this study comprise the properties of gasoline exhaust emissions, including
temperature, density, thermal conductivity, specific heat capacity, and volumetric flow rate, obtained
from established thermodynamic data tables. In addition, the design specifications and experimentally
determined performance parameters of both the TEM and the PHE were obtained from Reference [14].
These data were used in the analysis and optimization processes. A summary of the key parameters is

presented in Table 1.
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Table 1. Design Specifications and Experimentally Determined Performance Parameters of TEH System

Components
Components Parameter Value
Fuel Gasoline
Temperature of exhaust: At full load 400°C to 500°C
Exhaust emission 7.331/s (0.00733m%/s)
Gasoline Generator: —
(RD3910EX) Model Thermal conductivity of exhaust gas 0.054%/mK
Density of exhaust gas 0.505kg/m?
Specific capacity of exhaust gas 1152]/kgK
Dynamic viscosity of exhaust gas 3.196x10°kg/ms
Dimension of TEM 40mmx40mmx3.8mm
Hot side temperature of TEM 320°C
TEM: Cold side temperature of TEM 30°C
(1261G-7L31-04CQ) Model Energy Conversion Efficiency 4.63%
Thermal conductivity of TEM 1.2W/mK
Material of TEM Bismuth telluride(Bi,Te;)
Material of PHE 0.4mm stainless steel
PHE: Thermal conductivity of PHE 16.5W/mK
(Finless Triangular-Rectangular Dimension of rectangular duct of PHE 40mmx40mmx10mm
Composite Duct) Dimension of triangular duct of PHE 40mmx20mmx5mm

2 Source: [14]

2.2. Optimization of the Prototype TEH System

Optimization is a systematic methodology for improving system performance by strategically
adjusting operational parameters to achieve defined objectives, such as maximizing efficiency, minimizing
costs, or enhancing reliability [15]. In this study, optimization was applied to maximize energy conversion
efficiency of the TEH system.

2.2.1. Optimizing the Energy Conversion Efficiency of the TEM

This study employed a linear programming optimization method to maximize the energy conversion
efficiency of the TEM. The optimization process was conducted under specific constraints, including
the temperature gradient between the hot and cold sides (AT, the heat absorption rate (Q), and the
power output of the TEM (P). To achieve optimal performance, the optimization problem was

formulated based on the regression model developed by [14].

Maximize : n = 0.0002(AT) + 0.0005(Q) + 0.002(P) — 0.0123

60.70 < AT < 160.4
Subject to the constraints:§ 31.08 < Q < 82.13 (H
0.7 <P <4670

2.2.2. Optimizing the Design of the PHE

Maximizing the thermal performance of the PHE requires optimization of key design parameters.
These include designing the PHE geometry to enhance heat transfer efficiency by maximizing surface
area and optimizing flow paths, selecting materials with high thermal conductivity and corrosion
resistance to ensure long-term reliability under harsh operating conditions, and adopting a flow
configuration that enhances turbulence, thereby increasing convective heat transfer rates. The optimized
PHE designed incorporates a hybrid duct configuration featuring both rectangular and triangular cross-
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—
sectional geometries to enhance thermal performance and exhaust gas flow dynamics. The rectangular
ducts ensure uniform thermal distribution and provide effective surface contact with the externally
mounted TEM, thereby improving heat transfer performance. The triangular ducts feature a larger cross-
sectional area at the inlet and a smaller one at the outlet, designed to streamline exhaust gas flow,
minimizing flow resistance while inducing turbulence. This induced turbulence promotes both
convective and conductive heat transfer; and ensuring more effective thermal energy exchange with the
TEM. Fig. 1 shows the schematic of the optimized PHE design.

Top View

> l Side View
|

TS

] E
j

Front View 10

Fig. 1. Schematic of the Optimized PHE Design (Conceptualization)

Fig. 2 shows the 3-D model of the optimized PHE design.

PHE

Exhaust Gas

Exhaust Gas
Outlet

Fig. 2.3-D model of the Optimized PHE Design (Conceptualization)

Also, a finless PHE configuration was chosen for the optimized design, as it is particularly well-suited
for handling particle-laden fluids, such as exhaust gases. Unlike conventional fin-type PHEs, the finless
design reduces the risk of fouling and clogging, thereby enhancing operational reliability and minimizing
maintenance requirements. Collectively, these design optimizations make it more sustainable and

efficient for waste heat recovery applications
2.3. Optimized PHE Performance Parameters
The performance parameters of the optimized PHE were assessed through exhaust gas flow and heat
transfer analyses:
2.3.1. Exhaust Gas Flow

The exhaust gas flow was analyzed by evaluating its thermophysical properties and flow characteristics
within the PHE. This analysis incorporated key dimensionless numbers and empirical correlations. The
Reynolds number (Re) was used to characterize the flow regime and turbulence intensity, the Prandtl
number (Pr) defined the relationship between momentum diffusivity and thermal diffusivity, and the

Nusselt number (Nu) quantified the convective heat transfer coefficient.

e Reynolds Number
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The Reynolds number (Re) of the exhaust gas was calculated using the following formula [16].

Re = PexhXUexhXdphe (2)
Hexh

where peyp= density of the petrol exhaust gas, Ug,p= exhaust gas exit velocity from the heat
exchanger, dp,p, = hydraulic diameter of the heat exchanger, ueyp, = dynamic viscosity of the petrol
exhaust gas. The exhaust gas exit velocity from the heat exchanger and hydraulic diameter of the

rectangular duct section of the heat exchanger are given, respectively by [17], [18].

— Yexh
Uexn = a:;e (3)
and
2XwW heXbphe
d,p, = ——phe*phe 4
phe the+bphe ( )

v . .
where " = volumetric flow rate of the petrol exhaust gas, a,p, = exhaust gas flow exit area of
the heat exchanger, wpp,, = width of the rectangular duct section of heat exchanger, by, = height
of the rectangular duct section of heat exchanger.

e  Prandtl Number

The Prandtl number (Pr) of the petrol exhaust gas was calculated using the following formula [16].

Pr = CpexhXMexh (5)
K
exh

where CPexh = specific heat capacity of the petrol exhaust gas, Keyp, = thermal conductivity of
the petrol exhaust gas.

e Nusselt Number

The Nusselt number (Nu) was calculated using the Dittus-Boelter equation, a widely recognized
empirical correlation in heat transfer engineering for estimating convective heat transfer in forced
convection through non-circular ducts, where the hydraulic diameter serves as the characteristic
length. This equation is specifically applicable to turbulent flow conditions, characterized by
Reynolds numbers (Re > 4000), and Prandtl numbers (Pr) within the range 0.7 < Pr < 160. For

heating processes, Dittus-Boelter equation is expressed as follows [16].

N,

Uexh

= 0.023 X Re®8 x pro4 (6)

e Convective Heat Transfer Coefficient

The convective heat transfer coefficient (heyp) of the exhaust gas was calculated using the following
formula [16]:

Ny ¥Kexh

(7

h =
h
ex dphe

2.3.2. Heat Transfer Analysis

The schematic diagram of Fig. 3 illustrates the heat transfer in the prototype TEH system.
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Fig. 3. Schematic Heat Transfer of the Prototype TEH System (Conceptualization)

Heat Transfer Rate to the Hot Side of the TEM

The heat transfer rate to the hot side of the TEM (Qpo¢) represents the amount of heat
transferred from the exhaust gas, through the wall of the heat exchanger, to the hot side of the
TEM. As shown in Fig. 3, it was calculated using the following equation [19].

Texh—Thot
Qhot = =7 tappg— ®)

hethphe kp heAphe

where Tgyp = temperature of the exhaust gas, Appe = area of the PHE covered by the TEM,
Axppe = thickness of the PHE wall, kp,e= thermal conductivity of the PHE material.

Available Waste Heat in the Exhaust Gas

The available waste heat in the exhaust gas (QQ,,p) was calculated using the equation [20].

Qexh = Vexn X Pexn X Cpexn X (Texn — Tamp) 9
Effectiveness of the PHE

The effectiveness of a PHE is defined as the ratio of the actual heat transferred to the maximum
possible heat transfer under identical operating conditions. It serves as a performance indicator in
the design and evaluation of heat exchanger systems, with higher effectiveness indicating efficient
performance. In this study, the effectiveness of the PHE represents the fraction of thermal energy
transferred to the hot side of the TEM. Its value dependents on design parameters, including
exhaust gas flow characteristics and the geometric configuration of the PHE. Thus, the effectiveness
of the PHE was calculated given by the formula [21]:

Qhot
Ephe = 10
phe Qexh ( )

2.3.3. Optimal Overall Energy Conversion Efficiency of the TEH System

The overall energy conversion efficiency measures the performance of the entire TEH system. It

encompasses the energy conversion efficiency of the TEM in converting thermal energy into electrical

energy (¢eq), and the effectiveness of the PHE in transferring heat to the TEM (&ppe). The overall

energy conversion efficiency (Moyerqr) of the TEH system is given by [22].

Noverait = Ntem X Ephe (11)

Gbaarabe et al. (Performance optimization of a thermoelectric energy...)



8 Applied Engineering and Technology ISSN 2829-4998
Vol. 4, No. 2, August 2025, pp. 1-13

2.4. Simulation of the TEH System
Fig. 4 illustrates the Computer-Aided Design (CAD) model of the TEM, depicting the arrangement

of the thermoelectric couples.

COLID STDE

Thermoelectric
Couple

Fig. 4. CAD Model of the TEM

The optimized performance of the TEM was validated using a SOLIDWORKS-developed CAD

model, with simulations quantifying the thermal gradient distribution across the module.

3. Results and Discussion

The results of the study are presented and discussed as follows.

3.1. Optimization Results

The objective of the optimization was to maximize the energy conversion efficiency (1) of the
prototype TEH system, as defined by (1). Using a Python optimization code, the study achieved an
optimal energy conversion efficiency of 7.209%, at a temperature difference of 160.4K, a heat absorption
rate of 82.13W, and a power output of 4.67W. The optimized efficiency aligns closely with the record-
high efficiency of approximately 7.3% reported by Reference [23], for an Mg;Sb,/MgAgSb-based TEM.

3.2. Optimal Convective Heat Transfer Coefficient

The optimal convective heat transfer coefficient for the exhaust gas flowing through the optimally
designed PHE was determined as follows:

e Analysis of the Exhaust Gas Exit Velocity from the PHE

The exhaust gas exit velocity from the PHE was determined using (3), considering that veyp, =
73.3L/s=0.00733m°/5, appe=0.005 x 0.005 = 0.00002527° (from Fig. 1) .

0.00733

———— ~ 293.2m/s
0.000025

Uexn =

e Analysis of the Hydraulic Diameter of the PHE

Using (4), the hydraulic diameter (d,pe) of the PHE was determined based on the given duct
dimensions: Wppe = 0.04m, by, = 0.01 (from Table 1),

2X0.04%0.01
dphe = 0044001 ~ 0.016m
e Analysis of the Reynolds Number of the Exhaust Gas

The Reynolds number of the exhaust gas is determined using (2), noting that: Uyep = 293.2m/s,
Ceee—
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dpne = 0.016m, peyp= 0.505kg/m3, eyp = 3.196x10-5kg/ms (from Table 1)

_0.505x293.2X0.016
T 3.196x10-5

Re ~ 74.126

Since Re > 4000, the analysis confirms a fully turbulent flow regime within the PHE. Turbulent
flow is characterized by chaotic fluid motion and intense mixing, which significantly enhances

convective heat transfer coefficients, and improve gas-to-surface thermal exchange [24].
e Analysis of the Prandtl Number of the Exhaust Gas

The Prandt]l number of the exhaust gas is calculated using (5) as follows: Cpexn = 1152]/kgK, fexn
= 3.196x105 kg/ms, kexp= 0.054W/mK (Table 1).

_ 1152x3.196x107°
0.054

Pr =~ 0.7

The analysis yielded a relatively low Prandtl number (Pr < 1), which indicates rapid heat transfer
due to high thermal diffusivity [25].
e Analysis of the Nusselt Number of the Exhaust Gas

Applying (6), the Nusselt number of the exhaust gas is determined as follows: Re = 74,126, Pr =
0.7

Nugyp, = 0.023 X 74126%8 x 0.7%* = 157

Thus, Using (7), the convective heat transfer coefficient of the exhaust gas is calculated thus: Nugy
=157, kexp, = 0.054 W/mK (from Table 1), dppe = 0.016m

b o 157x0054
exh =™ o016

~ 530W /m?K

A convective heat transfer coefticient of 530 W/m?K is considered relatively high, indicating strong
convective activity within the exhaust gas flow. Such a high value is typically associated with high gas
velocity, turbulent flow conditions, and potentially optimized surface geometries that enhance thermal
interaction. This value is within the expected range for turbulent exhaust flow in the PHE, where

efficient heat transfer is essential for maximizing system performance

3.3. Equations

The equations are an exception to the prescribed specifications of this template. You will need to
determine whether or not your equation should be typed using either the Times New Roman or the
Symbol font (please no other font). To create multileveled equations, it may be necessary to treat the

equation as a graphic and insert it into the text after your paper is styled.

3.4. Analysis of the Heat Transfer Rate to the TEM

The heat transfer rate from the exhaust gas to the TEM was determined using (8) as follows: Ty =
723K, Thoe = 448.1K (from Table 1), Royy = 524W/m2K, Appe = 0.04 x0.04 = 0.0016m2, Ayppe =
0.0004m, kp,pe = 50W/mK (Table 1).

. 723 -448.1
Qhor = 1 N 0.0004 230w

524 x0.0016 50x0.0016
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3.5. Analysis of the of the PHE Effectiveness
Using (10), we obtain the effectivenes of the PHE: Qhor= 230W, Qux= 1792W

230

£ =——~0.13
phe ™ 4797

This result indicates that 13% of the total waste heat available in the exhaust gas was absorbed and
transferred to the TEM.

3.6. Analysis of the Optimal Overall Energy Conversion Efficiency of the TEH System

Applying (11) we obtain the optimal overall energy efficiency of the TEH System thus: €4 = 0.13,
Nees = 0.07200.

Noveran = 0.07209 x 0.13 ~ 0.0094

The overall energy efficiency of the TEH system was determined to be 0.0094, indicating that only
0.94% of the absorbed waste heat was converted into electrical energy. Although modest, such overall
energy efficiency can yield considerable energy savings in large-scale applications where waste heat is
abundant.

3.7. System Thermal simulation Result

Fig. 5 and Fig. 6 are the simulation results that depict the thermal performance of a TEH system.
Fig. 5 shows the temperature distribution across the entire TEH system. The color scale to the left
shows temperature values ranging from about 303K (blue) to 720 K (red). The red area represents the
hot side, where the waste heat from the exhaust gases is applied. The blue area represents the cold side,
cooled by ambient. The red-yellow transition areas show how heat is transferred from the exhaust gas
inlet to the exhaust gas outlet. The red-green-blue transition areas show how heat is transferred from
the hot side to the cold side.This figure gives an overall view of how temperature is distributed through
the TEH structure.

Temp (Kelvin)

7.230e+02

' 6.880e+02

. 6.530e+02

. 6.180e+02
. 5.830e+02
| 5.480e+02

i".JJ* 5.130e+02
‘_ 4.780e+02
L 4.430e+02

. 4.080e+02
3.730e+02

I 3.380e+02
3.030e+02

Fig. 5. Temperature Distribution across the entire TEH System

Fig. 6 provides a more detailed cross-sectional view of the temperature gradient across TEM. The
temperature scale appears similar, with hot regions at the bottom (red) and cold regions at the top (blue).
The vertical heat flow is clearly shown from the hot base, through the thermoelectric couples, up to the
cooled top plate. The gradient is essential for thermoelectric power generation, as voltage is produced
across the TEM when there is a significant temperature difference. This diagram focuses on how well

each thermoelectric couple is performing in terms of maintaining a thermal gradient, which directly
-
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affects power output. These figures validated the optimized design of the TEH system by ensuring the
desired temperature gradient is maintained across the TEM, given that the power output of the TEH is

directly proportional to the temperature gradient across the thermoelectric couples in the TEM.

Temp (Kelvin)
5930402
l 5.608e+02
5447402
5.205¢+02
4963e+02
L 4.722e+02
‘ B 4.480e+02

[ 4.238e+02

N
. N . |

3.997e+02

3.755e+02

3513e+02
3.272e+02
3.030e+02

Fig. 6. Temperature Gradient across the TEM

4, Conclusion

This study presents the performance optimization of a TEH system, designed to recover waste heat
from ICEs and convert it into usable electrical energy. The key findings are summarized as follows: 1)
The optimization process, conducted using Python optimization code developed for the study, yielded
an energy conversion efficiency of 7.209%, marking a 56% improvement over the experimentally
measured efficiency of 4.63%; 2) The optimized PHE design, incorporates a finless triangular-
rectangular composite duct. The analysis showed a fully turbulent flow within the PHE, which
significantly enhances convective heat transfer coefficients, improving the heat exchange between the
exhaust gas and the heat exchanger surfaces, and reduces the risk of fouling and clogging; 3) The exhaust
gas contained 1792W of waste heat, with 230W transferred to the hot side of the TEM. This corresponds
to a heat exchanger effectiveness of 0.13(13%), meaning only 13% of the available waste heat in the
exhaust gas is utilized by the TEM; 4) The overall TEH system efficiency was determined to be 0.94%,
which, despite being relatively modest yield considerable energy savings in large-scale applications where
waste heat is abundant; 5) Computational simulations, using a CAD model in SOLIDWORKS, validated
the TEH system’s optimized performance, by ensuring the desired temperature gradient is maintained
across the TEM, given that the power output of the TEH is directly proportional to the temperature
gradient across the thermoelectric couples in the TEM. In conclusion, this study demonstrates the
potential of TEH systems to effectively recover and convert thermal energy from ICE exhaust gases into
usable electrical energy. The results highlight the importance of optimizing thermal and electrical
parameters to maximize system performance. It is recommended that stakeholders in the energy sector
implement supportive policies and incentives to accelerate the adoption of TEH systems in next-
generation ICEs, aligning with global objectives for improved energy efficiency and reduced carbon
emissions in industrial processes, transportation and power generation systems.
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