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Abstract: This paper presents a comprehensive study on the application and optimization of
automotive thermoelectric generators (ATEGs), focusing on the crucial role of heat exchangers in
enhancing energy conversion efficiency. Recognizing the substantial waste of thermal energy in
internal combustion engines, our research delves into the potential of TEGs to convert engine waste
heat into electrical energy, thereby improving fuel efficiency and reducing environmental impact.
We meticulously analyze various heat exchanger designs, assessing their influence on the TEG's
output power under different exhaust gas flow rates and temperatures. Furthermore, we explore
the impact of TEG material properties on the overall energy conversion effectiveness. Our findings
reveal that specific heat exchanger designs significantly enhance the efficiency of waste gas heat
exchange, leading to an improved performance of the TEG system. We also highlight the importance
of thermal insulation in maximizing TEG output. This study not only contributes to the ongoing
efforts to develop more sustainable and efficient vehicles but also provides valuable insights into
the practical application of thermoelectric technology in automotive engineering. Through this
research, we aim to pave the way for more environmentally friendly transportation solutions,
aligning with global efforts to reduce fossil fuel dependence and mitigate environmental pollution.

Keywords: thermoelectric generators; renewable energy; heat exchanger design; energy conversion
efficiency; sustainable transportation; sustainable technology

1. Introduction

Road mobility is a crucial element of economic progress and has become an indispensable aspect
of contemporary civilization. Nevertheless, approximately two-thirds of the thermal energy
generated by internal combustion engines in automobiles is squandered through the emission of
exhaust gases or dissipated through cooling solutions. In response to the difficulties posed by limited
fossil fuel resources and environmental pollution, engineers are actively engaged in creating novel
electric cars and exploring methods to enhance the effectiveness of combustion engines.
Thermoelectric generator (TEG) modules can directly transform high-temperature exhaust gases into
electrical energy. Converting waste heat from engines into electrical energy using TEG modules and
storing it in battery systems to power the advanced electrical systems of cars would enhance fuel
efficiency and lower the temperature of waste heat, thus reducing environmental pollution. The topic
of heat exchangers in waste heat recovery systems has been extensively examined [1-3]. Due to the
elevated temperature of exhaust gases from internal combustion engines, most research efforts have
been directed at exhaust systems [4-10]. C. Ramesh Kumar and his colleagues [11] used the finite
element software FLUENT@ to model and contrast heat exchangers in TEG modules with hexagonal,
triangular, and rectangular geometries. It was discovered that the temperature distribution of the
heat exchanger shell is more evenly spread when exhaust gases pass through a rectangular heat
exchanger. This makes the rectangular heat exchanger better suited for use in automotive
thermoelectric generator (ATEG). In their research, S. Ezzitouni and colleagues [9] examined the
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impact of altering the temperature and flow of exhaust gases from diesel engines on the power
generation of ATEG. These performance metrics encompass key engine variables, such as torque and
engine speed. The investigation revealed that the waste heat generated by torque exerts a more
significant influence on thermoelectric chips' power output than engine speed. Additionally, it was
discovered that as the engine load rises, the TEG module produces sufficient power to counterbalance
the rise in pump loss power. Furthermore, applying suitable thermal insulation to the TEG module
can significantly enhance its power production.

Extensive research has been conducted on single-stage and dual-stage thermoelectric cooler-
thermoelectric generator (TEC-TEG) systems in the context of studying the cold end of the ATEG [12-
14]. In their study, Liu et al. [15] have shown a dual-stage TEG module that achieves a peak power
output of around 250 W when operated at a hot-side temperature of 473 K. Rui et al. [16] have focused
their research on improving the waste heat recovery of TEG modules in military sport utility vehicles
(SUVs). They have proposed four ways to better this process. Due to its increased heat-carrying
capacity relative to air, water is more efficient at reducing the temperature at the cold end of the
ATEG when used as a cooling medium [17].

The ATEG module consists of four main components: the TEG, heat exchanger, cooling system,
and clamping element. The TEG and the heat exchanger have crucial functions in determining energy
conversion efficiency. The design of the flow channel within the heat exchanger cavity considerably
impacts the efficiency of waste gas heat exchange and the resulting pressure drop, affecting the
quantity of heat that can be used for generating electricity. This study aims to examine and contrast
various heat exchanger designs to determine how they affect the power that the TEG produces at
various waste gas flow rates and temperatures. Furthermore, it explores how the features of TEG
materials impact energy conversion effectiveness.

2. Mathematical Model

2.1. Thermoelectric Theory

The TEG chip comprises multiple thermocouples connected in series. The relationship between
the Seebeck coefficient, thermal conductivity, and internal resistance of a single thermocouple is
expressed as follows:

Upn = Ay — ay 1
LA, 1A
=t @)
L, L,
Pply  pnln
R.. =
pn Ap + An (3)

where ap and an are the Seebeck coefficients of the P-type and N-type thermoelectric materials,
respectively, and a,» represents the Seebeck coefficient of a thermocouple pair. A, and A are the
thermal conductivities of the P-type and N-type thermoelectric materials, respectively, and K
represents the thermal conductivity through the thermocouple. py and p. are the resistivities of the P-
type and N-type thermoelectric materials, respectively, and Ry» represents the internal resistance of
the thermocouple. Ay and A are the cross-sectional areas of the P-type and N-type thermoelectric
materials, respectively, and L, and L. are the lengths of the P-type and N-type thermoelectric
materials, respectively. From these parameters, the open-circuit voltage Ve, internal resistance Rre,
current [, output power P, heat absorbed at the hot end Qs, the heat released at the cold end Q., and
the thermoelectric chip's thermal efficiency nre can be calculated using the following relationships:

Voc = NTEapn(Th - Tc) (4)
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In the equations (4-10) mentioned above, Nt represents the number of thermocouple pairs in
the TEG chips. T and T. represent the hot and cold temperatures at the thermocouple's hot and cold
junctions. Rt denotes the external load resistance.

2.2. The Law of Energy Conservation

The thermal energy of the engine exhaust, as it passes through the heat exchanger, is equal to
the sum of the heat gains by the TEG and the heat losses. This relationship is represented as follows
(18]

Qin — Qout = Qo + Qoss (11)
Quoss = Q1+ 02+ Q3+ Q4+ 05 (12)

where Qin and Qou are the thermal energies at the inlet and outlet of the heat exchanger, respectively.
Qo represents the actual heat gained by the TEG. Q1 is the heat lost through convection and radiation
from the surface of the heat exchanger without the TEG. Q: is the heat lost through convection and
radiation from the gaps within the TEG chip. Qs is the heat lost through thermal conduction from the
clamping element of the TEG module. Qs is the heat lost through the gaps between multiple TEG
chips. Qs represents the heat consumed due to contact thermal resistance.

The overall efficiency 1 of the TEG module is defined as the ratio of the output power W of the
TEG module to the heat supplied by the engine exhaust Qex. This relationship is expressed as follows:

ud (13)
n =
Qexh
Qexn = mexhcp,ethTexh (14)

where W represents the output power of the TEG module, and Qex: is the heat energy supplied by the
engine exhaust. This heat energy is the same as the thermal energy lost by the engine exhaust in the
heat exchanger, which is represented as Qin - Qout in equation (11).

Assembly

Elements Cold Plate

TEMs Hot Box

Figure 1. Heat flow direction in thermoelectric devices [18].
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2.3. Fins’ Function

Fins' primary function is to increase waste exhaust heat extraction and enhance heat conduction
efficiency. Heat conduction is directly proportional to the heat transfer area, heat transfer coefficient,
and temperature difference. One can focus on increasing the heat transfer area, improving the heat
transfer coefficient, or raising the temperature difference to enhance heat conduction. Since the
operating temperature is usually fixed or limited, standard methods include enhancing the heat
transfer coefficient or increasing the heat transfer area. Increasing the heat transfer coefficient can be
achieved through forced convection or two-phase flow while using fins, which is a method to enlarge
the heat transfer area. The relationship for heat conduction is expressed as follows:

Q =hAAT (15)

where (Q is the rate of heat conduction, h is the irradiance, representing the amount of heat
transferred per unit area per unit temperature difference, A is the cross-sectional area through which
heat is being conducted, and AT is the temperature difference driving the heat transfer.

3. Numerical Methods

3.1. Model Establishment

This study simulates five types of square heat exchangers. The types of heat exchangers include
the cavity heat exchanger, plate-fin heat exchanger, pin fin heat exchanger, offset strip fin heat
exchanger, and baffle plate heat exchanger. The central rectangular area of the heat exchanger for
heat exchange is 227mm x 95mm x 24mm, and it has an inner diameter of 30mm for both the inlet
and outflow. The shell material is made of steel. The plate fin heat exchanger features fins that are
1.5mm thick and spaced 4mm apart. The pin fin heat exchanger features a fin arrangement with a
transverse spacing of 15mm and a longitudinal spacing of 30mm. The fin pitch, which refers to the
distance between adjacent fins, is 8mm. The offset strip fin heat exchanger features a fin thickness
measuring 1.5mm and a fin height of 19.5mm.

The fixed cooling system's square tube dimensions are 227mm x 95mm x 10mm. The tube is steel,
and the cooling fluid used is water. The thermoelectric module utilizes a configuration where the
chip is positioned on one side alone. The upper section comprises 10 thermoelectric chips arranged
in series for thermoelectric conversion. Each chip is composed of 134 rectangular thermocouples. The
dimensions of each thermoelectric element are 1.6mm (length) x 1.6mm (width) x 3mm (height),
forming a rectangular shape. Figures 2 to 6 were created using Solidworks and examined in COMSOL
[19] software utilizing the finite element approach.

Figure 2. Cavity heat exchanger [20].
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Figure 3. Plate-fin heat exchanger [20].

Figure 4. Pin-fin heat exchanger [20].

Figure 5. Offset strip-fin heat exchanger [20].

Figure 6. Baffle-plate heat exchanger [20].
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3.2. Simulation Conditions

In order to replicate the power generation of the ATEG in actual exhaust conditions, this work
uses the gasoline engine employed in the experiments conducted by T.Y. Kim et al. [21]. Simulation
parameters are determined by selecting nine operational modes of the engine and using their related
exhaust gas flow rates and temperatures. The precise simulation circumstances are outlined in Table
1. The exhaust gas passes via the heat exchanger, where its thermophysical characteristics are
simulated using air. The cooling system is designed with a mass flow rate of 0.06 kg/s and a
temperature of 353K [21], while the surrounding temperature is fixed at 298K.

Table 1. Engine exhaust conditions and simulation parameters [21].

Experimental = Exhaust gas mass flow Simulation exhaust gas Exhaust gas temperature at

conditions rate(kg/h) mass flow rate(kg/h) TEG inlet(K)
1 39.3 6.288 675
2 51.8 8.288 688
3 63.5 10.160 733
4 66.5 10.640 775
5 74.6 11.936 798
6 80.9 12.944 811
7 93.4 14.944 839
8 107.7 17.232 879
9 128.2 20.512 942

3.3. Thermoelectric Materials

Considering the temperature differential between the cooling system and engine exhaust,
materials with superior thermoelectric properties within the 300-1000K temperature range were
selected. The study investigates the influence of diverse thermoelectric material features on power
generation efficiency by selecting two sets of distinct thermoelectric materials. The initial group
consists of a P-type thermoelectric material called Sie2Ges1AusBs [22], with a figure of merit (zT) value
of 1.63. The second group comprises an N-type thermoelectric material composed of SiossGeo12 mixed
with 5% FeSi2 and 2.5% Ag [23]. This material was sintered at 1000°C and achieved a zT value 1.20.
The second group includes two types of thermoelectric materials. The first type is a P-type material
called Pbo.ssNao.02sCdoosSeosSoasTeozs [24], with a peak zT value of 2.00. The second type is an N-type
material called Pbo.gsSboo2SnoiSeosTeo2sSo2s [25], which has a zT value 1.80. Figure 7 depicts the
properties of the first set of thermoelectric materials as solid lines for Material 1 and the properties of
the second set of thermoelectric materials as dotted lines for Material 2.
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Figure 7. The material properties of the thermoelectric materials [21-24]. The letters (a-d) represent
the p-type thermoelectric materials, while the letters (e-h) represent the n-type thermoelectric
materials. The different subplots in the figure correspond to specific material properties. (a, e):
Seebeck coefficient. (b, f): Thermal conductivity. (¢, g): Electrical conductivity. (d, h): ZT value.

3.4. Boundary Condition

Different operating states of the engine and external environmental conditions affect the
temperature distribution in the heat exchanger, leading to variations in the power generation of TEG
chips. To maintain uniform boundary conditions in the simulation analysis, the following
assumptions regarding physical properties were made:

The system operates in a steady state.

The fluid is incompressible and does not undergo a phase change.

Convective and radiative heat losses at the boundaries are neglected (adiabatic conditions).
Thermal contact resistances are neglected.

The cross-sectional areas and lengths of P-type and N-type thermoelectric materials are equal.
The power consumption of the cooling system pump is not considered.

The design of the clamping element is excluded from analysis.

NG L=

4. Results and Discussion

When engine exhaust gas enters the heat exchanger, it increases the temperature of the heat
exchanger's shell. The TEG chip and the heat exchanger shell are in direct contact, with the former
acting as the hot side and the latter as the cold side about the TEG chip and the cooling system
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interface. The temperature difference causes the TEG chip to produce a voltage, which generates
output power when connected to an external load resistance. This study is structured into three
sections:

First, it examines the impact of various heat exchanger designs on the temperature distribution
of the engine exhaust gas transmitted to the heat exchanger shell. It also explores the relationship
between this temperature distribution and the electrical output of the TEG chip.

Second, it examines the influence of diverse engine operating conditions, distinguished by
varying exhaust gas flow rates and temperatures, on the power output of different TEG modules.

Finally, by utilizing the TEG module at peak efficiency, the study investigates the impact of the
thermoelectric material's zT value on the output power.

4.1. Analysis of the Influence of Heat Exchanger Design on Power Generation

In order to examine the temperature distribution and heat transfer properties of thermoelectric
generators (TEGs) in heat exchangers with various designs, we implemented conditions
corresponding to engine operation state number 1 from Table 1. These conditions were applied to
five different types of heat exchangers: the cavity heat exchanger, the plate fin heat exchanger, the
pin fin heat exchanger, the offset strip fin heat exchanger, and the baffle plate heat exchanger.

Figure 8 demonstrates that the internal fin design of heat exchangers substantially affects the
supply of thermal energy for thermoelectric conversion in TEGs. Out of the four heat exchanger
models with different fin designs, the plate pin heat exchanger demonstrates superior heat
transmission properties, resulting in the greatest temperature differential in the TEG of up to 148.88K.
The offset strip fin heat exchanger achieves a maximum temperature difference of 135.88K for the
TEG. Both possess the shared characteristic of exhibiting fin designs. Conversely, the TEG in the
cavity heat exchanger achieves a maximum temperature differential of only 72.72K, the lowest
compared to the other variants.

The voltage produced by the Seebeck effect in thermoelectric materials is determined by the
product of the Seebeck coefficient, the number of thermocouple pairs, and the temperature difference.
By using the temperature differences between the hot and cold ends of various heat exchangers, we
model the voltage that TEGs produce. This is done by considering the Seebeck coefficient-
temperature relationship of the thermoelectric materials, as shown in Figure 7. Various temperature-
difference conditions across different heat exchanger designs are simulated. Figure 9 demonstrates a
positive correlation between the TEG voltage and the temperature differential between the hot and
cold ends.

Figure 8. The temperature differences between the cold and hot ends of TEG modules in various heat
exchanger models [20].

The open-circuit voltage produced by each TEG chip is combined, and the current and output
power are determined with the external load resistance. In this work, power generation efficiency
was investigated to determine the impact of external load resistance. The TEG chips had a total
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internal resistance ranging from 177-182Q) across all temperature differential conditions. The narrow
range is due to the minor change in the electrical conductivity of the selected thermoelectric materials
with temperature. Hence, the external load resistance was adjusted within the range of 1-1000€),
approximately five times greater than the internal resistance of the TEG chips, to investigate its
impact on the output power.

When the engine is in state 1, the total output voltage and power of all chips connected in series
are set by the properties of the thermoelectric materials, the external load resistance, and the sum of
the open-circuit voltages of all the TEG chips. Figure 10 displays the voltage and current produced
by the circuit when linked to five different TEG module types coupled to external load resistances
varying from 1 to 1000Q. As the external resistance increases, the current diminishes, elevating the
output voltage and causing a diagonal distribution on the graph. Compared to Figure 9, the plate fin
heat exchanger exhibits the highest output voltage, whereas the empty cavity heat exchanger
demonstrates the lowest.

Figure 11 shows the output power of the five TEG module types for various external load
resistances. The maximum values, ranging from 177.00 to 178.85C2, match the total internal resistance
of the TEG chips, confirming that maximum output power is achieved when the external load
resistance equals the TEG chips’ internal resistance.

Voltage(V)
»

TEG number

——Empty cavity heat exchanger === Plate fins heat exchanger ——Pin fins heat exchanger

= Offset strip fins heat exchanger Baffles heat exchanger

Figure 9. Output voltage of thermoelectric generator (TEG) chips for various types of heat exchanger
models [20].
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Figure 10. The relationship between the output voltage and current of thermoelectric generator (TEG)
modules.
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Figure 11. The relationship between the output power of thermoelectric generator (TEG) modules and
external load resistance [20].

4.2. Evaluation of the Influence of Thermoelectric Materials on Power Generation Efficiency

This section analyzes the power output generated by TEG modules under nine distinct engine
operating conditions while comparing identical operating states across multiple heat exchangers. The
nine engine operating stages outlined in Table 1 are utilized to ascertain the TEG modules' combined
power output and overall efficiency.

Figure 12 demonstrates that variations in engine load and heat exchanger design substantially
impact the output power of each TEG module. As the engine load intensifies, the exhaust gas
temperature also escalates, resulting in a more significant temperature differential between the hot
and cold ends of the TEG chips and, consequently, higher power output. At maximum load, the Plate
Fin Heat Exchanger achieves the highest output power of 86.30W, but the Cavity Heat Exchanger
only provides a minimum power of 29.30W.

100

80

60

40

Output Power(W)

20

1 2 3 4 5 6 7 8 9

Engine running status number
——Empty cavity heat exchanger Plate fins heat exchanger

Pin fins heat exchanger —— Offset strip fins heat exchanger

Baffles heat exchanger

Figure 12. Output power of various types of thermoelectric generator (TEG) modules corresponding
to engine operating conditions [20].

Figure 13 demonstrates that the temperature differential between the entrance and outlet ends
of the cavity TEG module, through which engine exhaust gas passes, is minimal. The absence of
internal fins in this heat exchanger layout enables the exhaust gas to flow rapidly through, resulting
in little heat transfer. Conversely, the Plate Fin Heat Exchanger, featuring internal plate fins, reduces
the velocity of exhaust gas flow between the fins due to boundary layer effects. Furthermore, the
plate fins facilitate additional heat transfer, leading to the most significant temperature differential
between the inlet and exit. Although the exhaust gas temperature rises with the engine load, the
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temperature differential between the heat exchanger inlet and outlet decreases as the load increases.
This leads to a more uniform temperature at the TEG hot end, enabling higher power output.

140

120

100

w\”p—s

40

ATK)

Engine running status number

——Empty cavity heat exchanger ——Plate fins heat exchanger
—Pin fins heat exchanger ——Offset strip fins heat exchanger

Baffles heat exchanger

Figure 13. Temperature difference in engine exhaust for various types of thermoelectric generators
(TEGs) corresponding to engine operating conditions [20].

Figure 13 illustrates the temperature difference between the engine exhaust gas at the heat
exchanger inlet and outlet, observed under various engine operating conditions. The heat available
for the thermoelectric generator (TEG) under different engine loads can be determined using this
temperature difference, as shown in Figure 14. Incorporating plate fins in the exhaust gas heat
exchanger significantly improves heat transfer to the TEG. In all heat exchanger models with plate
fins, more heat is transmitted to the TEG than the cavity model. Among these, the Plate Fin Heat
Exchanger delivers the highest heat to the TEG, reaching a maximum of 511 W at full engine load. In
contrast, the Cavity TEG only transfers 330 W of heat.

——Empty cavity heat exchanger = Plate fins heat e

—Pin f

BafMles heat exchanger

Figure 14. The available heat supply from engine exhaust for various types of thermoelectric
generators (TEGs) corresponding to engine operating conditions [20].

he TEG module's total efficiency 7 is the ratio of the TEG's output power to the heat it gets from
the engine's exhaust gas. Figure 15 shows that as the engine loads up, the total efficiency of the TEG
module goes up. The plate-fin heat exchanger utilizes plate fins to enhance flow dispersion and heat
transfer, improving performance. This enhanced design allows the TEG chips to produce electricity
using a more significant temperature differential, yielding the highest total efficiency.
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Figure 15. Total efficiency of various types of thermoelectric generators (TEGs) corresponding to
engine operating conditions [20].

The heat recovery efficiency (nxr) [20] quantifies the total exhaust gas heat utilized by the TEG
module. It is determined by the ratio of the TEG's maximum possible heat input to its actual heat
output and can be mathematically represented as:

Qexh,max = mexh Cp,ethTexh,max (16)
Qexn
NHR = — (17)
Qexh,max

The plate-fin heat exchanger is utilized to examine the influence of engine operating conditions
on heat recovery efficiency due to its superior output power and total efficiency. The heat recovery
efficiency is calculated using the temperature difference between the inlet and outlet of the heat
exchanger, as well as the inlet temperature parameters of the engine exhaust gas from Table 1.

Figure 16 demonstrates that as the engine load increases, the exhaust gas flow rate and heat
content rise due to higher temperatures. As a result, the maximum possible heat input to the TEG
module increases significantly with load, from 0.68 to 3.87 kW. However, the heat transferred to the
TEG module has a minor increase, ranging from 0.24 to 0.51 kW. Comparing these thermal values
shows that heat recovery efficiency progressively decreases as engine load rises. While exhaust gas
contains much heat, the flow quickly removes it rather than using it for the TEG. The red dots in
Figure 16 show that heat recovery efficiency declines with higher loads, falling from 35.90% to
13.19%.

S

1 20

Q(kw)
.
Heat recovery efficiency(%)

3 4 8 S

Engine running status number

Qmax ®Qexh ®nHR

Figure 16. The thermal recovery efficiency of a plate fin heat exchanger relative to engine operating
conditions [20].
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When building thermoelectric generator (TEG) modules for engine waste heat recovery, it is
crucial to consider the pressure drop as a significant parameter. A large pressure drop signifies that
the engine exhaust gas cannot exit the heat exchanger effectively, leading to back pressure that
negatively affects the efficiency and lifespan of the engine. In automotive waste heat recovery
systems, TEG modules typically have an acceptable pressure drop of 3 kPa or less [20]. Pressure losses
arise when engine exhaust gas enters the heat exchanger, resulting from fluid expansion and
contraction and friction between the fluid and the heat exchanger shell. Moreover, including fin
designs in the heat exchanger unavoidably results in supplementary losses as the fluid passes over
the fins. This issue is investigated by doing simulation analysis on several thermoelectric generator
(TEG) modules while considering various engine operating circumstances. The analysis examines the
pressure drop that occurs when engine exhaust gas passes through the heat exchanger. Figure 17
demonstrates that the cavity heat exchanger, without internal fin designs, experiences the lowest
pressure drop. The pressure loss reaches 0.34 kPa while the engine operates at full load. The pressure
decreases in the plate fins, pin fins, and offset strip fin heat exchangers are greater than those in the
cavity model, measuring 0.63 kPa, 0.74 kPa, and 1.31 kPa, respectively. The main cause of this is the
decrease in pressure at the entrance and exit, as well as the resistance encountered along the walls
and fins of the chamber. The pressure loss is considerably more significant for the baffle plate heat
exchanger than other heat exchangers. This is primarily due to boundary layer separation and
secondary flow from internal turns. Figure 17 illustrates that the pressure loss in the baffle plate heat
exchanger is remarkably high, peaking at 5.56 kPa during maximum engine load. Hence, the baffle
plate design is not well-suited for TEG modules.

«

IS

~

Pressure Drop(kPa)
w

-

5}

Engine running status number

——Empty cavity heat exchanger ——Plate fins heat exchanger
—Pin fins heat exchanger ——Offset strip fins heat exchanger
Baffles heat exchanger

Figure 17. Engine exhaust gas pressure drop corresponding to the operating conditions of various
types of thermoelectric generator (TEG) modules [20].

In the exploration of the output power of Thermoelectric Generator (TEG) modules, it is essential
to consider the pump loss power W,,,, generated by the pressure drop of the engine exhaust gas.
This consideration allows for an assessment of the net output power that the entire TEG module
system can achieve. The relationship can be expressed by the following formula:

Wymp = VAp (18)

Whet =W — Wexn (19)

Similar to Figure 17, Figure 18 shows that as engine load increases, the pressure drop caused by
exhaust gas rises, resulting in higher engine pump power loss. The overall pattern closely matches
that of the pressure drop. Without internal fins, the cavity heat exchanger has the lowest pressure
drop and pump power loss, reaching 5.05W at peak load. In contrast, the baffle plate heat exchanger
exhibits the highest pump power, peaking at 82.88 W.
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Figure 19 illustrates that rising engine loads increase heat exchanger pressure drops from the
exhaust gas, proportionally elevating pump power loss. The cavity, plate-fin, pin fins, and offset strip
fin heat exchangers have pressure drops below 1.31 kPa and pump losses under 19.47 W. As a result,
their TEG net output power rises with load, albeit less steeply than in Figure 12. However, the baffle
plate heat exchanger experiences significant pressure drops from its structure bends, requiring
substantial pumping to propel exhaust gas. Since TEG power generation is low, net output power
stays above zero for the first six engine states but becomes negative at higher loads when pump
power exceeds TEG output. At maximum load, the net output is -38.31W, indicating TEG power from
the temperature differential cannot compensate for pump losses. The baffle plate heat exchanger TEG
module is ineffective for waste heat recovery and unsuitable for application.

Figure 18. Pump loss power corresponding to engine operating conditions for each thermoelectric
generator (TEG) module [20].

Figure 19. The net output power corresponding to engine operating conditions for each thermoelectric
generator (TEG) module [20].

4.3. Analysis of the Influence of Engine Operating Conditions on Power Generation

Thermoelectric material selection significantly impacts TEG module power generation
efficiency. Considering engine operating conditions, this section investigates how enhanced
thermoelectric material performance affects efficiency. The dimensionless thermoelectric figure of

2
merit, ZT = STGT, has three areas for improvement: increasing the Seebeck coefficient, improving
electrical conductivity, and minimizing thermal conductivity. Jointly optimizing these enhances
efficiency. As Figure 7 shows, superior materials have a lower Seebeck coefficient but reduced

thermal conductivity and higher electrical conductivity. Consequently, the ZT value rises from 1.63
to 2.0 for P-type and 1.2 to 1.8 for N-type materials, increasing output power. According to Table 1,
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automakers regard engine state eight as the most frequent operating condition [20]. We apply this
state to examine material influences on different TEG modules. Simulation of TEG chips involves
integrating both material sets to determine temperature distribution and voltage. Output power for
each TEG module is calculated via thermoelectric theory. Figure 20 shows that improved materials
yield higher output power in all TEG modules. Heat exchanger internal fin configuration, impacting
shell temperature distribution, also plays a role. The output power difference between TEG modules
with the two material sets, depicted by AW in Figure 20, has the most significant increase with the
plate-fin design and the least with the cavity. This occurs because the materials have higher efficiency
at elevated temperatures. The total output power increase is more significant with lower TEG chip
thermal conductivity and higher hot-end temperatures.

120 f

100 f

80 f

60 |

Output Power(W)

*Material 1 ®Material 2 OAW

Figure 20. The output power of various thermoelectric materials in each thermoelectric generator
(TEG) module [20].

5. Conclusions

This study employs COMSOL modeling to investigate waste heat recovery using thermoelectric
(TE) interlayers. It examines how different internal fin designs of heat exchangers affect the
performance of thermoelectric generator (TEG) modules. The analysis focuses on how varied engine
operating conditions, such as exhaust gas flow and temperature fluctuations, impact TEG module
performance. Furthermore, it evaluates the influence of different thermoelectric material
combinations on electricity production. Based on the simulation findings, the following conclusions
are drawn:

1. The data comparison in Figure 11 shows that incorporating fins in heat exchangers greatly
improves heat transfer over cavity designs, increasing TEG chip power generation. The plate-
fin heat exchanger evenly spreads the flow and temperature of the exhaust gas inside its shell.
This produces the most power when the input conditions are perfect, especially when the
external load resistance is the same as the chip's internal resistance.

2. As shown in Figure 15, higher engine loads increase exhaust gas flow and temperature,
enabling more heat transfer to the TEG and higher power generation. However, under low
loads, limited performance enhancement occurs. Thus, waste heat recovery is most efficient at
high loads.

3. Power generation varies when combining different heat exchangers and engine operating
conditions in TEG modules. The plate-fin heat exchanger enables the most significant
temperature differential and highest TEG output power due to exceptional heat transfer.
Compared to other designs, this TEG module has an average output power 290% higher than
the cavity, 155% higher than the pin-fin, 27% higher than the offset strip fin, and 117% higher
than baffle plate across various engine conditions.

4. When constructing waste heat recovery systems, pressure drop must be considered. Higher
engine loads increase exhaust gas pressure drops through the TEG, necessitating more
pumping power and less power output. Figure 19 shows that the baffle plate heat exchanger
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causes severe pressure drops at high loads, leading to negative net output power, while other
designs have reduced drops and closely match output power.

5. The plate-fin heat exchanger is the most suitable for engine waste heat recovery of the examined
models.

6.  Figure 20 shows that the second thermoelectric material group has a lower Seebeck coefficient and
voltage but higher electrical conductivity, decreasing TEG internal resistance and increasing
output power. This demonstrates that thermoelectric material progress significantly enhances
power generation.
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