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ARTICLE INFO ABSTRACT
Keywords: The annular thermoelectric generator (ATEG) gains significant attention in the automotive waste heat recovery
Thermoelectric generator field due to its compatibility with the exhaust pipe’s shape. To address the performance deterioration issue due to

Waste heat recovery
Thermoelectric module
Temperature drop
Numerical simulation

the temperature drop, a novel annular thermoelectric module (ATEM) structure is proposed, in which the cross-
sectional area of the thermoelectric elements continuously increases along the direction of heat flow. To assess
the performance and perform parameter optimizations, this work develops a three-dimensional, steady-state, and
fluid-thermal-electric multiphysics numerical model of the entire ATEG. The length difference of thermoelectric
elements in different columns (AL) is comprehensively optimized through numerical simulations, and the effects
of exhaust temperature and velocity on the optimal AL value are studied. The results indicate that a great
temperature drop exists inside the ATEM, suggesting the advantages and effectiveness of the proposed novel
structure configuration for modules. The optimal AL value is not sensitive to the exhaust gas temperature and
velocity, and when AL = 0.06 mm, the novel ATEG achieves the highest output performance, with an output
power of 76.66 W and an output efficiency of 1.45 % at the exhaust gas temperature of 550 K and the exhaust gas
velocity of 30 m/s. The power and efficiency experience an improvement of 8.97 % and 8.93 %, respectively,
compared to the traditional structure. Additionally, the lower exhaust gas temperature and velocity contribute to
a greater performance improvement for the novel ATEG. This ATEM structural design provides a new approach
to enhance performance when encountering temperature drop issues.
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1. Introduction

Fuel-powered vehicles exhibit an energy utilization rate of only 30
%, with around 40 % of the total energy generated from fuel combustion
dissipating as heat through the vehicle’s exhaust system [1,2]. Recov-
ering the wasted heat in the vehicle exhaust can improve the energy
utilization rate, and researchers have proposed various heat recovery
technologies, such as thermoelectric power generation [3-5], organic
Rankine cycle [6,7], thermophotovoltaic [8], and Kalina cycle-based
systems [9,10]. Among these technologies, thermoelectric generators,
featuring unique advantages such as simple structure, light weight, high
reliability, and long lifespan, demonstrate broad prospects for devel-
opment in automobile exhaust heat recovery.

Currently, the thermoelectric output efficiency of thermoelectric
generators employed for recovering exhaust heat falls below the
threshold required for commercial applications. Researchers mainly
focus on improving the thermoelectric output efficiency of thermo-
electric generators by developing high ZT values thermoelectric mate-
rials or optimizing their structures. Nowadays, with the development of
nanotechnology and quantum-scale synthesis technology, the ZT values
of some thermoelectric materials have approached the threshold of
commercial application [11,12]. However, the high ZT values reported
in the literature are often achieved through the micro regulation of
material structure, which cannot be stably synthesized, and their costs
cannot meet the requirements of mass production. Therefore, the
structural optimization method for thermoelectric generators is an
alternative promising solution to boost the thermoelectric output effi-
ciency, which can be classified into two aspects: one is to optimize the
structure of the heat exchanger, and the other is to optimize the struc-
ture of the thermoelectric module.

For the structural optimization of heat exchangers: Luo et al. [13]
proposed a convergent thermoelectric generator employing a conver-
gent heat exchanger at a suitable inclination angle. This innovative
design notably enhances both the hot end temperature and the net
output power of the thermoelectric generator. Zhu et al. [14] introduced
a new twisted belt annular thermoelectric generator (ATEG), integrating
a tie within the heat exchanger to enhance heat transfer between the
exchanger and exhaust gas. Yang et al. [15] presented a concentric
ATEG composed of the annular thermoelectric module (ATEM) and
concentric annular heat exchanger; Thanks to a substantial enhance-
ment in the total heat transfer coefficient, the proposed ATEG experi-
enced a maximum net power increase of 65 % compared with the
traditional structure. Chen et al. [16] improved heat transfer efficiency
in the heat exchanger by employing a fin structure; Although the pres-
sure drop was increased with the use of fins in the exhaust channel, the
backpressure power loss only accounted for less than 1 % of the total
output power at low Reynolds numbers (Re = 10-1000), indicating that
incorporating fins can notably improve in both heat transfer and ther-
moelectric generator performance. M. Eldin et al. [17] proposed a new
type of finned needle porous heat exchanger, where the output power of
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the recovery system was increased by 45 % — 110 % compared to the
traditional ATEG with a smooth channel. Li et al. [18] introduced porous
foam copper to the central flow area of the heat exchanger to augment
its heat transfer performance, where the output power of the thermo-
electric generator increases by a factor of 2.3 when compared to an
insert-free thermoelectric generator. Yang et al. [19] proposed a scheme
using a silicone polymer-based thermal conductive oil for the transfer of
exhaust heat and designed an innovative concentric tube heat
exchanger; Their results indicated that compared to the traditional
ATEG, the maximum output power of the new ATEG is increased by
15.2 %. However, modifications in the heat exchanger structure often
introduce an increased pressure drop, leading to backpressure power
loss, and could potentially bring about a decrease in the overall energy
utilization rate of the system [20]. The ATEG stands out as an excellent
option for thermoelectric waste heat recovery, thanks to the smooth
flow from the exhaust pipe to the annular heat exchanger, resulting in
extremely low backpressure loss.

For the structural optimization of thermoelectric modules: the
traditional thermoelectric module design consists of a planar n-shaped
configuration, with p-type and n-type thermoelectric elements of equal
size and composed of a single thermoelectric material. To significantly
enhance the thermoelectric performance, researchers have suggested
several advanced thermoelectric module structures. Wang et al. [21]
proposed an X-type thermoelectric module and optimized its tilt angle
through numerical simulation; Their findings revealed that a tilt angle of
10° enables the maximum output power, achieving a 4.57 % increase
compared to the conventional structure. Shen et al. [22] presented a
segmented ATEM consisting of two thermoelectric materials with
different optimal working temperatures and analyzed its performance
using a theoretical model; Their research shows that the performance of
ATEG has significantly improved attributable to the utilization of the
segmented ATEM. Similar to segmented thermoelectric modules, re-
searchers [23] have proposed a structural design of two-stage modules,
where two thermoelectric modules are stacked together and the heat
flows through the first and second thermoelectric modules in sequence.
This design is well-suited for use in applications featuring large tem-
perature differences. Soheil Asaadi et al. [24] conducted three-
dimensional simulations on a two-stage ATEM, revealing a signifi-
cantly superior output performance compared to a single-stage ATEM. In
the application of waste heat recovery, the flat design of thermoelectric
modules has been widely studied. However, in engineering applications
such as automotive exhaust waste heat recovery [25], wearable devices
[26], and industrial waste heat recovery [27], the heat source surface is
not smooth, but usually presents a curved structure, in which case the
direct installation of flat thermoelectric modules will cause additional
contact thermal resistance and thermal losses [28,29], resulting in the
inefficient utilization of heat. On the contrary, ATEMs may be more
suitable for integration with tube heat exchangers and mass production.
Huang et al. [30] proposed an ATEM that matches the geometry of an
automobile exhaust pipe and compared its performance with traditional
flat thermoelectric modules, the research findings demonstrated that the
ATEM outperforms the flat thermoelectric module, with an average net
power increase of 1.1 %. In addition, the ATEM has also shown its
application prospects in fields such as flexible micro-light-emitting di-
odes [31], annular solar thermoelectric generators [32], and cold energy
recovery of liquefied natural gas [33].

The above-mentioned advanced structures have greatly improved
the performance of thermoelectric generators. However, in the utiliza-
tion of thermoelectric generators for automotive exhaust heat recovery,
a downward flow of exhaust gas causes its heat to be absorbed by the
exhaust pipe, resulting in a decline in the hot end temperature and
generated current of thermoelectric elements along the downward di-
rection. The output current of the complete thermoelectric module is
constrained by the serial arrangement of thermoelectric elements,
determined by the minimum current of the individual element, thereby
leading to electrical power losses. In response to this issue, Lu et al. [34]
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adopted an unevenly distributed fin structure in the heat exchanger to
improve the temperature uniformity of the hot side surface, effectively
enhancing the output performance of TEG. Furthermore, optimizing the
structure of TEMs is a more direct solution. Previous studies [35,36]
have reported that adjusting the cross-sectional area of each thermo-
electric element according to its temperature difference is an effective
strategy for addressing the problem of limited current; This method
ensures that all thermoelectric elements generate the same current,
allowing for maximum conversion of absorbed heat energy into elec-
trical energy.

Based on the concept of equalizing the output current of all ther-
moelectric elements through dimension regulation, a novel ATEG for
waste heat recovery from automotive exhaust is proposed in this work,
where the cross-sectional area of the thermoelectric element increases
continuously along the direction of exhaust flow. Besides, the geometric
tolerances between different columns of thermoelectric elements in the
ATEM are optimized to maximize the output performance of the ATEG.
To evaluate the performance and guide the structural parameter opti-
mization of the proposed ATEG, a three-dimensional, steady-state, and
thermal-electric-fluid model is established. The outcomes of this
research may provide crucial guidance for the optimization, theoretical
analysis, and structural design of the ATEG.

2. Structure of the novel ATEG

When applied to the waste heat recovery from automotive exhaust,
the ATEG features the advantages of extremely low backpressure loss
and easy-to-system integration. The proposed ATEG consists of an
annular finned heat exchanger for absorbing exhaust heat, five ATEMs
for power generation, and a radiator for heat dissipation. Here, a water-
cooled radiator is applied. Owing to the considerable specific heat ca-
pacity and high cooling performance of water cooling, the cold end
temperature of the ATEM is almost the same [35,37]. Therefore, the
radiator of the ATEG is simplified during numerical simulations and
replaced as a constant temperature boundary condition at the cold end
of the ATEM. The structural diagram of the novel ATEG is shown in
Fig. 1(a), with 5 novel ATEMs uniformly arranged on the surface of the
heat exchanger. The annular heat exchanger (with an overall length of
200 mm) is composed of 2 concentric tube walls and 40 uniformly
distributed fins, with the purpose of enhancing the heat transfer from the
exhaust gas to the heat exchanger. The length of the fins is the same as

(@) - sthunit
~4thunit
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that of the heat exchanger, which is 200 mm. The automotive exhaust
flows through the gaps between the fins, and the center angle of the gaps
is the same as that of the fins, both at 4.5°. Besides, the height of the fins
is 15 mm. The outer wall diameter of the annular heat exchanger is 50
mm, which can match the diameter of automotive exhaust pipes. Fig. 1
(b) and Table 1 give the detailed radius of different components of the
ATEG.

The ATEM consists of substrates, copper conductive sheets, and P-
type and N-type thermoelectric elements, all presenting an annular
structure, as shown in Fig. 2. Among them, P-type thermoelectric ele-
ments and N-type thermoelectric elements are connected in series
through copper conductive sheets and sandwiched between two
concentric ring-shaped substrates. Five ATEMs are consistent and con-
nected in series through two terminal copper electrodes of each ATEM,
as marked in A and B in Fig. 2. The ATEM contains n rows of annular
thermoelectric elements. In the traditional ATEM, all P-type and N-type
thermoelectric elements feature identical geometric parameters. How-
ever, when using the traditional ATEM to recover automotive exhaust
heat, the substantial temperature decrease along the downward flow of
exhaust gas will lead to an electrical power loss.

To address this defect, a novel ATEM structure is proposed, in which
the cross-sectional area of the thermoelectric elements continuously
increases with the direction of heat flow. Here, the ATEM is divided into
n rows of thermoelectric elements, with the first row being close to the
inlet direction of the heat flow, and the nth row being close to the outlet
direction. 6p)y and i,l represent the center angle of the P/N type ther-
moelectric elements and the center angle of the distance between them,
which are 6° and 3°, respectively. The height of the substrate, copper

Table 1

Structural parameters of the novel ATEG.
Parameter Description Value Unit
r Radius of heat exchanger inner wall 9.2 mm
r2 Radius of fins 10 mm
r3 Radius of heat exchanger outer wall 25 mm
rq Radius of lower annular substrates 26 mm
rs Radius of lower annular copper connectors 26.8 mm
e Radius of thermoelectric elements 27.1 mm
ry Radius of upper annular copper connectors 29.1 mm
rg Radius of upper annular substrates 29.4 mm

Heat exchanger wall

Fig. 1. Schematic diagram of the novel ATEG. (a) 3D Architecture diagram; (b) 2D View of structural parameters.
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Fig. 2. Schematic of the novel ATEM.

conductive sheet, and thermoelectric element is H1 = 0.8 mm,
H2 = 0.6 mm, and H3 = 2 mm, respectively. Unlike the traditional
structure, the difference of the proposed ATEM is that the length of the
ith column thermoelectric element (L;) differs from the length of the
i + 1th column thermoelectric element (Li + 1), wherei =1, 2, ..., n.
The relationship between L; and Li+ 1 is given by AL = L;;; —L;, to
ensure that the cross-sectional area of the thermoelectric element
gradually increases along the direction of heat flow. To maximize the
output performance of the ATEG, the value of AL is optimized within a
specific range (0, 0.02 mm, 0.04 mm, 0.06 mm, 0.08 mm) in the
following section. When AL = 0, the ATEM presents a traditional
structure, while when AL = (0.02 mm, 0.04 mm, 0.06 mm, 0.08 mm),
the cross-sectional area of thermoelectric elements increases continu-
ously along the heat flow direction. The ATEMs with different AL values
keep the same overall area of thermoelectric elements, to avoid the
performance improvement of the novel ATEM being caused by an in-
crease in the use of thermoelectric materials. For this goal, the cross-
sectional area of the first row of thermoelectric elements in ATEMs
with lower AL values is greater than that of the first row of thermo-
electric elements in ATEMs with higher AL values. Table 2 provides a
thorough overview of the material parameters for the ATEG, including
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specific references to thermoelectric material parameters derived from
Ref. [38].

3. Numerical model

To investigate the optimal AL value and estimate the ATEG perfor-
mance, a comprehensive fluid-thermal-electric multiphysics numerical
model is built on the COMSOL commercial software platform. The model
simulation is based on the following assumptions: (i) Neglecting gravity
and thermal radiation; (ii) Thermoelectric materials are isotropic; (iii)
Air properties are used as those of exhaust gas, and temperature
dependence of air is considered.

3.1. Governing equations

The governing equations for the multiphysics numerical model of the
ATEG encompass transport equations within distinct calculation do-
mains. In the fluid region of automotive exhaust, the steady-state
equations for the conservation of mass, momentum, and energy are ar-
ticulated as follows:

V-V =0 (¢))
V(VY) = —%Vp-i— V-(uVV) (2
V-(AVT) = pcV-VT 3

Also, the simulation of fluid flow in the exhaust gas employs the
standard k — ¢ turbulence model, as described in Ref. [39]. This tur-
bulence model can be expressed as follows:

p(V-V)k = v[(w%)w} +Gg —pe 4
k
- u € 2
p(V-V)e=V- {(I‘ + J) Vf} + CleEGk - Czef)? 5)
K2
pt = /JCH? ©

where Clip’ Czip: C,, o, and o, are empirical constants.

Within the solid regions encompassing heat transfer, including sub-
strates and the annular finned heat exchanger, the steady-state energy
conservation equation is expressed as follows:

Table 2
Material properties of the novel ATEG.

Name Material Property Value Unit

Heat exchanger Aluminum Thermal 238 W/(m-K)
conductivity

Substrate Alumina Thermal 35 W/(m-K)
conductivity

Conductive plate Copper Thermal 398 W/(m-K)
conductivity
Electrical resistivity 1.72x 10-3 10-5QA-m

P-type thermoelectric element  Big44Sb1.s¢Tes ~ Thermal 1.8022 x 1071°T*.2.8631 x 107T? + 1.7941 x 10™*T2-0.052T + 6.8208 W/(mA-K)
conductivity
Electrical resistivity -6.839 x 1071°T* 4+ 9.9566 x 107T3-5.3215x107*T2 + 0.1298T-11.506 10-5QA-m
Seebeck coefficient 1.9359 x 1078T*-3.7183 x 107°T% + 2.4243 x 1072T2-6.366T + 772.02 PVAK!

N-type thermoelectric Bi,Tes 7Se0 3 Thermal -1.0263 x 107°T* +1.6523 x 10°T3-9.6842x10™*T? + 0.2447T-21.5585 W/(mA-K)

element conductivity

Electrical resistivity 4.3486 x 1071°T*.8.9267 x 107 T® + 6.4322 x 10™*T2-0.192T + 21.419 10-5QA-m
Seebeck coefficient 1.1468 x 1078T*-1.2129 x 107°T® + 3.5018 x 1073T2-0.1535T-189.21 I4VAK!

Exhaust gas Air Specific heat 1.2859 x 10713T-6.0241 x 107°T% 4 9.4530 x 107T2-3.7259 x 107T + 1.0476 kJ/(kgA-K)
Dynamic viscosity -1.0659 x 1071°T* 1 4.6437 x 107 T3-7.6943 x 107T? + 0.8357T-8.3828 107PaA-s
Thermal -7.4386 x 1071°T* + 4.1170 x 101 T3-7.9025 x 1078T2 + 1.1548 x 10™*T-2.2758 x W/(mAK)

conductivity 1078
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V-(AVT) =0 )

Within the solid regions that encompass both heat transfer and heat
generation, including the copper electrodes and thermoelectric ele-
ments, the steady-state energy conservation equation is:

V-(AmVT)+S, =0 (8

where, subscript m designates distinct materials, Sy, signifies the energy
source term. In different material regions, Sm can be expressed as [40]:
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where hy, = 10 W-m 2K ! is the ambient convective heat transfer co-
efficient, and T, = 293.15 K is the ambient temperature.

In addition to the boundary conditions of the exhaust channel,
ATEMs also need to apply reasonable boundary conditions for con-
ducting numerical simulations. The terminals A and B (as shown in
Fig. 2) of each ATEM are set as a grounded boundary and a circuit ter-
minal respectively. To evaluate the output performance of the ATEM, a
virtual additional circuit is introduced in the finite element model. The
additional circuit contains a load resistor, with one end grounded and

TN7~VT; N - type thermoelectric element ©

— T
6 (T) T2 = TpVap(T) T — a”g’T( )TPT‘VT; P - type thermoelectric element
P
§ — — T
Sm =9 /(1) T? — TyVan(1) 7 — 2280
6TN

—1 7‘2 .
Oco ; copper

where the first term on the right-hand side of Eq. (9) signifies Joule heat,
with the latter two terms denoting Peltier heat on junctions and
Thomson heat along thermoelectric materials, respectively.

In solid regions where electrical current flow is present, the electric
field transport equations are expressed as follows [41]:

F=—Vé+tapnVT 10)
T =onE an
vJ=0 12)

The foundational equations for governing the fluid-thermal-electric
multiphysics numerical model are comprised of Eqs (1)-(12). Within
this study, as the automobile exhaust flows through the heat exchanger,
a significant reduction in temperature is evident, and the parameters of
the thermoelectric material show a high correlation with temperature.
Therefore, the temperature dependence of automotive exhaust and
thermoelectric materials is considered. Additionally, variables,
including temperature, mutually influence one another within the do-
mains of the thermal field, electrical field, and flow field. Therefore, in
this work, we concurrently solve the thermal field, electric field, and
flow field to ensure precise calculations. A finite element method is
employed for computing these equations in this work.

3.2. Boundary conditions

For the flow channel of exhaust gas, boundary conditions of velocity
inlet and constant temperature are defined on the inlet surface, and the
pressure boundary condition is defined on the outlet surface. Here, the
ATEG is used to harvest exhaust heat from a passenger vehicle with a 3 L
and 102 kW gasoline engine. According to the published data in
Ref. [42], the produced exhaust mass flow rate and exhaust temperature
are about 30 g/s (30 m/s for the given ATEG) and 550 K respectively.
Therefore, the ranges of (15 m/s, 20 m/s, 25 m/s, and 30 m/s) and (400
K, 450 K, 500 K, and 550 K) are selected to study the influence of exhaust
heat on the optimal configuration of the ATEM. For the cold side of the
ATEM, a constant temperature of 300 K is defined on the cold-side
surface of the ATEM, due to the use of water cooling [35]. In addition,
the heat loss between the ATEM and the surroundings is considered,
with the defining of convective heat transfer boundary on the surface of
the solid region in contact with the external environmental gas, namely:

oT

iz =h(T~T) a3)

the other end connected to terminal B. Through a preliminary load
analysis, it is found that the traditional ATEM reaches its highest output
power when the load resistance value is 3.5 Q. Considering the same
internal resistance of ATEMs with different AL values due to the same
overall cross-sectional area of thermoelectric elements, the load resis-
tance is set to 3.5 Q herein, to ensure the highest output performance.
The detailed boundary parameters are shown in Table 3.

3.3. Parameter definition

By conducting finite element simulations, we can acquire informa-
tion about the physical field distribution characteristics of the ATEG.
Parameters such as voltage and temperature can be derived from the
numerical results of specific cross-sectional analyses. The output power
of an ATEM is calculated using the following formula:

U2
P ==L 14
ATEM R L ( )
Among them, Uy, is the output voltage of the ATEM, and Ry, is the load
resistance. The overall output power of the ATEG is viewed as the sum of
5 ATEMs, which is:

n=>5
P= Pprem (15)

i=1

When the exhaust gas flows through the ATEG, the heat of the
exhaust gas is absorbed through the manner of convective heat transfer,
and the absorbed heat Qy, can be estimated by:

Table 3
Boundary conditions of the fluid-thermal-electric multiphysics numerical model
for the ATEG.

Control domain Boundry Value Unit
ambient temperature 293.15 K
exhaust gas temperature inlet 400,450,500,550 K
velocity inlet 15,20,25,30 m/s
pressure outlet 101.325 kPa
cold side surface of temperature 300 K
ATEM
the A surface of the circuit terminals NA NA
ATEM
the B surface of the grounding 0 v
ATEM
surface in contact ambient convection 10 W/(m2A-K)
with the heat transfer

environment

coefficient
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Qh = Cexmex(Tin - Tout) (16)

Among them, Ti, and Ty are the temperatures of the exhaust gas inlet
and outlet, respectively. ce is the specific heat of exhaust gas. mey is the
mass flow rate of exhaust gas, which can be estimated by:

Mey = pvinA 17)

with vj, and A being the exhaust inlet velocity and cross-sectional area of
the exhaust channel respectively.
Finally, the output efficiency of the ATEG can be expressed as:

p
= 18
N aTEG N (18)

3.4. Cell independence validation

Fig. 3 illustrates the finite element model of the ATEG. All cell
structures are constructed using free tetrahedral cells, and boundary
layers are defined at the interface between the exhaust gas and the heat
exchanger. In light of the observed sensitivity of numerical simulation
results to the cell parameters of the ATEG, four distinct cell systems,
designated as Cell I, Cell II, Cell III, and Cell IV, have been employed to
check cell independence. Here, boundary conditions of Tj, = 550 K and
vin = 30 m/s are used for conducting simulations. Then, the output
power of the ATEG is obtained and used to estimate the errors under
different cell systems, as shown in Table 4. Augmenting the number of
cells results in improved accuracy in numerical simulation results, but it
also results in longer simulation times. To ensure high simulation ac-
curacy and low computational cost simultaneously, Cell II is selected in
this study.

3.5. Model validation

To validate the precision of the previously mentioned numerical
model, the 3-D geometrical model of the TEG used in Ref. [36] is built,

terminal B
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Table 4
Output power and error of the ATEG under different cell systems.

Cell system Cell number Output power Error Simulation time
Cell I 6,112,831 70.311 W NA 39.54 h
Cell IT 3,765,621 70.395 W 0.12 % 20.47 h
Cell 11 2,403,240 70.543 W 0.33 % 14.27 h
Cell IV 1,677,837 70.712 W 0.57 % 11.62h

and its performance is simulated using the developed model. Fig. 4 il-
lustrates the comparison of output performance between simulations in
the present study and experiments in Ref. [36]. The maximum deviation
of output power is lower than 6 %, affirming the high accuracy of the
numerical model employed in this work for predicting the performance
of the ATEG, and it can be used to steer performance analysis and
structural parameter optimizations.

4. Results and discussion

In Sections 4.1 and 4.2, numerical simulations of the ATEG are
conducted under boundary conditions of vi; = 30 m/s and Tj, = 550 K,
in order to highlight the effectiveness of the numerical model and
explore the optimal value of AL, respectively. In Sections 4.3 and 4.4,
the effect of exhaust temperature and velocity on the performance of the
ATEG under different AL values is thoroughly investigated, respectively.

4.1. Numerical results and discussion

In this section, the ATEG with a value of AL = 0.06 mm is adopted to
elucidate its distribution characteristics of different variables. Fig. 5
depicts the temperature distributions of the ATEM. Obviously, owing to
the low thermal conductivity of thermoelectric elements, a substantial
temperature gradient occurs from the hot side to the cold side of the
ATEM, which is approximately 160 K. This temperature gradient drives
the directional motion of charge carriers within thermoelectric

Boundary layer

Fig. 3. Finite element model of the ATEG.
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Fig. 6. Velocity distributions of the exhaust gas. (a) Inlet; (b) Outlet.

elements, resulting in the generation of electrical energy. Also, it is
evident that the maximum hot-side temperature of 462 K is quite lower
than the exhaust temperature (550 K), primarily due to the temperature
drop from the exhaust gas to the heat exchanger. Consequently, the fin
structure is adopted in the concentric annular heat exchanger to improve
the hot-side temperature.

Fig. 6 shows the velocity distributions of the exhaust gas on the inlet
and outlet surfaces. Although the application of a velocity inlet bound-
ary condition on the inlet surface, as the exhaust gas flows downwards, it
will concentrate at the center of the flow channel, leading to an
increased flow velocity.

Fig. 7(a) depicts the temperature distributions of the exhaust gas. A
notable temperature gradient is evident, extending from the exhaust
inlet surface (550 K) to the exhaust outlet surface (377 K). The opera-
tional temperature of the ATEM’s hot side is determined by the exhaust
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Fig. 7. Temperature distributions. (a) Exhaust gas; (b) Hot side of thermoelectric elements.

temperature of the corresponding region. Therefore, there is also a
substantial decrease in the hot-side temperature of ATEMs, as shown in
Fig. 7(b). The maximum temperature drop from the 1st ATEM to the 5th
ATEM reaches 99 K, and the temperature drop in one single ATEM is
about 20 K. The difference in the hot-side temperature of thermoelectric
elements leads to uneven current distribution. However, in each ATEM,
the connection of all thermoelectric elements is in series, and the uneven
current inevitably leads to electrical energy loss. Therefore, the novel
ATEM is proposed in this work to address this defect, where the cross-
sectional area of thermoelectric elements continuously increases from
the first column to the last column in each ATEM. This novel design, by

Voltage[V]

increasing the cross-sectional area of thermoelectric elements in the
downward direction, will generate a more uniform current across all
thermoelectric elements, thereby enhancing the overall current of the
ATEM. In addition, the maximum hot-side working temperature of the
ATEM is only 462 K, which is lower than the allowable temperature for
BiyTes-based thermoelectric materials. Therefore, the proposed ATEG
can be applied to waste heat recovery with higher temperatures, such as
the exhaust of natural gas-powered vehicles. In this condition, the ATEG
can deliver greater output performance.

Fig. 8 shows the voltage distributions of the ATEG under AL = 0 and

AL 0.06 mm. As observed, the output voltage of the ATEM

Fig. 8. Voltage distributions of the ATEG under AL = 0 and AL = 0.06 mm.
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continuously diminishes from the first unit to the last unit due to the
decrease in temperature resulting from the downward flow of exhaust
gas. The output voltage of the last ATEM only accounts for approxi-
mately 46 % of the output voltage produced by the first column ATEM.
The same phenomenon also exists between different columns in a single
ATEM. For this reason, the novel ATEM structure is proposed to address
this issue. As can be observed from the figure, the novel ATEM with AL
= 0.06 mm outperforms the traditional structure (AL = 0), with the
output voltage of the first and last ATEM increasing by 3.86 % and 5.13
%, respectively. However, the AL value requires further optimization,
and a comprehensive analysis of the impact of diverse operating con-
ditions on the optimum value is necessary.

4.2. Exploration of the optimal AL value

To explore the optimal AL value, ATEG models with different AL
values are established and their output performance is comprehensively
compared. It is worth noting that the ATEGs used for comparison all
adopt the same amount of thermoelectric materials. For example, the
ATEG uses five ATEMs with each including 16 columns of thermoelec-
tric elements, and the total volume of thermoelectric elements in each
ATEM is 35639.0 mm>; In a traditional ATEM, the length of thermo-
electric elements is fixed at L. = 2 mm, while in the novel ATEM with
AL = 0.06mm, the length of thermoelectric elements from the first
column to the last column is L; = 1.55 mm, Ly = 1.61 mm, ..., and
Lis = 2.45 mm, respectively. Fig. 9 shows the output power of ATEMs
with different AL values. When AL = 0.02 mm, 0.04 mm, and 0.06
mm, the output power of the novel ATEM in each unit is higher than that
of the traditional ATEM. However, when AL = 0.08 mm, the output
power of the traditional ATEM in each unit is higher than that of the
novel ATEM. The reason for this phenomenon is that when AL = 0.08
mm, the increased cross-sectional area of the thermoelectric element
along the downward direction is too large, which actually causes the
current of the i + 1th column of thermoelectric elements to be greater
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than the current of the ith column of thermoelectric elements. It appears
that the optimal value for AL is 0.06 mm. By summing the output power
of 5 ATEM, it is found that the output power of the novel ATEG with AL
= 0.06 mm reaches 76.66 W, which is 8.97 % higher than that of the
traditional ATEG. However, the optimal AL value may alter with the
variation of exhaust inlet boundary conditions. The impact of exhaust
gas temperature and velocity on the performance of the novel ATEG is
analyzed in the following sections.

4.3. Effect of exhaust gas temperature

Fig. 10(a) illustrates the output power of the ATEG in relation to
exhaust gas temperature, considering different AL values. Here, the
exhaust gas velocity is fixed at 30 m/s. On the one hand, it is clear that as
the exhaust gas temperature increases, the output power of the ATEG
continues to increase. On the other hand, regardless of temperature
changes, when AL = 0.02 mm, 0.04 mm, and 0.06 mm, the output power
of the novel ATEG is always higher than that of the traditional ATEG
(AL = 0), especially when AL = 0.06 mm. As the increase of exhaust gas
temperature from 400 K to 550 K, the output power of the optimal ATEG
(AL = 0.06 mm) increases from 12.26 W to 76.66 W, while the power of
the traditional ATEG increases from 9.56 W to 70.35 W. Meanwhile,
compared to the traditional structure, the power improvement of the
novel ATEG decreases from 28.24 % to 8.97 %. It seems that the ad-
vantages of the novel ATEG become more prominent at lower exhaust
gas temperatures.

Fig. 10(b) shows the output efficiency of the ATEG with different AL
values as a function of exhaust gas temperature. Similar to the output
power, the variation trend in the output efficiency of the ATEG shows a
close resemblance. This is because the change in the ATEM structure has
little impact on the heat absorption Q;, of the entire ATEG, and the ef-
ficiency is directly proportional to the power. The output efficiency of
the optimal ATEG at the exhaust gas temperatures of 400 K, 450 K, 500
K, and 550 K is 0.56 %, 0.90 %, 1.11 %, and 1.45 %, respectively. Here,
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Fig. 9. Output power of the ith ATEM with different AL values.
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Fig. 10. Output performance of the ATEG with different AL values as a function of exhaust gas temperature. (a) Output power; (b) Output efficiency.

compared to the reported conversion efficiency of ~ 2 % in the literature
[43], the relatively lower efficiency in the proposed ATEG is mainly
caused by the low hot-side temperature of the ATEM (see Fig. 7(b)).
When applied to situations with higher temperatures, the ATEG has the
ability to reach higher conversion efficiency, even far exceeding 2 %.
Compared with traditional ATEG with conversion efficiencies of 0.44 %,
0.78 %, 0.99 %, and 1.33 % at 400 K, 450 K, 500 K, and 550 K, the
efficiency of the optimal ATEG is improved by 28.08 %, 14.60 %, 12.39
%, and 8.92 %, respectively. It can be concluded that the utilization of
the proposed novel design results in a substantial enhancement in both
the output power and output efficiency of the ATEG.

4.4. Effect of exhaust gas velocity

Fig. 11(a) illustrates the output power of the ATEG in relation to
exhaust gas velocity, taking into account different AL values. Here, the
exhaust gas temperature is fixed at 550 K. It can be seen that an increase
in exhaust gas velocity helps to improve the output power of ATEG, as
higher exhaust gas velocity results in a more vigorous heat transfer
between the heat exchanger and the exhaust gas. Similarly, when AL =
0.06 mm, the output power of the novel ATEG reaches the highest value,
while the AL value of 0.08 mm may deteriorate the output performance
of the ATEG. At the exhaust gas velocity of 15 m/s, 20 m/s, 25 m/s, and
30 m/s, compared with the output power of 27 W, 43.22 W, 56.58 W,
and 70.35 W for the traditional ATEG, the output power of the optimized
ATEG reaches 30.88 W, 47.73 W, 62.11 W, and 76.66 W, experiencing
an improvement of 14.37 %, 10.43 %, 9.77 %, and 8.97 %, respectively.

The smaller the exhaust gas velocity, the greater the power improve-
ment. This is because as the velocity increases, more exhaust gas par-
ticipates in the gas-to-exchanger heat transfer, and the temperature drop
along the downward direction of the exhaust gas diminishes, leading to a
decreased efficacy of the proposed novel design.

The variation of output efficiency with exhaust gas velocity for
ATEGs with different AL values is shown in Fig. 11(b), and the observed
trend aligns consistently with that of the output power. As the exhaust
gas velocity increases from 15 m/s to 30 m/s, the output efficiency of the
traditional ATEG increases from 0.38 % to 1.33 %, while that of the
optimized ATEG increases from 0.43 % to 1.45 %, with the efficiency
improvement being a decrease from 14.25 % to 8.93 %. Combined with
Fig. 10, it is concluded that with the increase of exhaust gas temperature
and velocity, both output power and output efficiency of the ATEG
significantly increase, however, the performance improvement caused
by the novel ATEG decreases. Under the exhaust gas temperature of 550
K and the exhaust gas velocity of 30 m/s, the novel ATEG achieves an
output power of 76.66 W and an output efficiency of 1.45 %. These
values represent an improvement of 8.97 % and 8.93 %, respectively,
compared to the traditional structure.

5. Conclusions

Within the domain of waste heat recovery, to address the issue of
performance deterioration of the ATEG caused by the temperature drop,
anovel ATEG structural design is proposed in this work, where the cross-
sectional area of thermoelectric elements in each ATEM continuously
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Fig. 11. Output performance of the ATEG with different AL values as a function of exhaust gas velocity. (a) Output power; (b) Output efficiency.
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increases along the direction of exhaust gas flow. Besides, a fluid-
thermal-electric multiphysics numerical model for the ATEG is estab-
lished to assess its performance and perform parameter optimizations,
with the length difference between adjacent columns of thermoelectric
elements, AL, being comprehensively optimized. Also, the effect of
exhaust gas temperature and velocity on the AL value is comprehen-
sively analyzed. The findings are summarized as follows:

(1) The developed fluid-thermal-electric multiphysics numerical
model is well verified using experimental data from previous studies.
The model can accurately obtain the interior distribution characteristics
of the ATEG at different working conditions, such as the temperature,
velocity, and voltage distributions. Numerical results indicate that there
is a significant temperature drop inside the ATEM along the downward
direction of exhaust gas, highlighting the advantages and effectiveness
of the proposed new configuration for thermoelectric modules.

(2) As the increase of AL value, the output power of the ATEG in-
creases first and then decreases. When AL = 0.06 mm, the novel ATEG
reaches the highest output performance. However, if the AL value is
further increased, the oversized cross-sectional area of thermoelectric
elements in the downward direction of exhaust gas will deteriorate the
output performance of the ATEG. In addition, the optimal AL value is not
sensitive to the exhaust gas temperature and velocity, which means that
even if applied to waste heat recovery in different vehicles, the AL value
of 0.06 mm is still optimal.

(3) Under the exhaust gas temperature of 550 K and the exhaust gas
velocity of 30 m/s, the novel ATEG achieves an output power of 76.66 W
and an output efficiency of 1.45 %. These values represent an
improvement of 8.97 % and 8.93 %, respectively, compared to the
traditional structure. Besides, the lower the exhaust gas temperature and
velocity are, the more significant the benefits generated by the novel
ATEG. For instance, as the increase of exhaust gas temperature from 400
K to 550 K, the power improvement of the novel ATEG decreases from
28.24 % to 8.97 %.

(4) The current research does not take into account the connections
between different ATEMs. Instead, it calculates the overall output of the
ATEG by summing individual outputs of ATEMs, and the ATEG consists
of only five ATEMs, which does not align with real-world scenarios.
Hence, future research will involve the development of a more
comprehensive ATEG featuring multiple ATEMs and an exploration of
the effects of topological connections between them.
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