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Abstract: This paper proposes a comprehensive hybrid transient CFD-thermal resistance model to 

predict the dynamic behaviour of an automobile thermoelectric generator (ATEG) system. The model 

takes into account the temperature dependences, the topological connection of thermoelectric modules, 

and the dynamic characteristics, which has the merits of high accuracy and short computational time. 

The dynamic behaviour of the ATEG system is determined and thoroughly examined using the 

transient exhaust heat as the heat source input. According to the transient model results, the dynamic 

output power of the ATEG system keeps the same variation trend with the exhaust temperature, but 

the variation of output power is more stable. Under the whole driving cycle, the mean power and 

efficiency of the 1/4 ATEG system are 8.91 W and 3.39% respectively, which are 3.39% lower and 

47.52% higher than those expected by steady-state analysis. Besides, the model is validated 

experimentally, and the mean deviations of the output voltage and outlet air temperature are 7.70% 

and 1.12% respectively. This model is convenient to evaluate the behaviour of the ATEG system under 

different topological connections and gives a fresh tool for assessing the dynamic behaviour of ATEG 

systems. 
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Nomenclature 
-1 electrical resistivity, m 

 conversion efficiency 

Symbols Subscripts 

A area, mm2 c cold side 

c specific heat, Jkg-1·K-1 cce cold-side ceramic plate 

H height, mm cleg cold side of thermoelectric legs 

h heat transfer coefficient, Wm-2·K-1 co copper 

I output current, A en environment 

k turbulent kinetic energy, m2s-2 ex exhaust gas 

�̇� mass flow rate, gs-1 h hot side 

N number of thermoelectric couples hce hot-side ceramic plate 

p pressure, Pa hleg hot side of thermoelectric legs 

P power, W i ith thermoelectric module, i = 1, 2, 3, 4 

Q heat, W in internal resistance 

R resistance,  or KW-1 L length or load resistance 

T temperature, K leg thermoelectric legs 

t time, s n n-type thermoelectric legs 

U output voltage, V p p-type thermoelectric legs 

�⃗� velocity vector, ms-1 pn thermoelectric couples 

Greek symbols Abbreviations 

 density, kgm-3 ATEG automotive thermoelectric generator 

 dynamic viscosity, Pas CFD computational fluid dynamics 

 thermal conductivity, Wm-1K-1 HWFET highway fuel economy test 

 turbulent dissipation rate, m2s-3 TEM thermoelectric module 

 Seebeck coefficient, VK-1   

1. Introduction 1 

For conventional automobiles, the heat contained in exhaust accounts for approximately 1/3 of the 2 

total energy produced by burning fossil fuels [1]. This waste heat can be recycled and turned into 3 

energy by the automobile thermoelectric generator (ATEG) system, so as to reduce the consumption 4 

of oils [2-4]. In order to evaluate the profit and fuel-saving brought by the ATEG system to vehicles, 5 

theoretical models are vital to predict its output performance. When the vehicle is running in a transient 6 

driving cycle, the exhaust parameters will change all the time, resulting in a change of behaviour of 7 

the ATEG system. Accordingly, how to accurately predict the dynamic behaviour of the ATEG system 8 

is one of the engineering issues highly required to be solved. 9 

A typical ATEG system is comprised of a heat exchanger, a set of thermoelectric modules (TEMs), 10 

and heat sinks [5]. To accurately evaluate the performance of TEMs, the heat and mass transfer of fluid 11 

regions and solid regions, and the thermal-electric conversion of TEMs should be taken into account 12 
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[6]. In recent years, several models for ATEG systems have been developed, including computational 1 

fluid dynamics (CFD) models [7], thermal resistance models [8], and hydraulic-thermoelectric 2 

numerical models [9]. CFD models could accurately compute the conjugate heat transfer and are 3 

widely used to assess the thermodynamic behaviour of ATEG systems [10]. Under specific working 4 

temperatures, the output performance of TEMs can be calculated by a thermal resistance model [11], 5 

and further, the behaviour of ATEG systems could be obtained by considering the convection between 6 

fluid regions and solid regions. In recent studies [12, 13], hydraulic-thermoelectric multiphysics 7 

numerical models have been created by combining the CFD model and thermal-electric numerical 8 

model; In comparison to the CFD and thermal resistance models, this model exhibits higher 9 

reasonability and accuracy. Most of the proposed models, however, do not take into account dynamic 10 

performance of ATEG systems since they are steady-state models. It is of great significance to establish 11 

a reasonable transient model. 12 

Wang et al. [14] used the exhaust heat as boundary conditions of the CFD model to analyze the 13 

thermodynamic performance of the ATEG system under different heat exchanger structures and TEM 14 

distributions. Their findings showed that the heat exchanger with cylindrical grooves outperformed 15 

other heat exchangers. Nithyanandam and Mahajan [15] integrated the metal foam into the ATEG 16 

system to enhance heat transfer between the heat exchanger and exhaust gas, and the influence of 17 

different pore densities on the behaviour of the ATEG system under various inlet conditions of the 18 

exhaust gas was studied by using the steady-state CFD model. It is not possible to obtain the electrical 19 

output of the ATEG system with a CFD model, but the temperature distributions on both sides of the 20 

TEMs can be obtained. After that, based on the mean surface temperatures, it is possible to compute 21 

the output of the ATEG system by using a fitted method [16, 17] or a simple calculation [18]. The 22 

transient CFD model has been widely used in other scenarios, such as solar still [19], combustion [20], 23 

and conjugate heat transfer [21]. However, the transient CFD modelling for the ATEG system has not 24 

been reported yet. It is completely feasible to carry out transient CFD simulations of the ATEG system 25 

by introducing a transient term into the steady-state CFD model and taking the dynamic exhaust heat 26 

as transient boundary conditions, and it is more consistent with the fact that the exhaust parameters 27 

change with vehicle speed. 28 

The thermal resistance model, derived from a thermal resistance network, features the advantage of 29 

reducing computing time. Generally, the thermal resistance model is calculated assuming uniform 30 

surface temperatures, ignoring environmental heat loss and Thomson heat in thermoelectric legs [22]. 31 

Zhang et al. [23] used a thermal resistance model to analyze the power and efficiency of a cascading 32 
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TEM for waste heat recovery from solid oxide fuel cells; A two-stage TEM was optimized and 1 

analyzed using the thermal resistance model by Liang et al. [24]. Through a comparison of different 2 

models, Fraisse et al. [25] found that the thermal-electric numerical model and thermal resistance 3 

model predict similar performance for TEM output performance, because the heat loss and Thomson 4 

heat play an insignificant role in the overall heat transfer of the TEM. Furthermore, by introducing the 5 

convective thermal resistance in fluid areas and conductive thermal resistances of heat exchangers into 6 

the thermal resistance model of TEMs, Marvão et al. [26] and Vale et al. [27] developed a 7 

comprehensive thermal resistance model for the ATEG system and used it to evaluate the behaviour 8 

of the ATEG system under various structural parameters. Also, Gou et al. [28] and Lan et al. [29] have 9 

extended the steady-state thermal resistance model of the ATEG system to a transient state, and the 10 

dynamic behaviour of the ATEG system was studied under transient exhaust heat input using the 11 

proposed transient thermal resistance model. However, it has been shown that the thermal resistance 12 

model of the ATEG system predicts unreasonable output performance, and its accuracy is influenced 13 

by exhaust parameters [30]. In contrast to the ATEG thermal resistance model, the TEM one only 14 

ignores heat loss between the TEM and the environment, making it more accurate. Nevertheless, an 15 

empirical formula is used to represent the turbulence flow in fluid areas, but the heat loss of heat 16 

exchangers is not included in the thermal resistance model of the ATEG system, thus resulting in a 17 

non-negligible error, especially for the dynamic performance analysis. 18 

Compared with CFD models and thermal resistance models, the hydraulic-thermoelectric 19 

multiphysics model features the highest reasonability, because the coupling among fluid, thermal, and 20 

electric fields are completely considered. In Ref. [13], a steady-state hydraulic-thermoelectric 21 

multiphysics model was developed to evaluate the behaviour of ATEG systems with longitudinal 22 

vortex generators; In the model, the complete TEM structure with multiple thermoelectric couples was 23 

simplified to a TEM structure with only one thermoelectric couple. Using a steady-state hydraulic-24 

thermoelectric multiphysics model, Yan et al. [31] studied the influence of heat exchange shapes on 25 

ATEG performance, in which the structure of heat sinks was absent and replaced by a fixed cold-side 26 

temperature. Luo et al. [32] established a steady-state hydraulic-thermoelectric multiphysics model for 27 

an ATEG system with only one TEM, in which the complete structure was considered, but the thermal-28 

electric coupling field and the fluid-thermal coupling field were calculated separately. In their recent 29 

study [33], a transient hydraulic-thermoelectric multiphysics model for a simplified ATEG system was 30 

established to predict its dynamic performance under transient driving cycles; During simulations, the 31 

required time for the simplified ATEG system with only one TEM was 7 days, which has already 32 
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consumed tremendous computing resources and time, not to mention a complete structure. 1 

As mentioned above, a precise transient model is necessary to assess the dynamic behaviour of 2 

ATEG systems under actual vehicle driving conditions. The current steady-state CFD model could be 3 

extended to the transient state and used to simulate the transient heat and mass transfer of the ATEG 4 

system, but can not obtain the electrical performance of ATEG systems. The thermal resistance model 5 

of the TEM can accurately calculate the electrical output of TEMs at specific working temperatures, 6 

but when the thermal resistance model is applied to ATEG systems, the error was not acceptable. 7 

Moreover, the thermal resistance model in previous studies [34, 35] usually focused on the calculation 8 

of a single TEM, ignoring the topological connection between different TEMs. In Ref. [36], recent 9 

advances in modelling from one-dimensional to three-dimensional and from steady-state to transient 10 

were provided in detail, including the transient thermal resistance model [29] and the transient 11 

hydraulic-thermoelectric multiphysics model [33]. However, the transient thermal resistance model 12 

features large errors due to the neglect of turbulence flow, and the transient hydraulic-thermoelectric 13 

multiphysics model consumes a lot of calculation time and resources. To address these issues, this 14 

study endeavours to develop a comprehensive transient model of the ATEG system by fully utilizing 15 

the advantages of the CFD model and the thermal resistance model.  16 

In the present work, a complete hybrid transient CFD-thermal resistance model is developed to study 17 

the dynamic behaviour of ATEG systems. This model considers the temperature dependences, the 18 

topological connection of TEMs, and the transient conjugate heat transfer, which provides a brand new 19 

tool for evaluating the dynamic behaviour of the ATEG system. The structure of this work is: Section 20 

2 introduces the research objectives, including the ATEG system used and the vehicle used to generate 21 

transient exhaust heat; Section 3 gives details about the hybrid transient CFD-thermal resistance 22 

model; Section 4 introduces the experimental setup and compares the model results with the 23 

experimental results; Section 5 gives detailed analysis and discussion about the dynamic performance 24 

of the ATEG system; Finally, the key findings are summarized in Section 6. 25 

2. Research objective 26 

An automobile thermoelectric generator (ATEG) system is designed to reuse the exhaust heat from 27 

a heavy truck, as shown in Fig. 1. Here, the heavy truck model is built on the platform of ADVISOR. 28 

The heavy truck with a total mass of 9068 kg is driven by a 7.2L diesel engine with a maximum engine 29 

power of 206 kW. In general, the ATEG system is installed between the exhaust after-treatment device 30 

and the muffler. Therefore, the transient exhaust heat at this position is extracted from the simulation 31 
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results of ADVISOR. To match the exhaust pipe of the heavy truck, the inlet and outlet diameters of 1 

the heat exchanger are designed as 50 mm. The size of the main part of the heat exchanger is 2 

21211070 (LWH) mm3. To effectively extract heat from the exhaust gas, twenty plate fins with 3 

the size of 200220 (LWH) mm3 are evenly distributed on the two internal hot sides of the heat 4 

exchanger. Also, sixteen Bi2Te3-based commercial TEMs (TEG-127020, P&N technology, China) are 5 

evenly attached on the two external hot sides of the heat exchanger. One TEM is comprised of two 6 

ceramic plates (44400.8 (LWH) mm3 for the hot-side one and 40400.8 (LWH) mm3 for the 7 

cold-side one), 256 copper conducting strips (3.81.40.35 (LWH) mm3), 128 p-type thermoelectric 8 

legs (1.41.41 (LWH) mm3), and 128 n-type thermoelectric legs (1.41.41 (LWH) mm3). To 9 

effectively dissipate the heat and provide a cooling source for TEMs, four heat sinks are applied on 10 

the two sides of the ATEG system, and each heat sink is matched with four TEMs. 11 

 12 
Fig. 1. Structure of the ATEG system. 13 

The transient CFD simulation of the whole ATEG system will consume a lot of computing power 14 

and time. Considering that the geometric structure of the ATEG system is completely symmetrical, 15 

taking 1/4 of the ATEG system as the object, the dynamic behaviour of the ATEG system is analyzed 16 

in detail. Besides, in CFD simulations, the function of TEMs is only as a heat conduction unit. For this 17 

reason, the whole TEM is simplified as a cuboid (40403.3 (LWH) mm3) to replace the complex 18 

structure of TEMs, and this simplification barely affects the results. To ensure the accuracy of this 19 
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geometric simplification, the equivalent thermal conductivity considering temperature dependence in 1 

[37] is adopted for the simplified TEM. 2 

Furthermore, the higher the thermal conductivity of the heat exchanger and heat sinks is, the greater 3 

the temperature difference of TEMs will be. Therefore, the heat exchanger and heat sinks are made of 4 

6063 aluminium alloy. Dry air is used as the heat source for the ATEG system, and water as the cooling 5 

source. Detailed material parameters of the ATEG system are tabulated in Table 1, where the thermal 6 

conductivity of copper takes into account the thermal resistance of solder layers [37]. 7 

Table 1. Material properties of the automobile thermoelectric generator system. 8 

Component name Parameter Value Unit 

Heat exchanger 

and heat sinks 

thermal conductivity 201 Wm-1K-1 

specific heat 871 Jkg-1K-1 

Ceramic plates thermal conductivity 22 Wm-1K-1 

specific heat 850 Jkg-1K-1 

Copper 

conducting strips 

thermal conductivity 165.64 Wm-1K-1 

electrical resistivity 1.7510-8 ohmm 

specific heat 381 Jkg-1K-1 

p-type 

thermoelectric 

legs 

thermal conductivity 9 4 6 3

3 2

3.05948 10 4.56781 10
2.51621 10 0.61074 53.98632

T T
T T

− −

−

−  + 
−  + −

 Wm-1K-1 

electrical resistivity 9 4 6 3

3 2

3.08802 10 4.56531 10
2.58541 10 0.65579 60.58804

T T
T T

− −

−

−  + 
−  + −

 10-5ohmm 

Seebeck coefficient 7 4 4 3

2

1.80268 10 3.23632 10
0.21537 62.97444 6616.56781

T T
T T

− −−  + 
− + −

 VK-1 

specific heat 188 Jkg-1K-1 

n-type 

thermoelectric 

legs 

thermal conductivity 9 4 6 3

3 2

3.05948 10 4.56781 10
2.51621 10 0.61074 53.98632

T T
T T

− −

−

−  + 
−  + −

 Wm-1K-1 

electrical resistivity 9 4 6 3

3 2

3.08802 10 4.56531 10
2.58541 10 0.65579 60.58804

T T
T T

− −

−

−  + 
−  + −

 10-5ohmm 

Seebeck coefficient 7 4 4 3

2

1.80268 10 3.23632 10
0.21537 62.97444 6616.56781

T T
T T

− − − 
+ − +

 VK-1 

specific heat 188 Jkg-1K-1 

Simplified TEM thermal conductivity 9 4 6 3

2
2.90574 10 4.33411 10
0.00239 0.57868 51.05908

T T
T T

− −−  + 
− + −

 Wm-1K-1 

specific heat 485 Jkg-1K-1 

3. The comprehensive hybrid transient CFD-thermal resistance model 9 

The comprehensive hybrid transient CFD-thermal resistance model includes two sub-models: the 10 

transient CFD model and the transient thermal resistance model. To solve this hybrid transient model, 11 

the following preconditions are made: 12 

(i) The Thomson effect is neglected because of its tiny influence [38]. 13 

(ii) The surface temperature of TEMs is assumed to be uniform when solving the thermal resistance 14 

model. 15 

(iii) The heat radiation is omitted. 16 

(iv) The contact thermal resistance between different structures is omitted because the thermal grease 17 
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is evenly applied on the two sides of TEMs, and the whole ATEG system is clamped together with 1 

enough pressure. Through the preliminary calculation, the error caused by this ignorance is less than 2 

0.26%, which barely affects the overall performance of the ATEG system. 3 

3.1 Principles of the model 4 

The transient CFD model was widely adopted to conduct dynamic thermodynamic performance 5 

analysis in other fields. Considering the dynamic behaviour of the ATEG system for automobile 6 

exhaust heat recovery, the transient CFD model is more reasonable than a steady one and more fit in 7 

actual situations. The basic equations of the transient CFD model are: 8 

( ) 0v
t





+ =


                                                             (1) 9 

( ) ( ) ( )Tv vv p v v
t
  


 + = − +  +
 

                                       (2) 10 

( )=0
T

c cv T T
t

  


+  − 


                                                   (3) 11 

in which, t denotes the time, and , �⃗�, p, , T,  , and c represent the density, velocity vector, pressure, 12 

dynamic viscosity, absolute temperature, thermal conductivity, and specific heat of fluids, respectively.  13 

The flow pattern of exhaust gas and cooling water can be regarded as turbulent flow [39], and the 14 

standard k -  model is used to solve the turbulence flow in this work, which transport equations 15 

include: 16 

( ) ( ) t
k

k

k v k k P
t


   



  
+  =  +  + −  

   
                                   (4) 17 

( ) ( )
2

1 2
t

kv C P C
t k k

 



  
     



  
+  =  +  + −  

   
                             (5) 18 

with 19 

2

t

k
C 


=                                                                        (6) 20 

in which, k and  represent the turbulence kinetic energy and its dissipation rate, respectively. Pk 21 

denotes the shear production of k. The model constants of C1 = 1.44, C2 = 1.92, C = 0.09, k = 1.0, 22 

and  = 1.3 are referenced from [40]. 23 

The transient heat and mass transfer in fluid domains can be characterized by Eqs (1)-(6). In solid 24 

domains, transient energy conservation is defined as: 25 

( )
T

c T
t

 


=  


                                                               (7) 26 

The heat loss is defined on the walls of the ATEG system exposed to surroundings, which is [41]: 27 
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( )en en

T
h T T

n



− = −


                                                             (8) 1 

in which, hen = 15 Wm-2K-1 and Ten = 300 K are the environmental heat transfer coefficient and 2 

environmental temperature [42], respectively. 3 

 4 
Fig. 2. Schematic of the comprehensive hybrid transient CFD-thermal resistance model. 5 

In this work, the CFD simulation is carried out by using the COMSOL package. According to the 6 

CFD results, the transient mean surface temperature on the two sides of all TEMs is calculated and 7 

taken as temperature inputs of the transient thermal resistance model. Fig. 2 shows the schematic of 8 

the comprehensive hybrid transient CFD-thermal resistance model. Here, four TEMs in the 1/4 ATEG 9 

system are connected in series, thus, the electrical current passing through all TEMs is the same. The 10 

four TEMs along the direction of exhaust flow are labelled as TEM1, TEM2, TEM3, and TEM4 11 

respectively. 12 

For the transient thermal resistance model, the heat absorption on the hot sides of each TEM can be 13 

expressed as: 14 

( ) ( ) ( )
( ) ( )

( )hleg_i cleg_i 2

h_i pn_i hleg_i in_i

leg_i

1

2

T t T t
Q t I t T t I t R

R


−
= + −                           (9) 15 

in which, t is the time variable, pn represents the Seebeck coefficient of each TEM, I represents the 16 

electrical current, Thleg and Tcleg are respectively the hot- and cold-side temperature of thermoelectric 17 

legs, Rleg represents the thermal resistance of thermoelectric legs, and Rin represents the internal 18 
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resistance of each TEM. Subscripts i =1, 2, 3, and 4 represent TEM1, TEM2, TEM3, and TEM4, 1 

respectively. It is worth noting that Eq. (9) includes four sub-equations. 2 

Similarly, the heat dissipation on the cold side of each TEM can be written as: 3 

( ) ( ) ( )
( ) ( )

( )hleg_i cleg_i 2

c_i pn_i cleg_i in_i

leg_i

1

2

T t T t
Q t I t T t I t R

R


−
= + +                            (10) 4 

Here, the temperature dependence of thermoelectric materials is considered. Assuming that the 5 

working temperature of thermoelectric materials is equal to the mean temperature on both sides of 6 

thermoelectric legs [43], pn_i, Rleg_i, and Rin_i can be derived by Eqs (11), (12), and (13), respectively,  7 

( ) ( )pn_i p i n iN T T   = − 
                                                        (11) 8 

( ) ( )( )
leg

leg_i

p i n i leg

H
R

N T T A 
=

+
                                                    (12) 9 

( ) ( ) leg1 1

in_i p i n i

leg

H
R N T T

A
 − − = +                                                    (13) 10 

with 11 

hleg_i cleg_i

i
2

T T
T

+
=                                                               (14) 12 

in which, N represents the number of p-type or n-type thermoelectric legs,  is the Seebeck coefficient, 13 

 is the thermal conductivity, -1 is the electrical conductivity. H is the height, and A is the cross-14 

sectional area, respectively. Subscripts leg, p, and n are respectively the thermoelectric leg, p-type 15 

thermoelectric leg, and n-type thermoelectric leg. 16 

Also, the heat absorption on the hot side and heat dissipation can be written by: 17 

( )
( ) ( )h_i hleg_i

h_i

h

T t T t
Q t

R

−
=                                                          (15) 18 

( )
( ) ( )cleg_i c_i

c_i

c

T t T t
Q t

R

−
=                                                          (16) 19 

with 20 

hce co
h hce co

hce hce co co

H H
R R R

A NA 
= + = +                                                 (17) 21 

cce co
c cce co

cce cce co co

H H
R R R

A NA 
= + = +                                                  (18) 22 

in which, Rh and Rc are the hot- and cold-side thermal resistances from Th and Tc to Thleg and Tcleg 23 

respectively. Subscripts co, hce, and cce denote the copper conducting strips, the hot-side and cold-24 

side ceramic plates. 25 
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Also, the electrical current flowing through all TEMs can be expressed by: 1 

( )
( ) ( )

4

pn_i hleg_i cleg_i

1

4

in_i L

1

i

i

T t T t

I t

R R


=

=

 − 
=

+




                                                      (19) 2 

where RL denotes the load resistance. 3 

According to Eqs (9)-(10), (15)-(16), and (19), there are 17 formulas with 17 unknowns of Qh_1(t), 4 

Qh_2(t), Qh_3(t), Qh_4(t), Qc_1(t), Qc_2(t), Qc_3(t), Qc_4(t), Thleg_1(t), Thleg_2(t), Thleg_3(t), Thleg_4(t), Tcleg_1(t), 5 

Tcleg_2(t), Tcleg_3(t), Tcleg_4(t), and I(t). However, Thleg and Tcleg are unknown at the beginning of the 6 

calculation, resulting in the unknowns of pn_i, Rleg_i, and Rin_i. To handle this issue, an iteration method 7 

is adopted to solve the seventeen unknowns, as shown in Fig. 3. In the first calculation, the hot- and 8 

cold-side temperatures of thermoelectric legs, Thleg_i and Tcleg_i, are replaced by the boundary heat 9 

source and cooling source input temperatures, Th_i and Tc_i, and then, the initial values of pn_i, Rleg_i, 10 

and Rin_i are obtained. Furthermore, the values of Thleg_i and Tcleg_i are updated and returned to the loop 11 

until convergence is satisfied. 12 

 13 
Fig. 3. Solution procedures of the transient thermal resistance model. 14 
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According to the calculated results, the transient output power of each TEM can be obtained by: 1 

( ) ( ) ( ) ( ) ( )2

i pn_i hleg_i cleg_i in_iP t I t T t T t I t R  =  − −                                      (20) 2 

The transient output voltage of each TEM can also be obtained by: 3 

( ) ( ) ( ) ( )L_i pn_i hleg_i cleg_i in_iU t T t T t I t R  = − −                                         (21) 4 

Therefore, the transient conversion efficiency of each TEM can be estimated by: 5 

( ) i
i

i

( )

( )

P t
t

Q t
 =                                                                    (22) 6 

For the 1/4 ATEG system, its dynamic output power can be evaluated by: 7 

( )
4

i

i=1

( )P t P t=                                                                (23) 8 

Also, the dynamic conversion efficiency of the ATEG system can be obtained by: 9 

( ) ( ) ( )ex ex exi exo

( )
( )

P t
t

c m t T t T t
 =

 −  
                                               (24) 10 

where �̇�(𝑡) represents the dynamic mass flow rate. Subscripts ex, exi, and exo represent the exhaust 11 

gas, exhaust inlet, and exhaust outlet, respectively. 12 

3.2 Boundary conditions 13 

As can be observed in Fig. 1, the transient boundary conditions of the CFD model are derived from 14 

time-dependent exhaust parameters, because the exhaust heat is sensitive to the automobile operation 15 

conditions. As mentioned in Section 2, the ATEG system is applied to harvest the exhaust heat from a 16 

heavy truck, and the vehicle model is established on the platform of ADVISOR. The heavy truck 17 

operates under the highway fuel economy test (HWFET) driving cycles. When the exhaust parameters 18 

reach equilibrium, that is about the 20th driving cycle, the corresponding exhaust data are extracted as 19 

the transient exhaust boundary conditions of the CFD model, as shown in Fig. 4. It should be noted 20 

that the mass flow was divided by 4 in Fig. 4, because the 1/4 ATEG system is used as the research 21 

objective in this work. The exhaust temperature shows a similar variation with the vehicle speed, 22 

whereas the mass flow fluctuates violently. Besides the transient boundary conditions, the steady-state 23 

ones of the CFD model include the pressure outlet of fluid regions, the inlet water temperature and 24 

velocity on the inlet surface of the coolant channel, the symmetrical boundary condition on the 25 

symmetric surfaces (see Fig. 1), and the heat loss as defined in Eq. (8). Details about the boundary 26 

conditions are listed in Table 2. 27 
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 1 
Fig. 4. Transient exhaust temperature and mass flow rate under the HWFET driving cycle. 2 

Table 2. Boundary conditions of the transient CFD model 3 

Name Position Steady or 

transient 

Value Unit 

exhaust temperature inlet surface of the exhaust channel transient Tex(t) in Fig. 4 K 

exhaust mass flow rate inlet surface of the exhaust channel transient �̇�ex(𝑡) in Fig. 4 g/s 

water temperature inlet surface of the coolant channel steady 363.15 K 

water velocity inlet surface of the coolant channel steady 1 m/s 

pressure outlet outlet surfaces of the exhaust and coolant 

channels 

steady 1 atm 

symmetrical boundary symmetric surfaces in Fig. 1 steady NA NA 

heat loss surfaces exposed to the environment steady Eq. (8) NA 

Regarding the transient thermal resistance model, its transient temperature boundary conditions are 4 

obtained from the CFD results, as shown in Fig. 2. The four TEMs are connected in series with a load 5 

resistor, and the load resistance is set as RL = 17 . Compared with the previous thermal resistance 6 

model used to calculate the output of a single TEM [44], this model takes into account the topological 7 

connection among TEMs. Besides, by altering the topological connection among TEMs, the influence 8 

of different connection modes on the output performance of the ATEG system is studied, including 9 

parallel and hybrid connection modes. For instance, when the four TEMs are connected in parallel, 10 

combined with Eqs (9)-(10) and (15)-(16), there are 20 formulas with 20 unknowns in total, because 11 

Eq. (19) can be extended to four sub-equations according to the current relationship among TEMs. 12 

Through the same solving process as the transient thermal resistance model in Fig. 3, the dynamic 13 

outputs of TEMs in parallel can be calculated. 14 

Compared with the dynamic model in Ref. [33], the developed in this work can simulate the 15 

complete geometric structure of automobile TEG systems with numerous TEMs, reduce the calculation 16 
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time, and facilitate the study of the topological relationship between TEMs. Regarding the transient 1 

thermal resistance model, compared with the previous heat transfer analysis, this work extended the 2 

thermal resistance network from a steady state to a transient state and from only one TEM to numerous 3 

TEMs. In addition, the topological connection among TEMs is considered through an iterative solution 4 

method via MATLAB, which is more applicable and in line with real situations. 5 

3.3 Grid independence analysis 6 

The transient CFD model is solved by the finite element method on the platform of COMSOL 7 

Multiphysics. It is necessary to check the grid convergence before carrying out transient CFD 8 

simulations, because the output of the ATEG system is sensitive to the grid parameters. Taking the 9 

mean exhaust temperature (615.46 K) and mass flow rate (18.26 g/s) as boundary conditions, the 10 

steady-state CFD simulation of the 1/4 ATEG system was carried out by using four grid strategies: 11 

347888 for the coarse grid, 751672 for the standard grid, 1268538 for the fine grid, and 2952180 for 12 

the finer grid, respectively. The preliminary simulation results showed that the relatively small 13 

difference and short computing time in mean temperature were obtained between the standard and fine 14 

grids. Therefore, the grid strategy with 751672 grid elements was selected for the following transient 15 

numerical calculations. During transient simulations, the time variable was discretized by the backward 16 

difference method, and an adaptive time step method with a maximum step size of 0.1 s was adopted. 17 

The workstation with 2 CPUs, 24 cores, and 256 G memory was used to carry out simulations.  18 

4. Experimental validation 19 

The prototype of the ATEG system was fabricated, as shown in Fig. 5(b), which features the same 20 

geometric and material parameters as described in Fig. 1. During the assembly process, the bakelite 21 

frames with eight holes were attached on both hot sides of the heat exchanger to fix eight TEMs. The 22 

whole structure was clamped by stainless bars. To ensure sufficient clamping force, the tightening 23 

torque was continuously applied to the cap screws until the output power of the ATEG system does 24 

not change. Also, to avoid the air gap caused by the flatness and assembly process, thermal grease was 25 

smeared on the contact interfaces between components. 26 

The comprehensive hybrid transient CFD-thermal resistance model was verified experimentally 27 

through a designed transient experimental test bench, as shown in Fig. 5(a). To measure the dynamic 28 

performance of the ATEG system, an air heater (F1-R1055, FTV, China) was used to produce high-29 

temperature dry air for the ATEG system. During the test, the air velocity and temperature change 30 
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instantaneously by turning the temperature knob and flux knob on the heater. Two K-type temperature 1 

sensors (WRNT, Huarun, China) were inserted into the inlet and outlet of the ATEG system to test the 2 

transient inlet air temperature and outlet air temperature respectively. The transient temperature data 3 

were recorded and stored by a data logger (RDXL4SD, OMEGA, US). As in the simulation, four 4 

TEMs on the same side of the ATEG system were connected in series with an electronic load (IT8500+, 5 

ITECH, China), and the load resistance value is set as 17 . However, the electronic load could not be 6 

used to measure and record the transient output voltage. Therefore, a voltage data logger (KSF, 7 

Keshun, China) was used to record the transient output voltage. To test the transient air velocity, a hot-8 

wire anemometer (HHF-SD1, OMEGA, US) was placed behind the ATEG system, which is comprised 9 

of an air velocity data logger and an air velocity sensor. Nevertheless, the maximum operating 10 

temperature of the air velocity sensor is 50 ℃, which is far lower than the air temperature. Therefore, 11 

an air cooler powered by a DC power supply (UTP1305, UNI-T, China) was configured between the 12 

ATEG system and the hot-wire anemometer to protect the air velocity sensor. For the cold side of the 13 

ATEG system, tap water with a mass flow rate of 21.19 g/s and a temperature of 284.85 K flows 14 

through heat sinks to provide a constant cooling source. The instrument accuracies of the voltage data 15 

logger, temperature data logger, and hot-wire anemometer are ± 0.2%, ± 0.4%,  and ± 5%, 16 

respectively. 17 

 18 
Fig. 5. Transient experimental validations. (a) Transient experimental test bench. (b) Prototype of the ATEG system. (c) 19 

Transient inlet air boundary conditions of the transient CFD model obtained from experiments. (d) Comparison of output 20 

power and outlet air temperature between model and experimental results. (e) Comparison of output voltage and current 21 

between model and experimental results. 22 
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According to experiments, the transient air velocity and temperature (see Fig. 5(c)) were measured 1 

and taken as the transient air boundary conditions. In this section, the transient air velocity boundary 2 

condition was used, instead of the mass flow rate, because only the velocity data can be obtained 3 

through the velocity sensor. Combined with the steady-state boundary conditions of cooling water, the 4 

corresponding model results were evaluated by the hybrid transient CFD-thermal resistance model. 5 

Fig. 5(d) illustrates the comparison of output power and outlet air temperature between the model and 6 

test results. The variation of output power and outlet air temperature predicted by the model shows a 7 

similar trend as experimental results. However, the output power predicted by the model is 14.67% 8 

average higher than that of experiments, which is mainly caused by the instrument errors, such as data 9 

loggers and hot-wire anemometer, followed by the neglect of thermal grease in simulations. Also, 10 

taking the output power as the criterion further amplifies the error, because the power is proportional 11 

to the square of the temperature difference of TEMs. For the outlet air temperature, the mean error 12 

between experimental and model results is 1.12%, which indicates that the transient model is highly 13 

reasonable. Fig. 5(e) illustrates the comparison of voltage and current between the model and test 14 

results. The mean error of voltage between predictions and experiments is the same as that of output 15 

current, and that is about 7.70%. It can also be observed from the figure that the model results have a 16 

greater response hysteresis than experimental results because of the signal delay of air temperature and 17 

velocity sensors, and the delayed signal is recorded and used for numerical calculations. 18 

5. Dynamic performance of the automobile thermoelectric generator system 19 

5.1 Transient temperature distribution of the ATEG system 20 

Fig. 6 shows temperature distributions of the ATEG system solved by the transient CFD model at t 21 

= 200 s, 400 s, and 600 s. When t = 200 s, 400 s, and 600 s, the inlet exhaust temperatures are 612.12 22 

K, 622.24 K, and 610.61 K respectively, and the inlet exhaust mass flow rates are 10.13 g/s, 32.89 g/s, 23 

and 10.17 g/s respectively. It can be observed from Fig. 6(a) that the wall temperature of the heat 24 

exchanger at t = 400 s shows the highest value due to the largest exhaust mass flow rate and 25 

temperature. Although the exhaust temperature at t = 200 s is relatively higher than that at t = 600 s 26 

and the exhaust mass flow rate is the almost same, the surface temperature of the heat exchanger when 27 

t = 600 s is much higher than that when t = 200 s, which can be attributed to the thermal inertia. 28 

According to Fig. 4, when t = 600 s, the exhaust temperature decreases from a high level to a low level, 29 

however, due to the influence of thermal inertia, the temperature does not respond immediately and 30 
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remains in its previous state for a short time, thus resulting in a higher temperature. In addition, a 1 

temperature drop can be observed from the exhaust inlet to the exhaust outlet, causing the uneven 2 

output of different TEMs. Optimizing the topological connection among TEMs [45] is an effective 3 

approach to diminish the negative effect caused by this uneven output. Compared with previous 4 

models, this model takes into account the topological connection of TEMs, which can provide a guide 5 

on how to connect TEMs more effectively. 6 

Fig. 6(b) shows the temperature distribution of TEMs. The same phenomenon in Fig. 6(a) can be 7 

observed more clearly here. Based on temperature distributions, the mean hot- and cold-side 8 

temperatures of TEMs can be obtained. For instance, when t = 400 s, the mean hot (cold) side 9 

temperatures of TEM1, TEM2, TEM3, and TEM4 are 512.56 K (371.18 K), 501.95 K (371.11 K), 10 

497.38 K (370.92 K), and 499.37 K (370.69 K), respectively. The main purpose of the transient mean 11 

hot- and cold-side temperatures of TEMs is to be used as temperature boundary conditions of the 12 

transient thermal resistance model, and then the dynamic behaviour of the ATEG system can be 13 

worked out. 14 

 15 
Fig. 6. Temperature distribution of the ATEG system at different time points. (a) The whole ATEG system. (b) TEMs. 16 

Fig. 7(a) and (b) show the transient hot- and cold-side mean temperatures of TEMs respectively. 17 

The temperature difference between different TEMs on the cold side is less than that on the hot side, 18 

because the specific heat of cooling water is greater than that of dry air, and the temperature rise from 19 
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the water inlet to the water outlet is lower than the temperature drop from the exhaust inlet to the 1 

exhaust outlet. Combined with Fig. 4, the variation of hot-side temperature is roughly consistent with 2 

the variation of exhaust temperature and is slightly affected by the exhaust mass flow rate. Also, the 3 

hot-side temperature of TEM4 is slightly greater than that of TEM3 because of the reverse flow of the 4 

exhaust gas near the outlet of the heat exchanger, as shown in Fig. 7(c). The transient hot- and cold-5 

side temperatures in Fig. 7 are imported into the transient thermal resistance model, and the dynamic 6 

behaviour of the ATEG system is solved by the iterative method in Fig. 3 through MATLAB. 7 

 8 
Fig. 7. Transient hot- and cold-side temperature of TEMs. (a) Hot-side temperature of TEMs. (b) Cold-side temperature of 9 

TEMs. (c) Streamlines. 10 

5.2 Dynamic behaviour of the ATEG system 11 

Fig. 8 illustrates the dynamic output voltage and power of the ATEG system. The output power is 12 

directly proportional to the square of the output voltage, which leads to a greater fluctuation of the 13 

output power than the output voltage. Compared with the exhaust temperature, the output power and 14 

voltage present a more stable variation, because there is thermal buffering when heat is transferred 15 

from both sides of the TEM to the thermoelectric legs [46]. When t = 466 s, the output power of the 16 

ATEG system reaches the highest value of 11.73 W. In this study, the 1/4 ATEG system is used as the 17 

research object, and thus, the maximum power of the whole ATEG system is 46.92 W. Under the 18 

whole HWFET driving cycle, the mean power of the ATEG system is 8.91 W, which is 8.53% lower 19 
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than the 9.67 W predicted by the steady-state hybrid CFD-thermal resistance model with the mean 1 

exhaust mass flow rate and temperature as boundary conditions. Consequently, the steady-state 2 

performance analysis of the ATEG system based on the mean exhaust parameters may overestimate 3 

the output power, and it is more reasonable to study its dynamic behaviour through a transient model. 4 

 5 
Fig. 8. Dynamic output voltage and power of the ATEG system. 6 

 7 
Fig. 9. Dynamic response characteristics on the conversion efficiency of the ATEG system. 8 

The conversion efficiency of the ATEG system is an essential index to assess its application 9 

prospects. In the previous steady-state studies [47, 48], the overall conversion efficiency of the ATEG 10 

system is around 2%. The ATEG system will be attractive and widely used in automobiles if its 11 

conversion efficiency can exceed 10%. Fig. 9 illustrates the dynamic response characteristics of the 12 

conversion efficiency of the ATEG system. According to Eq. (24), the conversion efficiency of the 13 
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ATEG system is inversely proportional to the exhaust mass flow. When the vehicle is in an idle state, 1 

the exhaust flow rate will be at a relatively low level, nevertheless, the temperature of TEMs will not 2 

decrease instantly and continue to work due to the thermal inertia, thus resulting in dramatically high 3 

efficiency of the ATEG system. The maximum conversion efficiency of the ATEG system is 40.88%. 4 

However, it makes no sense to use an instantaneous value to estimate the conversion efficiency of the 5 

ATEG system. Under the whole HWFET driving cycle, the mean conversion efficiency of the ATEG 6 

system is 3.39%, which is 47.52% higher than the conversion efficiency of 1.78% expected from a 7 

steady-state analysis. Therefore, the steady-state model may significantly underestimate the 8 

conversion efficiency of the ATEG system. 9 

5.3 Dynamic output performance of TEMs 10 

Fig. 10(a) shows the dynamic output power of different TEMs. The overall power of four TEMs can 11 

be regarded as the output power of the ATEG system, and the variation in the power of the TEM 12 

presents the same trend as that of the ATEG system. However, the output power of different TEMs 13 

varies greatly, i.e., the mean output powers of TEM1, TEM2, TEM3, and TEM4 are respectively 2.57 14 

W, 2.20 W, 2.04 W, and 2.10 W under the whole HWFET driving cycle, which is attributed to the 15 

uneven temperature distributions and the temperature drop from the exhaust inlet to the exhaust outlet. 16 

Herein, four TEMs are connected in series, resulting in parasitic loss because the overall output current 17 

of the ATEG system is limited by the minimum one of the TEMs. Accordingly, the output power of 18 

the ATEG system can be improved by optimizing the topological connection of TEMs, and it is 19 

investigated in the following section. 20 

 21 
Fig. 10. Dynamic output power and conversion efficiency of different TEMs. (a) Output power. (b) Conversion efficiency. 22 

The dynamic conversion efficiency of TEMs differes from that of the ATEG system, because the 23 
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conversion efficiency of TEMs is calculated based on the heat extracted from the heat exchanger rather 1 

than the heat extracted from the exhaust gas, as expressed in Eq. (22). Fig. 10(b) gives the dynamic 2 

conversion efficiency of different TEMs. The variation of TEM conversion efficiency shows a similar 3 

trend as that of output power, because the TEM conversion efficiency depends on its output power and 4 

hot-side temperature, while both have the same changing trend. Under the whole HWFET driving 5 

cycle, the mean conversion efficiencies of TEM1, TEM2, TEM3, and TEM4 are 1.82%, 1.70%, 1.64%, 6 

and 1.67%, respectively. It can be concluded that the ATEG system can reach a higher conversion 7 

efficiency than that of TEM itself when it is used to recover the dynamic automobile exhaust heat. 8 

5.4 Effect of the topological connection on the performance of the ATEG system 9 

In this section, the effect of the topological connection on the performance of the ATEG system is 10 

investigated. Fig. 11 shows the different topological connections among TEMs: (i) In case1, four 11 

TEMs are connected in series; (ii) In case2, four TEMs are connected in parallel; (iii) In case3, TEM1 12 

and TEM3 are connected in series, TEM2 and TEM4 are connected in series, and then the two are 13 

connected in parallel; (iv) In case4, TEM1 and TEM4 are connected in series, TEM2 and TEM3 are 14 

connected in series, and then the two are connected in parallel. When the output current of each TEM 15 

is close, the series connection can achieve the highest performance; When the output voltage of each 16 

TEM is close, the parallel connection can achieve the highest performance; Otherwise, the hybrid 17 

connection may achieve the highest performance by optimizing the number of TEMs in series and 18 

parallel according to its specific output current and voltage. In different cases, the optimal load 19 

resistance is different. Therefore, the optimal load resistance under four cases is determined by the 20 

steady-state analysis, and then the total power generation of the ATEG system under four cases 21 

estimated by the transient model is compared. 22 

 23 
Fig. 11. Different topological connections among TEMs. 24 

Fig. 12(a) shows the relationship between output power and load resistance of the ATEG system in 25 
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four cases. It can be seen that the optimal load resistance in case1 is the largest, because the internal 1 

resistance in the circuit is the sum of the four TEM internal resistances. With the optimal resistance, 2 

the steady-state output power of the ATEG system is 9.675 W, 9.652 W, 9.669 W, and 9.665 W under 3 

case1, case2, case3, and case4, respectively. Fig. 12(b) shows the generated electricity of the ATEG 4 

system over the whole HWFET driving cycle. Here, the required time of an HWFET driving cycle is 5 

765 s. Similarly, the electricity produced by the ATEG system under case1 is the highest, followed by 6 

case3, case4, and case2. The reason why the series connection of TEMs can produce the highest power 7 

generation is that the parasitic loss caused by the difference in output current is lower than that caused 8 

by the difference in output voltage. In theory, the hybrid connection of TEMs can reach the highest 9 

output performance. However, in this study, only the 1/4 ATEG system with four TEMs is taken as 10 

the research objective. The number of TEMs is too small to give full play to the advantages of the 11 

hybrid connection. The more TEMs used in the ATEG system, the greater influence of the topological 12 

connection is, and the greater gains of the hybrid connection will be. 13 

 14 
Fig. 12. The effect of the topological connection among TEMs on the output performance of the ATEG system. (a) Output 15 

power under different load resistances. (b) Generated electricity under the whole HWFET driving cycle. 16 

6. Conclusions 17 

In this study, a comprehensive hybrid transient CFD-thermal resistance model is established to 18 

evaluate the dynamic behaviour of an ATEG system, with the consideration of the temperature 19 

dependences, the topological connection of TEMs, and the transient heat and mass transfer. 20 

Considering that the geometry of the ATEG system is completely symmetrical, only 1/4 of the structure 21 

is used as the research objective to reduce the workload. Taking the transient exhaust heat of a heavy 22 

truck running in an HWFET driving cycle as the heat source inputs of the transient model, the dynamic 23 
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behaviour of the ATEG system is obtained and analyzed in detail. Besides, the transient CFD-thermal 1 

resistance model is validated experimentally through a transient performance test rig. Finally, the effect 2 

of the topology relationship among TEMs on the performance of the ATEG system is investigated by 3 

adjusting the conservation equations of the transient thermal resistance model. The main findings are 4 

drawn as follows: 5 

(1) The comprehensive hybrid transient CFD-thermal resistance model can fully utilize the 6 

advantages of the numerical model and thermal resistance model, which can be used to predict the 7 

dynamic behaviour of the ATEG system with high accuracy and a short computational time. By 8 

comparing the experimental results with the model results, it can be obtained that the mean deviations 9 

of the output voltage and outlet air temperature are 7.70% and 1.12% respectively. 10 

(2) Different from the steady-state results, under transient conditions, the hot-side temperature and 11 

output performance of TEMs at a certain time point with a high-level exhaust heat may be lower than 12 

that at a certain time point with a low-level exhaust heat, which is caused by the thermal inertia, that 13 

is, the hot-side temperature will not respond instantly with the variation of exhaust parameters. 14 

(3) The dynamic output power of the ATEG system is mainly related to the exhaust temperature, 15 

but the variation of output power is more stable than that of exhaust temperature because of the thermal 16 

buffering as heat is transferred from the exhaust gas to TEMs. The dynamic conversion efficiency of 17 

the ATEG system is mainly dependent on the exhaust mass flow rate, and the instantaneous conversion 18 

efficiency can reach an ultrahigh value when the vehicle is in an idle state owing to the effect of thermal 19 

inertia. 20 

(4) According to the dynamic output performance evaluated by the proposed transient model, the 21 

mean output power and conversion efficiency of the ATEG system under the whole HWFET driving 22 

cycle are 8.91 W and 3.39% respectively. Combined with the results evaluated by the steady-state 23 

model using the mean exhaust mass flow rate and temperature as boundary conditions, the steady-state 24 

model overestimates the output power by 8.53% and underestimates the conversion efficiency by 25 

47.52%. 26 

(5) The output power of TEMs shows a similar variation to that of the ATEG system, whereas the 27 

conversion efficiency of TEMs quite differs from that of the ATEG system, because the TEM extracts 28 

heat from the heat exchanger rather than the exhaust gas. Due to the uneven hot-side temperature 29 

distribution of the heat exchanger, the output of TEMs varies greatly, resulting in a parasitic loss. 30 

Optimizing the topology of TEMs is one of the effective ways to reduce parasitic loss. The proposed 31 

model is convenient to evaluate the behaviour of the ATEG system with different topological 32 
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connections of TEMs. 1 
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