
lable at ScienceDirect

Energy 239 (2022) 122127
Contents lists avai
Energy

journal homepage: www.elsevier .com/locate/energy
Annular thermoelectric generator performance optimization analysis
based on concentric annular heat exchanger

Wenlong Yang a, 1, WenChao Zhu a, b, 1, Yang Li a, Leiqi Zhang c, Bo Zhao c,
Changjun Xie a, b, *, Yonggao Yan d, Liang Huang a

a School of Automation, Wuhan University of Technology, Wuhan, 430070, China
b Hubei Key Laboratory of Advanced Technology for Automotive Components, Wuhan University of Technology, Wuhan, 430070, China
c State Grid Zhejiang Electric Power Research Institute, Hangzhou, 310014, Zhejiang Province, China
d State Key Laboratory of Advanced Technology for Materials Synthesis and Processing, Wuhan University of Technology, Wuhan, 430070, China
a r t i c l e i n f o

Article history:
Received 4 May 2021
Received in revised form
3 August 2021
Accepted 19 September 2021
Available online 24 September 2021

Keywords:
Annular thermoelectric generator
Concentric annular exchanger
Waste heat recovery
Size optimization
* Corresponding author. School of Automation, Wuh
Wuhan, 430070, China.

E-mail address: jackxie@whut.edu.cn (C. Xie).
1 W. Yang and W. Zhu contributed equally to this w

https://doi.org/10.1016/j.energy.2021.122127
0360-5442/© 2021 Elsevier Ltd. All rights reserved.
a b s t r a c t

In order to increase the energy conversion efficiency of thermoelectric generators for automobile systems
where the heat sources are commonly cylindrical, a novel concentric annular thermoelectric generator
(CATEG) consisting of annular thermocouples and a concentric annular heat exchanger is proposed. A
numerical model of the CATEG is first established using a finite-element method, based on which the
thermoelectric performances of the proposed CATEG and the conventional annular thermoelectric
generator (ATEG) with a cylindrical heat exchanger are compared. The relationship between the size of
the heat exchanger, heat transfer characteristics, and heat flow resistances are comprehensively studied.
Furthermore, to balance the relationship between heat transmission and fluid flow resistances, and to
extract the maximum net power, the optimal design of the concentric annular exchanger is obtained and
analyzed. Simulation results show that the optimized ratio of the inner and outer diameters of the heat
exchanger is 0.94, and the new ATEG with the proposed concentric annular heat exchanger can signif-
icantly increase the total heat transfer coefficient as well as the pressure drop, leading to a maximum net
power of 65% higher than the conventional ATEG.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Continuously improving the energy conversion efficiency of
automobiles is one of the major pathways to conserve precious
fossil energy sources and to reduce greenhouse gas emissions. In
general, only 25% of fuel energy in the internal combustion engine
vehicles is utilized for vehicle mobility and other necessary use,
while about 30e40% is wasted as exhaust gas [1,2]. The wasted
energy in the exhaust gas can be potentially recovered using a
thermoelectric generator (TEG) by converting the heat into electric
energy directly through thermoelectric effects. The thermal energy
recovery TEG has attracted increasing research attention in recent
years due to its advantages of simple and light-weighted structure,
free of mechanical moving parts, high safety, and high reliability
an University of Technology,

ork.
[3e5]. A typical TEG consists of a heat exchanger and many PN
couples adhered to its surface [6]. However, the low conversion
efficiency of the materials currently used for TEGs has limited their
applications, while optimizing the TEG design is essential to
improve its performance for practical applications and facilitate its
commercialization process [7].

One of the causes of the low efficiency of the existing TEG design
is that the temperature difference between the hot and the cold
ends of the PN thermocouples is significantly smaller than that
between the hot and the cold fluids [4]. Bell [8] pointed out that the
reason for such a small temperature difference is the presence of
large thermal resistance between the fluids and the thermocouples.
Therefore, many researchers focus on enhancing the heat transfer
characteristics to improve energy conversion efficiency [9]. The
most common and most effective method to improve heat trans-
mission characteristics is to put fillers in the exhaust channel of the
hot-end exchanger with high thermal resistance. In order to
improve the heat transmission rates and avert excessive back
pressure, Wang et al. [10] investigated a hot side heat exchanger
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Nomenclature

A cross-sectional area of the exchanger, m2

a1,a2,a3 height, inner circular arc length and width of the PN
couple, m

a4 gap between P- and N-type legs, m
c specific heat capacity, J g�1 K�1

Dh hydraulic diameter, m
d convective heat transfer coefficient, W m�2 K�1

dev deviation percentage, %
F Darcy resistance coefficient
Hr surface roughness, m
h height of heat exchanger, m
I electric current, A
K thermal conductance, W K�1

k total heat transfer coefficient, W m�2 K�1

L length of the heat exchanger, m
m mass flow rate, g s�1

nx total PN couple number in a line
nr total PN couple number in a single-ring
Nu Nusselt number
P power, W
p pressure, Pa
Pr Prandtl number
q quantity of heat, W
R resistance, U
Re Reynolds number
r radius, m
S exchanger plate areas, m2

T temperature, �C
v flow velocity, m s�1

Superscript
i (j) line (row) number
1 Case 1
2 Case 2

Greek
a the Seebeck coefficient, V K�1

d thickness, m
l thermal conductivity, W m�1 K�1

r density, kg m�3; resistivity, U m
m dynamic viscosity, Pa s
h efficiency, %
D difference

Subscript
c cold side of the thermocouple
cer ceramic
con connector
cu copper
f hot fluid
h hot side of the thermocouple
i inner ring of heat exchanger
L external load
max maximum value
n N-type semiconductor
net net value
opt optimal value
p P-type semiconductor
per per unit module area
pn thermocouple
plate heat exchanger plate
pump consumed pump value
teg TEG module value
w cold fluid

Abbreviations
ATEC annular thermoelectric couple
ATEG annular thermoelectric generator
TEG thermoelectric generator
CATEG concentric annular thermoelectric generator
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with cylindrical grooves and studied the effects of three internal
structures on the system through numerical simulation and eval-
uation of efficiency and net power. Kim et al. [11] fixed six 2-mm-
thick plate fins on the hot surface of each thermoelectric module,
and this method improved the heat transmission performance of
TEG and increased the pressure drop on both sides of the pipe. Lu
et al. [12] proved that by filling metal foam in the hot side
exchanger channel, higher efficiency and power output can be
achieved compared to using rectangular fins, whereas it leads to
high back pressure and net power loss. In addition to enhancing the
heat transfer performance of the heat exchanger, matching heat
exchanger dimensions with the fluid characteristics and optimizing
the structure of the thermoelectric module can also improve the
efficiency of TEG [13,14]. For example, Fan et al. [15] developed a
complete numerical model to compute the optimal size of ther-
mocouples, and it was found that there exists an optimal leg length
and an optimal cross-sectional area to achieve the maximum
output power. Wang et al. [16] used a pitted surface to replace the
inserted groove in the traditional heat exchanger. Compared with
the heat exchanger with embedded pits, the new design effectively
reduces the pressure drop and increases the net power. Niu et al.
[17] studied the influences of gas channel size on thermoelectric
performance. They found that a medium-sized heat exchanger
should be used to balance the interaction between the pressure
drop along the channel and the heat transmission.
2

Although considerable progress has been made on the flat-plate
TEG (FTEG), such a design is not ideal for automobile exhaust gas
heat recovery where the heat source, i.e., the exhaust pipe, is
usually cylindrical [18]. The inherent geometric mismatch can
cause the problems such as high energy loss and large heat transfer
resistance, which would significantly reduce the performance of
TEG. In recent years, with the advancements in material science
and engineering, thermoelectric devices can be designed in various
geometric shapes including annular thermocouples [19,20]. Unlike
conventional flat-plate thermoelectric couple (FTEC), the cross-
sectional area of an annular thermoelectric couple (ATEC)
changes along the radial direction, and the contact resistance of an
ATEC can be smaller than that of FTEC [21]. Shen et al. [22,23]
proposed an annular thermoelectric generator (ATEG) and theo-
retically analyzed the influence of the leg's geometric characteris-
tics on output power and efficiency under different temperature
ratios and external loads. For cylindrical heat sources, an ATEG
consisting of a cylindrical heat exchanger and many ATECs have
been investigated in the literature. For example, Ge et al. [24]
proposed a liquefied natural gas power generation system
composed of an air-heated evaporator and a cylindrical ATEG, and a
comprehensive comparison was provided in Ref. [25], in which the
thermoelectric performances of ATEG and FTEG with cylindrical
heat sources are analyzed from several aspects, including the
convective heat transfer coefficient, inlet velocity, and temperature.
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Although the abovementioned studies have been conducted to
optimize the heat transfer capacity and efficiency of TEG, most of
the existing investigations are based on traditional FTEGs, and the
applicability of the obtained research outcomes and design
guidelines from these works to ATEGs have not been examined.
Regarding the numerical analysis and optimization of thermo-
couple design, recent research on TEG focused on components such
as a single PN couple or segmented annular thermocouples for
conventional design [26e28], whereas studies for structural
improvement with novel designs at system levels is lacking, espe-
cially for the ATEG [29]. It is therefore not only beneficial but also
necessary to investigate optimized structure to improve the energy
efficiency of the whole system. In this connection, the major con-
tributions and innovations of this paper are as follows:

1) A novel concentric annular thermoelectric generator (CATEG)
composed of a concentric annular exchanger and ATECs is pro-
posed for the first time.

2) A high-fidelity mathematical model of the CATEG is established.
The model incorporates a thermal resistance network of CATEG
considering temperature gradient, flow resistance, and heat
transmission characteristics along the flow direction so that
thermoelectric characteristics can be accurately predicted for
performance evaluation and design improvement.

3) The thermoelectric characteristics and energy conversion per-
formance of the CATEG system are analyzed comprehensively,
and the range of the optimal design dimension for the
concentric annular heat exchanger is obtained to achieve the
maximum net power output.

The rest of the paper is structured as follows. A mathematical
model of the CATEG is established in Section 2 for the present
investigation. The proposed model is validated with simulation and
experiment data in Section 3. The influences of dimensional pa-
rameters of the concentric annular heat exchanger on the ther-
moelectric performance are analyzed and the optimal design is
obtained to maximize the net generated power of CATEG in Section
4. Conclusions are provided in Section 5.

2. Modeling of CATEG

2.1. Configuration and model assumptions

The CATEG system under investigation is shown in Fig. 1(a). It is
composed of a concentric annular heat exchanger that carries the
hot fluid of automobile exhaust gas, a coolant heat exchanger that
carries the cold fluid, and many ring-shaped thermoelectric mod-
ules mounted in between. In the figure, h, ri, and r denote the
height, inner radius, and outer radius of the concentric annular heat
exchanger, respectively, and L is the length of the CATEG/heat
exchanger. The hot fluid heats the thermoelectric modules from
one side (i.e., the hot end). A part of the thermal energy transferred
to the modules is converted to electricity by the thermoelectric
materials, and the rest energy is dissipated by the cold fluid via the
other side of the modules (i.e., the cold end). The temperatures of
the fluid entering the inlet of the concentric annular and coolant
heat exchangers are denoted by Tfin and Twin, respectively.

Fig. 1(b) shows a non-isothermal finite-element model of the
CATEG. The system is divided into nx � nr elementary units and
each unit is denoted by (i, j) where i and j represent the indices of
the row and the column, respectively. Each unit contains a ther-
mocouple (i.e., a PN couple) which is composed of a p-type and an
n-type semiconductor leg as shown in Fig. 1(c). The two legs are
electrically connected in series with a copper connector and
sandwiched between two identical ceramic sheets made of Al2O3,
3

and all PN couples are connected in series. In Fig. 1(c), a1, a2, and a3
are the height, inner circular arc length, and width of p-type or n-
type legs, respectively, and a4 is the gap between the legs. The
radius corresponding to the inner circular arc length is denoted by
rpn, and the thicknesses of the copper connector and the ceramic
sheet are denoted by dcu and dcer, respectively. The ceramic sheet
functions as an electrically insulating layer which is essential for
achieving heat transmission from the external thermal energy to
the cooling components. The thickness of the exhaust heat
exchanger and coolant heat exchanger tube wall is denoted as dplate.

An equivalent thermal resistance network, shown in Fig. 1(d),
can be used to model and explain the heat transmission process in
one elementary unit. In the ith row, the temperatures of the hot and
the cold ends of the leg are denoted by Th

i and Tc
i , respectively. On

the one hand, as hot fluid flows through the calculation units, the
temperature of the hot fluid will drop from Tf

i to Tf
iþ1. On the other

hand, the temperature of cold fluid rises from Tw
i to Twiþ1 when the

cold fluid flows through the unit. When the thermal energy
released by the engine exhaust is transferred to the ATEM, the total
thermal resistance mainly consists of four components. From the
inside to the outside, they are the convective heat transfer resis-
tance, Rf1, the heat transfer resistance across concentric annular
exchanger, Rf2, the thermal contact resistance between the surface
of the heat exchanger and ATEM, Rfcon, and heat transfer resistance
across the ceramic sheet and the copper connector, Rf3. Corre-
spondingly, thermal resistances of the cold end are expressed as
Rw1, Rw2, Rwcon, and Rw3, respectively. Assuming that there is no air
between all PN legs, heat radiation and the Thomson effect can thus
be ignored.
2.2. Mathematical model

As the fluid flows through the annular heat exchanger, the
temperature of the thermocouple in the same ring is the same, so
each calculation unit is marked by superscript i. For these calcula-
tion units, due to the heat conduction, two heat transfer compo-
nents qhi and qc

i are generated, which can be described by three sets
of heat transfer equations. The first group is obtained by the tem-
perature difference between fluid and thermoelectric device sur-
face and is given by Newton's heat transfer law. The second group is
the heat transfer equation considering the conduction heat, the
Peltier effect and the Joule effect. The third group comes from the
conservation of energy law, that is, the heat released by the fluid is
equal to the heat absorbed by the thermoelectric module.

Based on the thermal resistance network and steady-state heat
transmission process in a unit, it can be obtained and described by

8>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>:
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�
Tiþ1
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(1)

where qh
i and qc

i are the heat absorbed at the hot side and the heat
released at the cold side, and Sh and Sc represent the heat trans-
mission areas of the hot and the cold ends, respectively. mf and mw

are the mass flow rates of the hot fluid and the cold fluid, respec-
tively. kf and kw are the total heat transfer coefficients of the heat
transferred from hot fluid and cold fluid to the surface of the



Fig. 1. Modeling of CATEG: (a) 3D view, (b) Finite element model, (c) 3D view of an elementary unit, (d) Equivalent thermal resistance network of an elementary unit.
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thermoelectric element, and cf and cw are the specific heat capac-
ities for the hot fluid and the cold fluid, respectively. In addition,
apn, Kpn, and Rpn denote the Seebeck coefficient, thermal conduc-
tance, and electrical resistance of a PN couple, respectively, and
they are determined by

apn ¼ap � an (2)

Kpn ¼ a2a3
�
lp þ lp

� � �
rpnIn

��
rpn þ a1

� �
rpn
	


(3)

Rpn ¼ rpnIn
��
rpn þ a1

� �
rpn
	�
rp þ rn

� �
a2a3 (4)

where the symbols a, l, and r represent the Seebeck coefficient,
electrical resistivity, and thermal conductivity, respectively, while
the subscripts “p” and “n” are attached to the symbols to represent
the corresponding quantities for the p- and n-type legs,
respectively.

The total heat transfer coefficient kf is calculated by

kf ¼ 1
.�

Rf1 þ Rf2 þ Rfcon þ Rf3
�

¼ 1
.�

1
.
df þ dplate

.
lplate þ Rfcon þ dcu

.
lcu þ dcer

.
lcer
�

(5)

where lplate, lcu, and lcer represent the thermal conductivities of the
heat exchanger wall, the copper connector, and the ceramic sheets,
respectively. df is the convective heat transfer coefficient of hot
fluid, obtained by
4

df ¼Nulf
.
Dh (6)

where lf is the thermal conductivity of the hot fluid, and Dh is the
annulus hydraulic diameter defined as the difference between the
outer and the inner diameters of the annulus.

In (6), the Nusselt number is determined by Ref. [30].

Nu¼ 0:0214
�
Re0:8 �100

�
Pr0:4

h
1þðDh=LÞ2=3

�
Tfav
.
Twav

�0:45
;

2300�Re�106
i

(7)

where Re and Pr are the Reynolds number and the Prandtl number
of the hot fluid, respectively. Tfav and Twav are the average temper-
atures of the hot fluid and the engine water in the fluid-flow di-
rection, respectively. The Reynolds number can be calculated by

Re¼ rf Dhvf

.
mf (8)

where rf, vf, and mf represent the density, velocity, and dynamic
viscosity of the hot fluid, respectively.

Next, the fluid flow resistance characteristic of the hot side heat
exchanger can be investigated by calculating the pressure drop Dp
of the exhaust gas, i.e. [31],

Dp¼4FðL =DhÞ
�
v2f rf

.
2
�

(9)



Fig. 2. Flowchart of the solution procedure.

8>>>>>>>>>>>><
>>>>>>>>>>>>:

F ¼ 0:0791

Re0:25
; 2000<Re � 59:7

ð2Hr=DhÞ8=7

0:5ffiffiffi
F

p ¼ �1:8lg

 
6:8
Re

þ
�

Hr

3:7Dh


1:11
!
;

59:7

ð2Hr=DhÞ8=7
<Re � 665� 765lgð2Hr=DhÞ

2Hr=Dh

F ¼ 0:25�
2lg
�

3:7Dh
2Hr=Dh



2; Re>665� 7651gð2Hr=DhÞ
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(10)
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Here, F is the Darcy resistance coefficient, determined by
Ref. [32].

where Hr is the internal surface roughness of the heat exchanger.
Considering the pumping power loss due to gas resistance

through the channel, it can thus be obtained by

Ppump ¼Dp
�
mf

.
rf

�
(11)

Finally, the current I, output power Pteg, net power Pnet, and ef-
ficiency h of the CATEG system are evaluated as follows,

I¼
Xnx

i¼1

apn
�
Tih� Tic

�.�
RL þRpnnxnr

�
(12)

Pteg ¼
Xnx

i¼1

�
qih � qic

�
(13)

Pnet ¼ Pteg � Ppump (14)

h¼ Pnet

,Xnx

i¼1

qih (15)

2.3. Solution method

Given the model parameters, load resistance RL, and boundary
values Tfin and Twin, the developedmodel (1)�(15) shall be solved to
obtain the current I (which equals the currents in all the PN cou-
ples) as well as the temperature distributionTi of the CATEG system.
However, since the current I and the temperatures are algebraically
coupled by the highly nonlinear equations (1) and (12), the
analytical solution cannot be obtained. The problem becomes more
difficult as a similar coupling relationship exists between the
temperature distribution of TEG and the convective heat transfer
coefficient kf as shown in (1) and (6). Hence, a numerical method
with double iteration loops is proposed to efficiently solve the
model, and the flowchart of the procedure is shown in Fig. 2.

The solution procedure is initialized with the initial guess I0 and
kf0 with which the initial temperature distribution is obtained by
solving (1). According to the obtained temperature distribution, kf
can be updated using (6) and it is used as the new kf0 for the next
iteration in the inner loop. The process is repeated until the
convective heat transfer coefficient kf is considered close enough to
the previous inner iteration. Next, a new current I can be deter-
mined using (12), and the current is used as the new I0 for the next
iteration in the outer loop. The process is repeated until the current
I is considered close enough to the previous outer iteration. Once I,
5

kf, and temperature distribution have been determined, the per-
formance indicators of the TEG can be calculated using (13)�(15).
3. Model validation

3.1. Numerical and experimental validation

In the previous section, an accurate numerical model of CATEG
is established with the consideration of the effects of ceramic plate,
copper connector, and exchanger plate on the system. The model
will be validated in this section by comparing the simulated results
with the numerical and experimental results from the literature.

First, the simulation result of the proposed model is compared
with the numerical data given in Ref. [33], where an ATEG with a
hot-side cylindrical heat exchange channel was proposed and
calculated net power output of the system for the loss of pumping
power due to fluid resistance. In order to reproduce the data, we
used the same parameters as given in Ref. [33] and set the inner
radius ri of the concentric annular heat exchanger to 0. By this
means, the CATEG is equivalent to a conventional ATEG with a
cylindrical heat exchanger. The maximum net powers of ATEG with
different exhaust gas mass flow rates are shown in Fig. 3(a). It is
observed that the maximum absolute error between the simulated
result and data in Ref. [33] is 3.9%. This error is due to the consid-
eration of the copper plate, ceramic sheets, and contact thermal



Fig. 3. Verification of the proposed arithmetic model. (a) Comparison with numerical
results from Ref. [33]. (b) Comparison with experimental results from Ref. [34] and
numerical results from Ref. [24].
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resistance in our model.
For further validation of the proposed model, we compare the

simulation result with experimental data extracted from the works
by Niu et al. [34] and Ge et al. [24]. In this case, we consider the fact
that when the radius of the ATEG is large enough, the curvature
corresponding to the inner arc circular of the PN couple is small,
and the annular thermoelectric couples can be regarded as FTECs.
In the experiment, a commercial Bi2Te3 thermoelectric module
with the dimensions of 40 mm � 40 mm � 4.2 mm was used. The
average thermal conductivity, resistivity, and the Seebeck coeffi-
cient of the thermoelectric module are 1.7 W/(m$K),
9.5 � 10�6 U m, and 2 � 10�4 V/K, respectively, all measured at
room temperature. We use the same parameters in our proposed
model for model validation. The variation of power with different
loads are shown in Fig. 3(b), and it is observed that the error be-
tween the predicted results from Ref. [24] and the experimental
data was less than 10%, while the error between the proposed
model and the experimental data is less than 8%, since the effects of
ceramic plate, copper connector, and exchanger plate are
6

considered in our model.
The proposed model structure is general, although the pre-

sented simulation results still exhibit some errors compared to the
experimental results, and this is mainly due to the limitation in the
model parameters. First, the parameters regarding the physical
characteristics of the PN couples are set to constant, while in
practice they are highly temperature-dependent. Second, the
thermal contact resistance is set as 0.0008 m2 K/W in the simula-
tion, obtained from Ref. [30], while the true value for the experi-
ment is not known. Furthermore, statistical approaches are
beneficial for further model evaluation by considering the design
uncertainties [35].

3.2. Performance analysis of the theoretical model

In addition, for further model comparison, Table 1 summarizes
several prevailing modeling methods for the thermocouples or
TEGs in the literature. It can be seen that many theoretical models
of thermocouples or thermoelectric generators have been estab-
lished using various modeling methods and implemented in
different software, from one-dimensional to three-dimensional
models and from analogy model to the thermal-electric numeri-
cal model. However, when the annular thermoelectric module is
used to recover fluid waste thermal energy, especially the waste
heat of automobile exhaust, few ATEG models can be adopted to
comprehensively evaluate and optimize the thermoelectric and
output performances of the ATEG system. For example, Ref. [22]
established the mathematical model of the annular thermocouple
using the finite elementmethod, but whenmultiple thermocouples
are coupled together to form a thermoelectric generator (TEG),
accurate thermoelectric performance cannot be obtained. Ref. [24]
established a numerical model of ATEG by constructing a thermal
resistance network model, but the power loss caused by fluid
resistance was not considered. Ref. [38] established a three-
dimensional model of an ATEG through thermal stress analysis,
and optimized the number and geometric structure of thermo-
couples, but did not consider the impact of the annular heat
exchanger on ATEG.

Compared to the existing TEG models as given in Table 1, the
thermal resistance model established in this work is a fluid-
thermo-electric multiphysics field coupling model, which
comprehensively considers the temperature gradient, flow resis-
tance, and heat transmission characteristics along the flow direc-
tion. The model can accurately predict the thermoelectric
performance and net power characteristics of CATEG by establish-
ing a thermal resistance network model and iterative algorithms,
the method can be generalized to provide guidelines for modeling
new ATEG systems in the future.

4. Results and discussion

In this section, the effects of various design factors on thermo-
electric performance, such as output power, net power, heat
transfer performance, efficiency, etc., will be analyzed via simula-
tion studies based on the validated CATEG model developed in the
previous sections. The physical parameters of thermoelectric ma-
terial (Bi2Te3) and the dimensions of the ATEC are presented in
Table 2. In the automobile coolant system, the mass flow rate and
the temperature are mw ¼ 425 g/s and Twin ¼ 70 �C [39],
respectively. The contact thermal resistance is set to 0.0008 m2$K/
W. In addition, the thickness and the thermal conductivity of the
ceramic sheet, the copper sheet, and the heat exchanger plate have
significant influences on the heat transfer performance of the TEG,
and they need to be determined according to practical situations.
The basic parameters of heat source and TEG used in this work are



Table 1
Recent advances in modeling methods for TEC and TEG.

Research subject Modeling Method and Software Feature Model Type Ref.

TEC Numerical model/MATLAB 1-D short calculation time Thermal resistance model [13]
Finite-element method/MATLAB 1-D steady model Thermal-electric numerical model [22]
ANSYS/EES 1-D short calculation time Thermal resistance model [36]
SPICE/Mathematica 1-D steady-state analysis and analogies Analogy model [37]

TEG Numerical simulation/MATLAB from 1-D to 2-D iterative calculation Thermal resistance model [24]
Numerical simulation/Fortran program 2-D iterative calculation Thermal-electric numerical model [30]
Finite element approach/ANSYS 3-D steady-state Thermal stress analyses [38]

Table 2
Main physical and dimensional parameters of ATEC [39].

Parameters Description Value Units

a1/a2/a3 P(N)-type leg height/width/inner arc circular length 5/5/5 mm
a4 Clearance between P-type and N-type legs 0.1 mm
ap P-type Seebeck coefficient 2.037 � 10�4 V/K
an N-type Seebeck coefficient �1.721 � 10�4 V/K
lp P-type thermal conductivity 1.265 W/(m$K)
ln N-type thermal conductivity 1.011 W/(m$K)
rp P-type resistivity 1.314 � 10�5 U$m
rn N-type resistivity 1.119 � 10�5 U$m

Table 3
Basic parameters of heat source and TEG.

Parameter Description Value Unit

kw Heat transfer coefficient of water [30] 1000 W/(m2$K)
Tfin Exhaust gas inlet temperature 500 �C
Twin Cooling water inlet temperature [39] 70 �C
mf Mass flow rate of exhaust gas 50 g/s
mw Mass flow rate of water [39] 425 g/s
Rcon Contact thermal resistance [30] 0.0008 m2$K/W
dcer Thickness of ceramic plate 0.05 mm
lcer Thermal conductivity coefficient of ceramic plate 35 W/(m$K)
dcu Thickness of copper connector 0.2 mm
lcu Thermal conductivity coefficient of copper connector 398 W/(m$K)
dplate Thickness of exchanger plate 0.3 mm
lplate Thermal conductivity coefficient of exchanger plate 398 W/(m$K)

Fig. 4. Variations of Pteg, U, and I with S for h ¼ 5 mm, nr ¼ 20.

Fig. 5. Schematic diagram of the conventional cylindrical heat exchanger ATEG system.
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provided in Table 3.
4.1. Thermoelectric performance analysis of CATEG

Fig. 4 shows the output power Pteg, voltageU, and current I of the
CATEG as functions of the module area S. Here, the height of the
exchanger h is set as 5 mm. The outer radius r of the concentric
annular heat exchanger is 38 mm for an ordinary automobile
exhaust pipe, and the corresponding number of units per module is
nr ¼ 20. It can be seen that I reduces and U increases monotonously
as S increases, while both of their rates of change decrease. Most
importantly, there exists a maximum output power Pteg,max for the
CATEG. This is because, with an increased number of PN couples,
the heat transfer area from the hot end to the cold end increases,
the thermal resistance decreases, the heat conduction through the
PN couples increases, and it results in a decrease in the output
power. This result is also identified by He et al. [40]. Hence, for
given parameters of the heat source, there exists an optimalmodule
area Sopt to maximize Pteg. According to Fig. 4, when S ¼
Sopt ¼ 0.34 m2, Pteg ¼ Pteg,max ¼ 449 W.

Next, we compare the thermoelectric characteristics of the
CATEG with the conventional cylindrical heat exchanger ATEG
equipped with the cylindrical heat exchanger. The mathematical
model of the conventional ATEG was established based on the
Fig. 6. Variations of (a) Pteg, Pnet, h, (b) kf, Dp with L for the same boundary condition
(Case 1: concentric annular heat exchanger ATEG; Case 2: cylindrical heat exchanger
ATEG).

8

schematic diagram shown in Fig. 5, and its parameters are selected
to be the same as the CATEG. Fig. 6(a) shows the influence of the
length L of CATEG on output power, net power, and efficiencies for
these two exhaust heat exchanger structures. It is observed that for
the conventional cylindrical heat exchanger (Case 2), the difference
between the net power Pnet and the output power Pteg is small due
to that the required pumping power is low. On the other hand, for
the concentric annular heat exchanger (Case 1), although more
pumping power is needed, the output power is higher than Case 2.
The reason for this is because with the concentric heat exchanger,
the heat transmission capacity of the hot side channel is increased
and more thermal energy can be converted into electricity by the
thermocouples. Fig. 6(b) shows the influence of L on pressure drop
and heat transfer coefficient. It shows that, compared to the cy-
lindrical heat exchanger, the concentric design can significantly
improve the heat transfer coefficient, thereby increasing the output
power. However, a higher pressure drop will also cause a higher
pumping power consumption. According to Fig. 6(a), the net power
of the CATEG is higher than the cylindrical design when L < 2 m,
Fig. 7. CATEG power output and heat transfer coefficient versus exchanger height,
radius, and length under the condition of stable heat source: (a) Output power; (b)
Total heat transfer coefficient.



W. Yang, W. Zhu, Y. Li et al. Energy 239 (2022) 122127
and the maximum net power of the CATEG is 65% higher than that
of the cylindrical heat exchanger ATEG.When the peak net power is
obtained, the efficiency of the CATEG is 4.7%. In addition, the new
type of heat exchanger can be readily adapted according to the
shape of the exhaust pipe, which can optimize the heat transfer
characteristics, improve the heat transfer performance, and
accommodate more ATECs. Therefore, the ATEG based on the
concentric annular heat exchanger proposed in this paper is su-
perior to the conventional cylindrical heat exchanger ATEG for
automobile applications.
Fig. 9. Variations of Lopt with different r and h.
4.2. CATEG power output analysis based on fluid heat transfer
characteristics

In this subsection, the influence of the dimension (L, r, and h) of
the concentric annular heat exchanger on the heat transmission
characteristics and output power of the CATEG will be discussed.
The influence of dimension on Pteg with different design are shown
in Fig. 7(a). It can be seen that in order to increase Pteg, it requires to
reduce h or r, while an optimal heat exchanger length exists to
obtain the maximum output power. This characteristic can be
explained using Fig. 7(b), where it shows that the heat transfer
coefficient kf will reduce when L, r, or h increases. However, since
the cross-sectional area A is the major factor affecting kf, according
to A ¼ pr2 e p(r�h)2, changing L is less effective compared with
changing r or h, as can be observed from Fig. 7(b).

Next, with A increases, the maximum output power Pteg,max, the
optimal module area Sopt, corresponding optimal total heat transfer
coefficient can be obtained and the relationships are shown in
Fig. 8. It can be seen that reducing A can increase Pteg,max as well as
the corresponding kf,opt, while the corresponding Sopt will decrease
almost linearly as A reduces. In this case, when the cross-sectional
area is A ¼ 0.0011 m2, the maximum power Pteg,max ¼ 449 W is
obtained, which is the same as that given in Fig. 4. The corre-
sponding optimal module area Sopt ¼ 0.36 m2 and the optimal total
heat transfer coefficient kf,opt ¼ 177 W m�2 K�1.

In addition, we show in Fig. 9 that radius r and height h have
significant influences on the optimal module length Lopt. It can be
seen that Lopt has a positive correlation with height h, and this
relationship is similar to that between A and Sopt as shown in Fig. 8.
Therefore, in order to obtain a smaller L, the heat exchanger should
be designed with a smaller h and/or a larger r.

When the cross-sectional area A ¼ 0.0011 m2, Fig. 10 shows the
Fig. 8. Variations of Pteg,max, kf,opt, and Sopt with different A.

Fig. 10. Variations of (a) Lopt, Sopt, r, (b) Pnet,max, and kf,opt with h for A ¼ 0.0011 m2.
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influence of h on Lopt, Sopt, r, Pteg,max, and kf,opt. From Fig. 10(a), it can
be seen that Lopt increases approximately linearly as h increases,
while h has a negligible effect on Sopt. From Fig. 10(b), both Pteg,max

and the corresponding kf,opt decrease with the increase of h.



Fig. 11. Relationship between (a) pressure drop, (b) net power, and exchanger sizes
(length, radius, and height).

Fig. 12. Relationships of Pnet,max, Sopt, and Pper versus A.
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Therefore, when the cross-sectional area of the heat exchanger is
fixed, a smaller height can be selected to obtain a higher output
power and a smaller module area.

4.3. CATEG net power analysis based on flow resistance
characteristics

According to the results obtained in the previous subsections,
one shall reduce the cross-sectional area A to increase the output
power of the CATEG. However, a smaller A will also cause larger
heat flow resistances, which can lead to additional pump power
consumption. Such a design trade-off will be analyzed in this
subsection.

Fig. 11 shows the change in pressure drop Dp as well as net
power Pnet with various exchanger dimensions. It can be seen from
Fig. 11(a) that, Dp decreases significantly as h or r increases, while it
increases as the L increases almost linearly. Fig. 11(b) shows that
there exists an optimal design for h, r, and L to achieve the
maximum Pnet, and this is different from the case as shown in
Fig. 7(a) where only L has an optimal value.

This can be explained with Fig. 7(b): A small h can lead to a large
10
kf and a large Pteg, whereas it will also increase Dp as well as Ppump.
As h increases, Dp and Ppump gradually decrease, so Pnet first in-
creases to the maximum value and then gradually decreases. To
obtain the optimal output characteristics, it is necessary to balance
the two factors of heat transmission as well as fluid flow resistance,
so an optimal heat exchanger height can be determined to maxi-
mize the net power.

The cross-sectional area A also significantly affects the pressure
drop Dp. The changes in the maximum net power output Pnet,max,
power per unit area Pper, and the corresponding module area Sopt
with various A are shown in Fig. 12. It is observed that Sopt increases
approximately linearly with the increase of A, similar to Fig. 8. In
addition, Pnet,max first increases and then decreases as A increases.
The peak Pnet,max is reached at A ¼ 0.0016 m2, and the corre-
sponding Pper is high. The result is more practical than that shown
in Fig. 8, since Fig. 8 indicates that a smaller A can always lead to a
higher Pnet,max.

Next, Fig. 13(a) shows the effect of height h on the optimal
exchanger dimensions for the optimal cross-sectional area
Aopt ¼ 0.0016 m2. From it, both the optimal length Lopt and the
optimal module area Sopt increase linearly as h increases. When
h < 0.002 m, ropt > 13 cm; when h > 0.01 m, Lopt > 2 m. Therefore,
the optimal height hopt should be in the range of 0.002e0.01 m for
automobile applications.

For the same Aopt¼ 0.0016m2, Fig. 13(b) illustrates the influence
of h on the maximum net power, corresponding kf,opt, and degree of
net power deviation devper. Here, devper is defined as:

devper ¼100�
�
Pnet;peak � Pnet;max

�.
Pnet;peak (16)

It can be seen that in this case the changes in kf,opt and Pnet,max

are small. When h ¼ 0.004 m, Pnet,max reaches the peak value,
denoted by Pnet, peak. Therefore, in this condition, the optimal design
of heat exchanger is hopt ¼ 0.004 m, ropt ¼ 0.066 m, Lopt ¼ 0.77 m,
and Sopt ¼ 0.32 m2, and the corresponding optimal total heat
transfer coefficient is kf,opt ¼ 108 W m�2 K�1. In addition, devper <
5.2% within the optimal heat exchanger height range of 2e10 mm
when the optimum cross-sectional area Aopt is obtained.

In the FTEG, the heat exchanger is a thin cuboid channel with an
optimal height of 5 mm, which ensures that the FTEG has improved
heat transfer characteristics and increased power output [30]. In
CATEG, the fluid channel is a similar thin concentric annular
channel, the optimum height of the heat exchanger is 4 mm. This
difference is due to the use of annular thermocouples and the



Fig. 13. Variations of (a) optimal heat exchanger dimension (length, radius, height, and
module area), (b) net power, heat transfer coefficient, net power deviation, and (c)
conversion efficiency with h.
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unconventional structure of the heat exchanger. The optimal heat
exchanger dimensions can be obtained using the design equations
in the case of variable exhaust parameters in FTEG [41]. In the
CATEG, the optimal size will also change with the parameters of the
heat source. The optimum dimension design of concentric annular
heat exchanger ATEG under stable operating conditions of auto-
mobiles is the focus of this paper, therefore, the optimization
11
design of automobile ATEG system under variable operating con-
ditions will be our future work.

The conversion efficiency h is obtained with different h, shown
in Fig. 13(c). It can be observed that h > 4.5% within the optimal
height range of 2e10 mm, and for the optimum height
hopt ¼ 0.004 m, the efficiency is h ¼ 4.73%. Hence, with the optimal
design as presented in Fig. 13(a), excellent performance of CATEG
can be obtained in a wide range of selection of exchanger height.

To express the optimal height of the concentric annular heat
exchanger more intuitively, dimensionless analysis is carried out by
defining q as the ratio of the inner diameter to outer diameter of the
concentric annular heat exchanger:

q¼ ri=r (17)

The range of the optimal q is found to be 0.85e0.97. When q is
0.94, the maximum net power of 338 W can be reached.
5. Conclusions

In order to recover the exhaust thermal energy from automobile
waste gas effectively, a new type of annular thermoelectric gener-
ator (ATEG) named the concentric annular heat exchanger ATEG
(CATEG) is proposed in this paper. A comprehensive CATEG math-
ematical model is developed and the novel features of the proposed
CATEG system are identified and analyzed. Themain findings in this
work are summarized as follows.

1) The concentric annular heat exchanger increases the total heat
transfer coefficient, enhances the heat transmission capacity,
and improves the output power of ATEG. Compared with the
conventional cylindrical heat exchanger ATEG, the maximum
net power of CATEG can be increased by 65%.

2) When designing a concentric heat exchanger for an ATEG, it is
recommended to choose the dimensions with a small height h, a
small length L, and a moderate radius r (See Fig. 1(a) for defi-
nitions). In addition, for a given cross-sectional area, the optimal
length increases linearly with the increase of height of the heat
exchanger, and a larger height corresponds to lower power
output and a longer optimal module length.

3) According to the calculation conditions given in this paper, the
peak net power can be obtained when the cross-sectional area
of the heat exchanger is 0.0016 m2. The optimal ratio of the
inner diameter to outer diameter of the heat exchanger is 0.94,
and the corresponding maximum net power is 338 W.

4) The recommended ratio of the inner diameter to outer diameter
of the concentric annular heat exchanger is in the range of
0.85e0.97. Within this range, the maximum net power devia-
tion can be limited below 5.2%, and the efficiency is higher than
4.5%.
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