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Abstract: This study investigates the thermal efficiency and exergy efficiency of a thermoelectric
power generation device for recovering power cable surface waste heat. Numerical simulations
are conducted to analyze the impact of different types of cooling fins on the system’s performance.
The results demonstrate that the installation of cooling fins improves heat transfer efficiency and
enhances the thermoelectric power generation device’s output power. Among the various fin de-
signs, the system equipped with cooling fins with 17 teeth exhibits the highest performance. These
findings highlight the importance of fin design in optimizing the system’s thermal efficiency and
exergy efficiency. This study provides valuable insights for the development and improvement of
thermoelectric power generation systems for power cable surface waste heat recovery applications.

Keywords: thermoelectric power generation device; power cable; cooling fins; thermal efficiency;
exergy efficiency

1. Introduction

With the continuously growing energy demand and increase in environmental issues,
the scientific community has intensified their research and development efforts with respect
to renewable energy technologies. Thermoelectric power generation, a renewable energy
technology that converts natural temperature differences into electrical energy, has gained
considerable attention. On one hand, power cables are essential components of the power
system for long-distance electricity transmission. On the other hand, conventional trans-
mission cables release thermal energy into the environment during energy transmission,
leading to reduced energy utilization efficiency. To address this issue, researchers have
explored integrating thermoelectric power generation technology with power cables to
recover the heat generated during cable operation and convert it into usable electrical
energy. This combined solution has the potential to significantly enhance secondary energy
utilization efficiency, improve energy recovery efficiency, reduce energy waste in power
systems, and contribute to the sustainable development of the power transmission indus-
try. Thermoelectric power generation technology operates based on the Seebeck effect
of semiconductor thermoelectric materials, generating electrical energy when there is a
temperature difference across the material. Although the technology has been successfully
applied for small-scale energy recovery, its application in large-scale power cables is still
limited. By integrating thermoelectric modules into the cable surface and utilizing the
temperature difference between the cable surface and the environment, the waste heat gen-
erated during cable operation can be efficiently converted into electrical energy, improving
the overall energy utilization efficiency and reducing our reliance on traditional energy
sources.
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Thermoelectric power generation technology offers significant advantages, such as
the efficient utilization of low-quality thermal energy sources, environmentally friendly
operation, and applicability in various sectors. Continued research and innovation in this
field can lead to cleaner and more sustainable energy solutions, reducing our reliance on
traditional energy sources and addressing environmental challenges. Zhao et al. demon-
strated the potential of thermoelectric generators in capturing energy from waste heat in
wet flue gas recovery research. This technology improves energy utilization efficiency
and reduces energy wastage [1]. Their further research on thermoelectric generators with
heat pipes showcased the effectiveness of thermoelectric power generation in waste heat
recovery, providing a promising approach for efficient energy conversion [2]. Additionally,
their study on waste gas thermoelectric generator systems utilizing heat-transfer-fluid cir-
culation analyzed the impact of fluid circulation on the system’s performance. The research
results demonstrated the potential of using heat-transfer-fluid circulation to enhance energy
recovery efficiency in waste gas thermoelectric generator systems [3]. Fu et al. [4] conducted
experiments on a vehicle-mounted thermoelectric generator (TEG) used in a cold chain
logistics transportation vehicle. They evaluated the TEG’s working efficiency and exergy
efficiency under various conditions. The results showed that the TEG exhibited promising
performance in converting waste heat into usable electrical energy in cold chain logistics
transportation vehicles. Li et al. [5–7] conducted a study on the impact of filling the core
flow region of a thermoelectric generator with a porous foam metal on the performance
of the thermoelectric generator (TEG). They improved the experimental setup by using
thermoelectric modules with different characteristics and optimizing the heat transfer in
the core flow region. The results showed that the choice of thermoelectric modules had a
significant influence on the TEG’s performance, and the optimization of heat transfer in
the core flow region positively affected the TEG’s power generation characteristics. He
et al. [8,9] studied the impacts of different cooling methods on a thermoelectric genera-
tor used for engine waste heat recovery. They proposed an optimization design method
based on exhaust gas parameters to maximize power output and efficiency. The results
provided insights for selecting suitable cooling methods and optimizing design parameters
for efficient energy conversion. Zhao et al. conducted numerical studies and performance
analyses on various thermoelectric power generation devices. They investigated waste gas
thermoelectric generators with perforated plates [10], automotive waste gas thermoelectric
generator systems with an intermediate fluid [11], and intermediate-fluid thermoelectric
generators used for automotive waste heat recovery [12]. The research results revealed
that the optimized thermoelectric generators exhibited superior performance in captur-
ing and converting waste heat from automotive exhaust, leading to enhanced energy
efficiency and waste heat recovery efficiency in automotive applications. Ge et al. [13]
optimized the structure of the thermoelectric modules in a photovoltaic–thermoelectric
hybrid concentration system to enhance the system’s overall performance and efficiency.
They also conducted experiments on thermoelectric generators with different numbers
of modules for waste heat recovery. The study compared the TEGs’ performances with
varying module numbers and analyzed the optimal configuration for the desired power
generation characteristics [14]. Luo et al. [15] presented a comprehensive hybrid transient
computational fluid dynamics and thermal resistance model for automobile thermoelectric
generators. The model combined CFD simulations with a thermal resistance network to
accurately predict the temperature distribution and heat transfer within the ATEG. The
study enhanced the understanding of and capability to model ATEGs for improved design
and performance optimization. Li et al. [16–18] examined the effect of enhancing the core
flow heat transfer on the power generation characteristics of thermoelectric generators with
different performances. They analyzed the impact of improving the heat transfer in the
core flow region on the overall power generation of the TEGs. The study emphasized the
importance of efficient heat transfer in enhancing the performance of a TEG.

Among the various methods of enhancing the performance of a thermoelectric power
generator, the addition of fins is a convenient and effective approach. Fins represent a
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common heat conduction enhancement element that can increase the efficiency of the heat
transfer between the thermoelectric generator and the heat source, thereby improving the
energy conversion efficiency. By adding fins, the surface area of the TEG is increased,
allowing it to better absorb the heat released by the heat source and convert it into electrical
energy. This increases the power generation capacity of the TEG while reducing energy
waste and improving energy utilization efficiency. Therefore, adding fins is a simple and
effective method that can be used in various applications to enhance the performance of a
thermoelectric power generator. Wang et al. [19] focused on improving the performance of
a thermoelectric generator through the design of a heat sink using a two-stage optimization
approach. The study improved the energy conversion efficiency of thermoelectric genera-
tors by optimizing the design of heat sinks. Liu et al. [20] investigated the performance of a
thermoelectric generator system used for waste heat recovery in the bronze-ingot-casting
industry. They utilized a plate-fin heat sink to enhance the system’s efficiency at converting
waste heat into electricity. Seo et al. [21] conducted a numerical study on the performances
of thermoelectric modules with differently shaped heat sinks. The study was conducted
by analyzing the effects of various heat sink designs on the overall performance of the
thermoelectric modules. Pujol et al. [22] carried out a design optimization for a plate-fin
heat sink with forced convection for a single-module thermoelectric generator. The research
results showed that the optimization had effectively improved the efficiency and power
generation capabilities of the thermoelectric generator. Kang et al. [23] explored the energy
impact of a heat-pipe-assisted microencapsulated-phase-change-material heat sink for a
hybrid panel consisting of photovoltaic and thermoelectric generators. The study showed
that the overall energy conversion efficiency of a hybrid panel can be improved by incorpo-
rating heat pipe technology and phase change materials into the design of the heat sink.
Zheng et al. [24] proposed a passive evaporative-cooling heat sink method to enhance the
low-grade waste heat recovery capacity of thermoelectric generators. The study developed
an efficient cooling method to improve the energy conversion efficiency of thermoelectric
generators. Lee [25] presented a comprehensive book on thermal design, covering various
topics such as heat sinks, thermoelectrics, and heat pipes. This book provides valuable
insights into the design of efficient thermal systems for heat transfer, such as thermoelectric
conversion and finned heat sinks. Jang et al. [26] conducted a 3D numerical simulation and
experimental comparison of the turbulent flow of venting flue gas using thermoelectric
generator modules and a plate-fin heat sink. The study optimized the heat transfer and
improved the energy conversion efficiency of the system by enhancing the flow intensity of
the hydrodynamics in the thermoelectric system. Ma et al. [27] conducted a numerical study
on the thermoelectric–hydraulic performance of a thermoelectric power generator with a
plate-fin heat exchanger featuring longitudinal vortex generators. The study optimized
the heat exchanger’s design to enhance the system’s heat transfer and energy conversion
efficiency. Naphon et al. [28] investigated liquid cooling in a mini-rectangular-fin heat
sink with and without thermoelectric elements for CPU cooling. The study evaluated the
cooling performance of the heat sink and its effectiveness in dissipating heat from electronic
devices. Wang et al. [29] focused on optimizing the fin distribution in a heat exchanger
for a thermoelectric generator to improve temperature uniformity. The study enhanced
the system’s thermal performance and overall efficiency. Chen et al. [30] explored power
generation using a thermoelectric generator with plate fins for recovering low-temperature
waste heat. The study developed an efficient waste heat recovery system to produce elec-
tricity from low-grade heat sources. Wang et al. [31] conducted a performance evaluation
of an automotive thermoelectric generator with a non-isometric distributed-fin heat ex-
changer. The study assessed the efficiency and practicality of the thermoelectric generator
in automotive waste heat recovery applications.

By combining power cables with thermoelectric power generation technology, it is
possible to achieve the green, environmentally friendly, and efficient secondary utilization
of renewable energy. This innovative approach involves recovering the waste heat gen-
erated on the surfaces of transmission power cables during operation and converting it
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into electrical energy, thereby improving energy utilization efficiency. In further enhancing
the efficiency of recovering waste heat from cables, incorporating heat sink fins plays a
crucial role. Heat sink fins are common thermal conduction enhancement elements that can
increase the heat transfer efficiency between the thermoelectric power generation device
and the heat source. By optimizing the design and layout of the heat sink fins, the surface
area of the device can be increased, allowing it to better absorb the heat released by the
cable surface waste heat. Therefore, this study investigated the integration of heat sink fins
into the surfaces of the cables in a waste heat recovery thermoelectric power generation
system. The research results show that this method improves the energy conversion ef-
ficiency, increases the device’s output power, and reduces energy wastage. Additionally,
the study comprehensively evaluated the performance of the power-cable-surface-waste-
heat-recovery thermoelectric power generation device from different perspectives, using
thermal efficiency and exergy efficiency as two assessment criteria.

2. Methodology
2.1. Model Structure

Figure 1a illustrates the structures of a thermoelectric power generation device for
recovering waste heat from cable surfaces and the thermoelectric power generation system
with fins. The device consists of the following components: a 5000 mm long, 250 mm
diameter pipe; three 30mm diameter cables arranged in a clover-leaf shape; a frame; and
two thermoelectric modules. To facilitate the installation of the thermoelectric modules
and heat conduction, the cable exteriors are encased in a copper frame. In this device,
the air velocity at the inlet of the pipe is set at 5 m/s, with a temperature of 20 ◦C. The
temperature on the cable surface is set to a constant 90 ◦C. For observation and analysis
purposes, the thermoelectric modules are only installed in the middle section of the cables.
The dimensions of the thermoelectric modules (TEM) are 55 × 55 × 4.5 mm. Compared to
the thermoelectric generator models described in References [6,18], the model proposed in
this study demonstrates a significant reduction in size and is approximately 4 and 8 times
smaller than the other models, respectively. This substantial decrease in size has success-
fully enabled the miniaturization of thermoelectric power generation devices. Small-scale
thermoelectric generators offer several advantages, including enhanced space efficiency,
improved portability, a faster thermal response time, enhanced heat transfer efficiency,
and cost savings in fabrication processes. These advantages contribute to the widespread
adoption and versatility of miniaturized thermoelectric generators across diverse appli-
cations. Figure 1b depicts the mesh division of the heat-recovery thermoelectric power
generation device for cable-surface waste heat. To validate the accuracy of the simulation
results, five different mesh quantities were selected. Through validation, a model with
a mesh quantity of 1,051,050 was chosen as the standard for subsequent calculations. To
further validate the accuracy of our numerical simulations, we conducted a comparison of
our simulation results with those presented in Reference [32]. Upon comparing the Nusselt
number (Nu) values with those reported in the reference, we found a discrepancy of 6%.
Considering the existing literature, this level of error in our simulated Nu values falls within
an acceptable range. This comparison provides substantial evidence for the reliability of
our computational model and underscores the accuracy of our simulation results.

In this study, we employed a comprehensive fluid–solid–electric coupled model which
operates under the assumption of a steady-state condition. The model encompasses a
three-dimensional representation of the fluid, which is characterized by an incompressible
turbulent flow. The material properties within the model are assumed to be isotropic,
allowing for a simplified yet representative depiction of the system. It is important to
note that certain aspects are not accounted for in the computational process. Specifically,
we did not consider contact thermal resistance and radiation effects within the scope of
this study. While these factors can influence the thermal behavior of the system, their
omission enabled us to focus on the core interactions of fluid dynamics, solid conduction,
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and electrical phenomena. This approach facilitates a focused exploration of the interplay
between these primary variables and their implications for the device’s performance.
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2.2. Model Settings
2.2.1. Turbulence Governing Equations

The mass, momentum, and energy conservation equations are as follows:

∇ ·→v = 0 (1)

∇ ·
(→

v
→
ν
)
= −1

ρ
∇p +∇ ·

(
µ∇→v

)
(2)

ρc
→
v · ∇T = ∇ · (γ∇T) (3)

where
→
v —velocity vector, ∇p—steady-state pressure, T—temperature, ρ—density, µ—

kinetic viscosity, and c—specific heat capacity.

2.2.2. Thermoelectric-Module-Governing Equations

The solid heat transfer equations are as follows:

λs∇2T = 0 (4)

∇ ·
(
λp,n,copper∇Tp,n,copper

)
+

.
ST = 0 (5)

∇ · (λce∇T) = 0 (6)
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.
ST =


1

σγ
J2
p −∇αpTp

→
Jp;

1
σ J2

n −∇αnTn
→
Jn;

1
σcopper

→
J

2

copper;

(7)

where λs—solid wall thermal conductivity, λp,n,copper—p-leg, n-leg, and copper thermal
conductivity, λce—ceramic plate thermal conductivity, Tp,n,copper—p-leg, n-leg, and copper
temperature, ST—source of energy, J—current density, and σ—electrical conductivity.

The numerical simulation software used in this study was ANSYS Fluent 2021 R2. The
heat transfer process was computed using the fluid–thermal coupling approach. In this
study, the SIMPLEC algorithm was employed, and a second-order upwind scheme was
used to solve for the momentum and dissipation rate.

2.3. Thermal Efficiency and Exergy Efficiency of the System

Typically, the performance evaluation of a heat-recovery thermoelectric power gen-
eration device uses thermal efficiency as a reference criterion. However, in this study, an
additional evaluation metric called exergy efficiency was introduced to assess the perfor-
mance of the cable-surface-waste-heat-recovery thermoelectric power generation device
model. These two kinds of evaluation metrics provide a comprehensive assessment of
the performance of the thermoelectric power generation device from different perspec-
tives. Thermal efficiency primarily focuses on the overall energy conversion efficiency and
measures the proportion of heat energy converted into electrical energy by the thermo-
electric power generation device. It reflects the efficiency and conversion effectiveness of
energy utilization and provides a direct evaluation of the device’s performance in energy
conversion. On the other hand, exergy efficiency emphasizes the utilization efficiency of
the available temperature-difference resources by the thermoelectric power generation
device. It considers the relationship between energy losses and the available temperature
difference, providing an evaluation of energy conversion under the given temperature-
difference conditions available. Exergy efficiency pays more attention to the sustainability
and effectiveness of energy utilization, reflecting the degree of the device’s utilization of
low-grade energy. The combined use of thermal efficiency and exergy efficiency provides a
comprehensive understanding of the performance of the thermoelectric power generation
device.

2.3.1. Thermal Efficiency

The thermal efficiency η of the system is as follows:

η =
P

Qh
=

I2R
αTh I + k(Th − Tc)− 1

2 · I2R0
(8)

where P—output power; Qh—heat absorbed from heat source; R—external resistance;
I—current; α—Seebeck coefficient; Th—hot end temperature, Tc—cold end temperature;
k—thermal conductivity; R0—internal resistance.

2.3.2. Exergy Efficiency

The exergy efficiency ηx of the system is as follows:

ηx =
Ex

ExQ
=

I2R(
1− Tc

Th

)
Qh

=
η

1− Tc
Th

(9)

where Ex—income exergy; ExQ—payout exergy; ηx—exergy efficiency.
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3. Experimental Results and Analysis
Performance Enhancement of the System

The cable-surface-waste-heat-recovery thermoelectric power generation device is a
system that utilizes the Seebeck effect to convert waste heat on the surface of a cable into
electrical energy. To enhance the performance of this system, fins can be used to improve
the heat transfer between the hot and cold sides of the thermoelectric power generation
device, as shown in Figure 1a. The number of teeth on the fins is a key factor that influences
the thermoelectric conversion performance. In this section of the discussion, we will
investigate the influence of the number of teeth on the output power of the thermoelectric
power generation device. For comparison purposes, we installed six different types of
cooling fins (Cases 1–6), while the device without cooling fins served as the baseline and is
labeled Case 0.

Figure 2 presents a temperature distribution cloud map of the cold-side surface and a
two-dimensional diagram of the fins for the cable-surface-waste-heat-recovery thermoelec-
tric power generation device. As can be seen from the figure, with an increase in the number
of fin teeth, the temperature of the cold-side surface gradually decreases. When the number
of fin teeth reaches 17 (Case 6), the temperature becomes highly uniform on the cold-side
surface and reaches its lowest temperature. This is because installing multi-toothed fins
can increase the heat transfer surface area, enhance heat transfer efficiency, and improve
fluid turbulence and heat transfer effectiveness. With an increased number of fin teeth, a
larger heat transfer surface area is provided, resulting in enhanced heat dissipation and a
lowered surface temperature. Furthermore, a smaller spacing between the multi-toothed
fins can better disrupt the fluid flow and enhance the turbulent effect, further improving
the heat transfer efficiency and achieving a more uniform temperature distribution on
the surface. These research findings indicate that the cable-surface-waste-heat-recovery
thermoelectric power generation device with 17-tooth fins (Case 6) on its cold side exhibits
the highest maximum output power and heat transfer coefficient within the pipe. This is
attributed to the larger heat-transfer surface area of the 17-tooth fin compared to other types
of fins, enabling a more effective heat transfer capacity, improved heat transfer efficiency, a
reduction in the temperature on the cold side of the thermoelectric power generation device,
an increased temperature difference between the hot and cold sides, and, consequently,
increased output power. Based on the installation of fins with different numbers of teeth,
the maximum output power can be increased by nearly 30 times.
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Figure 3 shows the variation in the output power of the cable-surface-waste-heat-
recovery thermoelectric power generation device with the external load resistance. This
pattern plays a crucial role in understanding and optimizing the performance of the ther-
moelectric power generation device. The phenomenon can be explained as follows: firstly,
when the external load resistance is zero, the entire system is in a short-circuit state, and
no current can flow in the system, resulting in zero output power. In this case, there is no
resistance within the circuit to impede the flow of the current, leading to a lack of output
power generation. However, as the external load resistance increases, the current in the
system circuit gradually increases, resulting in the generation of more electrical energy and
an increase in the output power. The increase in the external load resistance leads to an
increase in the current within the system circuit, allowing the thermoelectric power genera-
tion device to more fully convert thermal energy into electrical energy output. Therefore, as
the external load resistance increases, the output power of the entire system also increases.
When the external load resistance gradually approaches the internal total resistance of
the cable-surface-waste-heat-recovery thermoelectric power generation device, the system
circuit reaches its maximum power transmission state, and the output power reaches its
peak. At this point, the internal resistance of the system’s circuit matches the external load
resistance perfectly, maximizing the current flow. This means that the thermoelectric power
generation device can convert thermal energy into electrical energy output at its highest
efficiency, resulting in maximum output power. However, if the external load resistance
continues to increase beyond this point, the current within the system circuit gradually de-
creases, and the output power begins to decline. This is because surpassing the maximum
power transmission state reduces the power transmission efficiency within the circuit. The
increase in external load resistance leads to an increase in the total resistance within the
circuit, limiting the flow of current and resulting in less thermal energy being converted
into output power. Hence, the output power gradually decreases. In summary, there exists
an optimal matching state between the external load resistance and the output power.
When the external load resistance matches the internal total resistance of the thermoelectric
power generation device, the system’s circuit reaches its maximum power transmission
state, and the output power reaches its maximum value. If the system’s circuit exceeds
this matching state, further increases in the external load resistance will cause a decrease
in the current and, consequently, a reduction in the output power. Therefore, understand-
ing and optimizing the relationship between the external load resistance and the output
power are crucial for improving the performance of the cable-surface-waste-heat-recovery
thermoelectric power generation device.
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Based on the research results, it can be observed that the cable-surface-waste-heat-
recovery thermoelectric power generation device equipped with cooling fins (Case 1–6)
exhibits a higher level of output power compared to the device without cooling fins (Case
0). Among the configurations with cooling fins, the device with 17-tooth cooling fins (Case
6) demonstrates the highest output power, while the device with single-tooth cooling fins
(Case 1) exhibits the lowest output power. This can be attributed to the improved heat
dissipation efficiency on the cold side of the thermoelectric power generation device when
cooling fins are installed. The design of the cooling fins allows for the faster conduction of
heat from the cold-side surface to the fins, facilitating heat dissipation and reducing the
temperature. Therefore, the installation of cooling fins effectively lowers the temperature
on the cold side of the thermoelectric modules on the cable surface, providing a larger
temperature difference and increasing the thermal efficiency of the thermoelectric power
generation device. Additionally, the presence of cooling fins expands the heat exchange
surface area on the cold side of the thermoelectric power generation device. The installation
of fins increases the area of contact with the ambient low-temperature air, making more
surface area available for absorbing coldness from the environment. As a result, the
thermoelectric power generation device can more fully utilize the temperature difference
between the hot and cold sides, facilitating more efficient heat transfer and consequently
improving the output power. Furthermore, different designs of cooling fins also have an
impact on the output power. As shown in the figure, the device with 17-tooth cooling fins
exhibits the highest output power, while the device with single-tooth cooling fins shows
the lowest output power. This is because the design of the 17-tooth cooling fins induces
a gas flow disturbance when the low-temperature air passes through the fins. With more
fins present, the air flow experiences more redirection and flow changes between the fins.
This intensified gas flow disturbance increases the contact area between the gas and the
fin surface, enhancing heat conduction and heat transfer. By increasing the contact area
between the gas and the fins, the 17-tooth cooling fins can more effectively absorb coldness
from their surroundings and transfer it to the thermoelectric power generation device. In
contrast, the single-tooth cooling fins have fewer fins, resulting in less gas flow disturbance
and a relatively smaller contact area, thereby leading to a weaker heat conduction capacity.
In summary, the intensified gas flow disturbance caused by the 17-tooth cooling fins has
a positive effect on the output power of the thermoelectric power generation device. It
provides more contact area and enhances heat conduction, thereby increasing the heat
transfer from the cold side and subsequently raising the temperature difference and open
circuit voltage of the device. On the other hand, as the number of teeth on the cooling fins
increases, the temperature difference and open circuit voltage of the device also increase,
as shown in Figure 4. However, it can be observed from Figures 3 and 4 that the influences
of the 9-tooth long cooling fins and the 17-tooth cooling fins on the performance of the
device are similar. This similarity arises from the fact that the increased gap length in the
9-tooth long cooling fins and the increased number of gaps in the 17-tooth cooling fins
provide similar levels of gas flow disturbance within the gaps. Similarly, the increased tooth
length in the 9-tooth long cooling fins and the increased number of teeth in the 17-tooth
cooling fins offer comparable expanded contact areas, resulting in similar levels of heat
exchange with the surrounding cold air. The combined effect of these two factors leads to
similar results in terms of the temperature difference between the hot and cold sides of the
thermoelectric modules, open circuit voltage, and output power for Case 5 and Case 6.
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Figures 5 and 6 illustrate the variations in the thermal efficiency and exergy efficiency
of the cable-surface-waste-heat-recovery thermoelectric power generation device with dif-
ferent types of cooling fins as the external resistance changes. As shown in the figures, both
the thermal efficiency and exergy efficiency exhibit a peak value as the external resistance
gradually increases from zero, and these peak values occur when the external resistance
equals the internal resistance of the thermoelectric power generation device. By comparing
the two efficiency measures, it can be observed that as the external resistance changes,
the exergy efficiency increases more rapidly than the thermal efficiency. This indicates
that the exergy efficiency of the system is relatively sensitive to variations in the external
resistance of the thermoelectric power generation device, particularly around the peak
value. However, beyond the peak value, as the external resistance continues to increase,
both the exergy efficiency and thermal efficiency exhibit relatively gentle decreasing trends,
although the decline in exergy efficiency is slightly more noticeable. This phenomenon
can be attributed to the fact that the thermal efficiency of the system represents the ratio
between the converted thermal energy output of the cable-surface-waste-heat-recovery
thermoelectric power generation device and the supplied thermal energy, i.e., the ratio of
the output power to the input thermal power. On the other hand, the exergy efficiency
refers to the ratio between the converted thermal energy output of the thermoelectric power
generation device and the available temperature difference, i.e., the ratio of the output
power to the available temperature difference. When the external resistance equals the
total internal resistance of the thermoelectric power generation device, a match between
the internal and external resistances is achieved. In this case, the thermoelectric power
generation device can fully utilize the energy in the external circuit, resulting in improved
thermal energy conversion efficiency and thus reaching peak thermal efficiency and exergy
efficiency. As the external resistance changes, the exergy efficiency is more sensitive to
variations in the external resistance compared to the thermal efficiency. The increase in
exergy efficiency primarily relies on the utilization efficiency of the available temperature
difference and the thermal energy output converted by the system, and variations in ex-
ternal resistance can significantly affect the convertible thermal energy output. Therefore,
when the external resistance approaches the internal resistance, even minor changes in
resistance can lead to a rapid increase in the exergy efficiency. As the external resistance
continues to increase, the overall system resistance increases, which affects the thermoelec-
tric conversion capability of the cable-surface-waste-heat-recovery thermoelectric power
generation device. When the external resistance exceeds the total internal resistance of the
system, the thermoelectric conversion capability between the cable and the thermoelectric
power generation device weakens, resulting in a decline in both the thermal efficiency
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and exergy efficiency. However, the exergy efficiency is relatively more sensitive because
it depends more on the effective conversion and output of thermal energy. Therefore,
the cable-surface-waste-heat-recovery thermoelectric power generation device exhibits an
increasing trend, followed by a decreasing trend for both thermal efficiency and exergy
efficiency as the external resistance changes. This can be attributed to the matching of
internal resistance, the sensitivity of the exergy efficiency, and the impact of an increase in
resistance on the thermoelectric conversion.
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It can also be observed from the figures that the thermal efficiency and exergy efficiency
of the cable-surface-waste-heat-recovery thermoelectric power generation device are higher
when cooling fins are installed compared to when they are not installed. Furthermore, the
thermal efficiency and exergy efficiency of the thermoelectric power generation device with
9-long-tooth fins (Case 5) and 17-tooth fins (Case 6) are higher than those with other types
of fins, and the initial increasing trend of the exergy efficiency is more significant than that
of the thermal efficiency. The reason for this result is that the installation of cooling fins
increases the heat dissipation surface area on the cold side of the thermoelectric power
generation device, providing more surface area for heat exchange and enhancing heat



Micromachines 2023, 14, 1591 12 of 15

conduction and absorption. This facilitates a more efficient utilization of the temperature
difference resource and improves both the thermal efficiency and exergy efficiency. Cooling
fins also improve the conduction of heat within the thermoelectric power generation device.
By increasing the number and length of fins, the conduction path of the heat within the
device becomes more extensive, enhancing the device’s heat conduction capability. This
helps to increase the conduction of heat from the cold side to the fins, thereby improving
the thermal efficiency and exergy efficiency of the system. Similarly, cooling fins enhance
heat dissipation by increasing the surface area and surface structure. More fins provide a
larger surface area for heat dissipation, facilitating the rapid dissipation of heat into the
surrounding environment. This reduces the increase in temperature on the cold side of the
device, maintains a higher temperature difference, and improves the thermal efficiency
and exergy efficiency of the system. The thermoelectric power generation devices with
9-long-tooth fins (Case 5) and 17-tooth fins (Case 6) can more effectively utilize the available
temperature difference resource. The designs of these fins are better-suited for the current
temperature difference conditions, enabling them to capture and utilize the temperature
difference resource more effectively, thereby improving the thermal efficiency and exergy
efficiency. The more pronounced initial increasing trend of the exergy efficiency compared
to the thermal efficiency when the external resistance increases is due to the fact that at
lower external resistances, the thermoelectric power generation device can more fully
utilize the available temperature difference resource to enhance the intensity of thermal
energy conversion and improve the system’s exergy efficiency. As the external resistance
increases beyond the total internal resistance of the system, the gain in convertible thermal
energy output diminishes, resulting in a relatively flattened growth trend for the exergy
efficiency.

Figure 7 shows the variation in the thermal efficiency and exergy efficiency of the
cable-surface-waste-heat-recovery thermoelectric power generation device with the tem-
perature difference between the hot and cold sides. It can be observed from the figure that
both the thermal efficiency and exergy efficiency of the thermoelectric power generation
device increase with the increase in the temperature difference, but the increase in thermal
efficiency is more significant than the increase in exergy efficiency. This is because the
installation of cooling fins increases the heat conduction capability on the cold side of the
thermoelectric module and also introduces some level of flow disturbance into the gas flow
in the pipe. The enhanced gas flow disturbance further improves the heat dissipation effect
of the fins, resulting in a reduction in the temperature difference on the cold side of the
thermoelectric power generation device. Additionally, the cooling fins have a larger heat
transfer area, which effectively assists in transferring heat within the system. This allows
the cold side of the thermoelectric module attached to the cable surface to more fully utilize
the heat transfer provided by the fins, thereby generating a larger temperature difference
and higher thermal and exergy efficiencies. Furthermore, this phenomenon reaches an
optimal state when using 9-long-tooth fins and 17-tooth fins in the thermoelectric power
generation device. The conduction of heat within the thermoelectric power generation
device is a critical factor in achieving energy conversion. The efficiency of heat conduction
is influenced by several factors, including the properties of the heat conduction medium,
the characteristics of the thermoelectric module, and the heat transfer paths within the
system. As the temperature difference between the hot and cold sides of the thermoelectric
power generation device increases, the intensity of heat conduction within the system also
increases, thereby improving the device’s thermal efficiency. However, when considering
efficiency, the heat conduction losses must be taken into account. This means that the im-
provement in the exergy efficiency is limited by energy losses during the heat conduction
process. The characteristics of the thermoelectric module also play a crucial role in the
performance of the thermoelectric power generation device. As the temperature difference
between the hot and cold sides increases, high-quality thermoelectric modules exhibit better
thermoelectric performance, i.e., higher thermal-to-electric conversion efficiencies, thus
improving the thermal efficiency of the thermoelectric power generation device. However,
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the characteristics of the thermoelectric module, such as the thermal conductivity and elec-
trical conductivity, also influence the system’s performance and affect the rate of increase
in exergy efficiency. Exergy efficiency is an efficiency indicator that considers energy losses
and is the ratio between the thermal efficiency and energy conduction losses, as shown
in equation 9. Therefore, as the temperature difference between the hot and cold sides
increases, the energy losses within the system also increase, resulting in a relatively smaller
increase in exergy efficiency. This is because exergy efficiency takes into account the impact
of energy losses, and its increase is constrained by energy losses. In contrast, thermal
efficiency only considers the proportion of thermal energy converted into electrical energy
and does not directly consider energy losses. Therefore, as the temperature difference
increases, the increase in thermal efficiency becomes more significant, while the increase in
exergy efficiency is limited and becomes slower.
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4. Conclusions

This study investigated the thermal efficiency and exergy efficiency of a cable-surface-
waste-heat-recovery thermoelectric power generation device and examined the impact
of using different types of cooling fins on the system’s performance through numerical
simulations. The following conclusions can be drawn from the analysis and research results:

1. The installation of cooling fins on the thermoelectric power generation device im-
proves the performance by enhancing heat transfer and heat dissipation. With an
increased number of fin teeth, the temperature on the cold-side surface becomes more
uniform and reaches its lowest value. The device with 17-tooth fins exhibited the
highest maximum output power and heat transfer coefficient due to its larger heat
transfer surface area, improved heat transfer efficiency, and reduced temperature on
the cold side.

2. The thermoelectric power generation device demonstrates an increase in its output
power with an increase in the external load resistance, reaching its peak value at a
certain threshold. However, beyond this critical point, the output power starts to
decline. Therefore, achieving the optimal matching state between the external load
resistance and the output power becomes crucial for maximizing the device’s overall
efficiency.

3. The thermal efficiency and exergy efficiency of the thermoelectric power generation
device are higher when cooling fins are installed compared to when they are not
installed. The devices with 9-long-tooth fins and 17-tooth fins demonstrated higher
efficiencies compared to other types of fins. The initial increasing trend of the ex-
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ergy efficiency is more significant than that of the thermal efficiency, indicating the
sensitivity of exergy efficiency to variations in the external resistance of the device.

4. Both the thermal efficiency and exergy efficiency of the thermoelectric power genera-
tion device increase with an increase in the temperature difference between the hot
and cold sides. However, the increase in the thermal efficiency is more significant
than the increase in the exergy efficiency. The improvement in thermal efficiency is
influenced by factors such as enhanced heat conduction and the properties of the
thermoelectric module, while the increase in exergy efficiency is limited by energy
losses during the heat conduction process.

Overall, the installation of cooling fins and the optimization of external load resistance
and temperature difference can significantly enhance the performance of a cable-surface-
waste-heat-recovery thermoelectric power generation device. The combined use of thermal
efficiency and exergy efficiency provides a comprehensive evaluation of the device’s per-
formance from different perspectives, considering its energy conversion efficiency and the
utilization of available temperature-difference resources.
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