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Abstract: Dynamic performance prediction of the automobile thermoelectric generator system is one 

of the research hotspots in the field of thermoelectric technology. In this work, a hybrid transient CFD-

thermoelectric numerical model is proposed for the first time to predict the dynamic response 

characteristics of an automobile thermoelectric generator system. Taking the exhaust gas of a heavy 

truck under a highway fuel economy test driving cycle as the transient heat source, the transient 

numerical study on the automobile thermoelectric generator system is carried out. It is found that the 

dynamic output power of the automobile thermoelectric generator system changes more smoothly than 

exhaust temperature due to the effect of thermal inertia, while the conversion efficiency fluctuates 

greatly. The transient output power at t = 467 s and transient conversion efficiency at t = 635 s reach 

the highest values at 45.16 W and 39.68%, respectively. Within the period of 765 s, the total power 

generation and average conversion efficiency of the automobile thermoelectric generator system are 

26460 J and 3.29%, respectively. Through the transient experimental validation, the average error of 

transient output voltage between experimental and model results is 6.43%. This work fills the gap in 

the dynamic performance prediction of thermoelectric devices used for fluid waste heat recovery. The 

findings are helpful in better understanding the dynamic response characteristics of the automobile 

thermoelectric generator system. 
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Nomenclature 
  

 electrical potential, V 

Symbols 
 Seebeck coefficient, VK-1 

 conversion efficiency 

A area, m2 
Subscripts 

c specific heat, Jkg-1·K-1 

�⃗�  electric field density vector, Vm-2 c cold side 

I output current, A co copper 

𝐽  current density vector, Am-2 ex exhaust gas 

k turbulent kinetic energy, m2s-2 exi exhaust inlet 

�̇� mass flow rate, gs-1 exo exhaust outlet 

p pressure, Pa h hot side 

P output power, W i i=1, 2, 3, and 4 

Q heat absorption, W L load resistance 

R resistance,  or K/W m material name 

�̇� source term n n-type thermoelectric semiconductor 

t time, s out outlet surface  

T temperature, K p p-type thermoelectric semiconductor 

U output voltage, V 
Abbreviations 

𝑣  velocity, ms-1 

Greek symbols 
CFD computational fluid dynamics  

EUDC extra urban driving cycle 

 thermal conductivity, Wm-1K-1 FEM finite element method 

 density, kgm-3 FVM finite volume method 

 dynamic viscosity, Pas LHDC long haulage driving cycle 

 turbulent dissipation rate, m2s-3 TEG thermoelectric generator 

 electrical conductivity, Sm-1 TEM thermoelectric module 

-1 electrical resistivity, m HWFET highway fuel economy test 

1. Introduction 

For engine-powered vehicles, the waste heat contained in automobile exhaust gas accounts for about 

one-third of the total energy generated by burning fossil fuels and is directly discharged into the 

environment [1], resulting in serious energy waste and environmental pollution. Recycling this waste 

heat is one of the effective ways to improve engine thermal efficiency and reduce fuel consumption. 

Thermoelectric power generation is considered to be a promising technology, which can directly 

convert exhaust heat into electricity and improve the fuel economy of vehicles [2]. It was reported that 

the automobile thermoelectric generator (TEG) system has the potential to save 6% of fuel 

consumption [3]. In recent years, a great number of automobile TEG systems have been reported in 

the literature, which can produce a maximum output power of tens of watts to kilowatts, as listed in 

Table 1. The power generation of the mentioned automobile TEG systems was obtained by 
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experimental measurements or theoretical models. As is well known, the theoretical model is necessary 

to guide the design and optimization of automobile TEG systems. Therefore, the development of a 

reasonable model for the automobile TEG system has become the focus of researchers [4]. 

Table 1. Automobile thermoelectric generator systems in published literature. 

Vehicle or engine 

type 

Number 

of TEG 

modules 

Working conditions Steady-state 

or transient 

state 

Experimental test 

or model 

prediction 

Generated power Ref 

BMW X6 - US06 driving cycle transient state experimental test from 0 to ~500 W [5] 

Lincoln MKT - highway driving cycle transient state experimental test from ~50 W to ~300 W [5] 

heavy-duty diesel 

engine 

20 non-road transient 

cycle 

transient state model prediction from 0 W to ~300 W [6] 

off-road vehicle 240 engine power: 51 kW steady-state experimental test maximum power: 944 

W 

[7] 

gasoline engine 12 EUDC driving cycle transient state experimental test from ~2 W to ~30 W [8] 

heavy-duty 

vehicle 

240 LHDC driving cycle transient state experimental test from ~300 W to ~820 

W 

[9] 

gasoline engine 306 engine power: 30.4 

kW 

steady-state model prediction maximum power: 515 

W 

[10] 

* Extra Urban Driving Cycle (EUDC); ** long haulage driving cycle (LHDC) 

The existing theoretical models for predicting the performance of the automobile TEG system can 

be classified into two categories: the analytical model [11] and the numerical model [12]. The 

analytical model is deduced by analyzing the heat transfer process from the exhaust gas to the heat 

exchanger, thermoelectric module (TEM) arrays, heat sinks, and finally to coolant, which can quickly 

calculate the output performance under the given temperature and mass flow rate, but can not consider 

the factors such as heat loss, temperature distribution, and complex geometry. The analytical model 

has been proved to be unreasonable compared with the numerical model [13]. Especially in recent 

years, with the development of numerical analysis software, more and more researchers use numerical 

models based on the finite element method (FEM) [14] or finite volume method (FVM) [15] to predict 

the performance of TEGs and TEG systems. Furthermore, the numerical models for the automobile 

TEG system include: (i) computational fluid dynamics (CFD) model, which can analyze the thermal 

and pressure performance of the automobile TEG system without considering the thermal-electric 

coupling effects [16]; (ii) thermal-electric numerical model, which can analyze the thermoelectric 

performance of the system by simplifying the heat transfer from the exhaust gas to TEM arrays [17]; 

and (iii) recently reported fluid-thermal-electric numerical model, which can comprehensively 

evaluate the output performance of the system through some geometric simplifications [18]. 

However, most of the models reported at present are steady-state, which is not consistent with the 

actual vehicle conditions. Steady-state models can not meet the needs of dynamic performance 

prediction of the automobile TEG system under actual driving conditions. Also, it was reported that 

the power generation of the automobile TEG system under a complete driving cycle is lower than that 
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expected from a steady-state analysis [8]. To obtain more accurate analysis results, it is necessary to 

extend the model from steady-state to transient state. There are three routes to develop the transient 

theoretical models: transient analytical model, transient numerical model, and hybrid transient model. 

Firstly, the analytical model has the advantages of no consumption of computing resources and 

simple modeling. In the previous studies [19-21], some steady-state analytical models for automobile 

TEG systems have been established, which can consider the temperature dependence of thermoelectric 

materials and heat loss. However, the developed models can not be used to predict dynamic 

performance. By introducing a time variable into the equations of the steady-state analytical model, 

Lan et al. [6] proposed a transient analytical model to estimate the dynamic output performance of an 

automobile TEG system. The discrete data of exhaust temperature and mass flow rate under the New 

European Driving Cycle (NEDC) were imported into the dynamic model, and the output parameters 

at corresponding time points were calculated. Nevertheless, the transient analytical model features the 

major drawback that the thermal inertia can not be considered, which further increases the error of the 

analytical model itself. 

Secondly, the numerical model can simulate the actual working conditions of the automobile TEG 

system and predict its performance with high accuracy, but it has the disadvantage of long computation 

time. The steady-state CFD model [22] is the most widely used model to analyze the thermal-hydraulic 

performance of automobile TEG systems. Kempf and Zhang [23] first optimized the parameters of the 

heat exchanger via the steady-state CFD model and then designed a 1-kW automobile TEG system 

prototype based on CFD results [24]. However, there is no report about transient CFD modeling for 

the automobile TEG system. Different from the CFD model, the thermal-electric numerical model has 

made great progress. From 2D [25] to 3D [14], from steady-state [26] to transient state [27], a large 

number of thermal-electric numerical models have been used to evaluate the performance of TEGs. 

The thermal-electric numerical model suffers from the main limitation that the fluid flow of exhaust 

gas and cooling water can not be considered. To address this issue, Ma et al. [28] and Yan et al. [18] 

proposed a 3D steady-state fluid-thermal-electric multiphysics numerical model of the automobile 

TEG system by integrating a thermal-electric numerical model into CFD model. In their studies, the 

TEM was simplified into a thermoelectric couple [28], and the geometry of heat sinks was ignored 

[18]. The fluid-thermal-electric multiphysics numerical model takes into account the coupling effects 

of fluid, thermal, and electric fields. Even though it needs huge computing time and resources, 

extending it from the simplified geometry to the whole structure, from steady-state to transient state is 

the best way to predict the transient performance of automobile TEG systems. However, it still requires 
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tremendous studies. 

Thirdly, another effective way to develop a transient model for automobile TEG systems is to 

combine different models to form a hybrid model and extend it from steady-state to transient state. Li 

et al. [29] used the temperature data from steady-state CFD simulation as the boundary conditions of 

the analytical model of TEMs, and then worked out the output performance of the automobile TEG 

system. The model makes full use of the advantages of the CFD model and the analytical model, but 

it inevitably has the limitations of the analytical model. Furthermore, Luo et al. [30] proposed a steady-

state hybrid numerical model for an air-to-water TEG system by combining the thermal-electric 

numerical model with the CFD model. In the following work [31], the authors extended the model 

from a TEG system with one TEM to a TEG system with a series of TEMs. The proposed hybrid 

steady-state numerical model was experimentally verified, which provides a new approach to 

evaluating the performance of automobile TEG systems. Comparing the abovementioned methods of 

extending these two hybrid models from steady-state to transient state, the latter one is a more attractive 

one, because the analytical model in the first model can not consider the thermal inertia, which further 

increases its own error. The hybrid transient CFD-thermoelectric numerical model can not only 

maintain a high accuracy of the numerical models but also reduce the computational complexity and 

time, which is the key point of this work. 

Table 2 summarizes the latest development of theoretical models for automobile TEG systems. It 

can be noticed that there are few reports on the transient theoretical model. However, due to the 

overestimation of performance in steady-state analysis, it is necessary to study the dynamic 

performance of the automobile TEG system. Although the fluid-thermal-electric numerical model 

features ultrahigh precision and reasonability, the existing steady-state model has a large number of 

geometric simplifications. Besides, the fluid-thermal-electric numerical model needs plenty of 

computing time and resources, and it suffers from convergence problems during the numerical 

calculation. Therefore, the hybrid CFD-thermoelectric numerical model is an attractive choice to 

develop its transient model. Compared with the fluid-thermal-electric numerical model, the hybrid 

CFD-thermoelectric numerical model can significantly shorten the execution time, because the CFD 

model and the thermal-electric numerical model are solved separately at the same time. The only 

drawback of the hybrid CFD-thermoelectric numerical model is that it can not consider the influence 

of heat generated by TEMs on the CFD model. However, compared with the heat contained in the 

exhaust gas, the heat generated by TEMs is tiny and can be ignored. Therefore, this assumption will 

not seriously affect the predicted output performance. More importantly, the validity of the hybrid 
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CFD-thermoelectric numerical model in steady-state has already been verified by experiments in 

previous studies [31, 32].  

Table 2. Recent advances of theoretical models for automobile TEG systems 

model type current states advantages  disadvantages 

analytical model 
steady-state: [19] 

transient state: [6, 33] 

 rapid computation 

 convenience for 

modeling 

 rough precision 

 low dimensional 

 ignoring the thermal 

inertia 

numerical 

models 

CFD model 
steady-state: [34] 

transient state: not reported 

 convenience for studying 

the thermal-hydraulic 

performance 

 ignoring the 

thermoelectric coupling 

effects 

thermal-electric 

model 

steady state: [35, 36] 

transient state: [25, 27] 

 convenience for studying 

the thermoelectric 

performance 

 ignoring the fluid flow 

and conjugate heat transfer 

fluid-thermal-

electric model 

steady-state: [18, 28] 

transient state: not reported 

 ultrahigh high precision 

 potential to fully simulate 

actual conditions 

 huge computing time and 

resources 

 many geometric 

simplifications for the 

reported models 

hybrid 

models 

CFD-analytical 

model 

steady-state: [29] 

transient state: not reported 

 relatively short 

computing time 

 ignoring the 

thermoelectric coupling 

effects 

CFD-

thermoelectric 

model 

steady state: [31, 32] 

transient state: not reported 

 relatively short 

computing time and high 

precision 

 ignoring the effect of heat 

generated by TEMs on the 

CFD model 

 

This work serves the purpose of providing a reasonable transient model to evaluate the dynamic 

response characteristics of the automobile TEG system under actual vehicle transient driving cycles. 

For this reason, a hybrid transient CFD-thermoelectric numerical model considering transient input of 

the exhaust heat source, temperature dependence, impedance matching, and heat loss is proposed for 

the first time. It features the advantages of high accuracy and short calculation time. This study fills 

the gap in the theoretical prediction of the transient behavior of the automobile TEG system and 

provides a new perspective for predicting dynamic response characteristics of the automobile TEG 

system. This paper is structured as follows: Section 2 introduces the hybrid transient CFD-

thermoelectric numerical model in detail, including the geometry structure of the automobile TEG 

system, governing equations, boundary conditions, grid independence analysis, and experimental 

validation; Section 3 elucidates the results and gives a detailed analysis of the results; Finally, the main 

research findings are summarized in Section 4. 

2. Hybrid transient CFD-thermoelectric numerical model 

2.1 Structure of the automobile thermoelectric generator system 
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Fig. 1. Architecture of the adopted automobile thermoelectric generator system. (a) The actual prototype of the automobile 

thermoelectric generator system. (b) Structure diagram of the automobile thermoelectric generator system. 

In this work, an automobile thermoelectric generator (TEG) system presented in the previous study 

[31] is taken as the research objective, and the dynamic response characteristics of the automobile TEG 

system under a complete transient driving cycle are studied through the proposed hybrid transient 

computational fluid dynamics (CFD) -thermoelectric numerical model. The structure of the automobile 

TEG system is shown in Fig. 1, which includes an actual prototype (Fig. 1(a)) and the structure diagram 

(Fig. 1(b)). The automobile TEG system consists of a heat exchanger, sixteen thermoelectric modules 

(TEMs), and four heat sinks, which are clamped and fixed by stainless steel bars. Both heat sinks and 

the heat exchanger are made of 6063 aluminum alloys. Twenty long fins with a size of 20 mm  2 mm 

 200 mm are arranged on the upper and bottom walls of the heat exchanger. High-temperature exhaust 

gas enters and leaves the heat exchanger through a circular tube with a diameter of 50 mm. The 

diameter of the coolant channel in the heat sink is 5.5 mm. Detailed geometric features and dimensions 

can be found in Fig. 1. 

Besides, the sixteen TEMs are evenly distributed on the upper and bottom sides of the heat 

exchanger. The TEM consists of two ceramic plates, 256 copper sheets, 128 pairs of p-type and n-type 
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thermoelectric legs. The dimensions of the hot-side ceramic plate, copper sheets, thermoelectric legs, 

and cold-side ceramic plate are 44 mm  40 mm  0.8 mm, 3.8 mm  1.4 mm  0.35 mm, 1.4 mm  

1.4 mm  1 mm, and 40 mm  40 mm  0.8 mm, respectively. During transient CFD numerical 

simulations, to shorten the calculation time, the complete TEM is simplified to a cube with an 

equivalent size of 40 mm  40 mm  3.3 mm. According to the CFD results, the average surface 

temperatures on both sides of TEMs are obtained, which are used as the temperature boundary 

conditions of the transient thermal-electric numerical model. During transient thermal-electric 

numerical simulations, the complete TEM structure is adopted. A load resistance is connected in series 

with the four TEMs. Detailed properties of the materials in the automobile TEG system are listed in 

Table 3. Here, the thermal conductivity of the equivalent TEM is obtained according to the reported 

method in [20], where the contact thermal resistance inside the TEM has already been considered in 

the experimental measurement process. As for the contact thermal resistances between the TEM and 

heat exchangers, they are ignored due to the use of clamping devices and thermal extensional structures 

[37, 38]. The material properties of exhaust gas and coolant are not given, because they are replaced 

by dry air and water, respectively. The properties of air and water are from the material library of 

COMSOL Multiphysics [39], and the temperature-dependent properties of the thermoelectric materials 

are taken into account. 

Table 3. Material parameters of the automobile TEG system. 

Material Components Parameter name Value Unit 

p-type 

thermoelectric 

material 

p-type thermoelectric 

legs 

Seebeck coefficient 7 4 4 3

2

1.80268 10 3.23632 10
0.21537 62.97444 6616.56781

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 

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

− −

−

−  + 
−  + −

 
VK-1 

density 6600 kgm-3 

specific heat 188 Jkg-1K-1 

n-type 

thermoelectric 

material 

n-type thermoelectric 

legs 

Seebeck coefficient 7 4 4 3

2

1.80268 10 3.23632 10
0.21537 62.97444 6616.56781

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 

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

− −

−

−  + 
−  + −

 
VK-1 

density 6600 kgm-3 

specific heat 188 Jkg-1K-1 

copper copper sheets electrical resistivity 1.7510-8 ohmm 

thermal conductivity 165.64 Wm-1K-1 

density 8978 kgm-3 

specific heat 381 Jkg-1K-1 

- load resistance electrical resistance 17 ohm 

thermal conductivity 165.64 Wm-1K-1 
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density 8978 kgm-3 

specific heat 381 Jkg-1K-1 

ceramic ceramic plates thermal conductivity 22 Wm-1K-1 

density 3600 kgm-3 

specific heat 850 Jkg-1K-1 

6063 aluminum 

alloys 

heat exchanger and heat 

sinks 

thermal conductivity 201 Wm-1K-1 

density 2719 kgm-3 

specific heat 871 Jkg-1K-1 

- equivalent 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 

density 6600 kgm-3 

specific heat 188 Jkg-1K-1 

2.2 Governing equations of the hybrid transient CFD-thermoelectric numerical model 

The hybrid transient CFD-thermoelectric numerical model consists of two sub-models: a transient 

CFD model and a transient thermal-electric numerical model. During the complete numerical 

calculation process, the transient CFD model is firstly solved, and then the transient thermal-electric 

numerical model is solved. The average surface temperatures on both sides of TEMs obtained by the 

transient CFD model are used as temperature boundary conditions of the transient thermal-electric 

numerical model. For the transient CFD model, the transient mass, momentum, and temperature 

conservation equations [40] can be expressed as follows: 

( ) 0v
t





+ =


                                                             (1) 

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


 + = − +  +
 

                                    (2) 

( )=0
T

c cv T T
t

  


+  − 


                                                  (3) 

where , t, 𝑣 , p, , c, T, and  represent the density, time, velocity, pressure, dynamic viscosity, specific 

heat at constant pressure, temperature, and thermal conductivity of fluids, respectively. 

In general, the fluid flow of exhaust gas in the heat exchanger and that of coolant in heat sinks are 

turbulent and can be considered incompressible. The standard k -  turbulence model [40] is adopted 

to compute the turbulent flow in the current research, and the transport equations for k and  are: 

( ) ( ) t
k

k

k v k k P
t


   



  
+  =  +  + −  

   
                                 (4) 

( ) ( )
2

1 2
t

kv C P C
t k k

 



  
     



  
+  =  +  + −  

   
                        (5) 

with 
2

t

k
C 


=                                                                (6) 
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where k, , and Pk are the turbulence kinetic energy, dissipation of turbulence kinetic energy, and shear 

production of turbulence kinetic energy, respectively. C1 = 1.44, C2 = 1.92, C = 0.09, k = 1.0, and 

 = 1.3 [41] are model constants. 

The governing equations of the fluid are given by Eqs. (1)-(6). For the solid region in the CFD 

model, to calculate the heat transfer of the thermal field, the transient energy conservation is defined 

as: 

( ) ( )mm

T
c T

t
 


=  


                                                       (7) 

where subscript m denotes different materials. 

The above equations constitute the governing equations of the transient CFD model. The transient 

CFD model can be used to analyze the transient thermodynamic performance of the automobile TEG 

system. However, the transient response of the electric field of the automobile TEG system can not be 

obtained by the transient CFD model. In this work, the transient thermal-electric numerical model is 

used to calculate the electrical output performance of the automobile TEG system. 

The governing equations of the transient thermal-electric numerical model include the energy 

conservation equation, electric field conservation equation, and current continuity equation. Here, the 

energy conservation of the transient thermal-electric numerical model is expressed as [27]: 

( ) ( )m mm

T
c T S

t
 


=   +


                                                     (8) 

with 

( ) ( )

( ) ( )

1 2

p p p

1 2

n n n

1 2

m co

;   p-type thermoelectric leg                          (9-1)

;   n-type thermoelectric leg                          (9-2)

;    copper sheet                  

T J T JT

T J T JT

S J

 

 



−

−

−

−

−

=

1 2

L

                                                         (9-3)

;   load resistance                                                                        (9-4)

0;    ceramic                       

J −

                                                                   (9-5)











 

where, �̇�m denotes the energy source term, which is induced by the electric field. -1, , and 𝐽  are the 

electrical resistivity, Seebeck coefficient, and current density vector, respectively. Subscripts p, n, co, 

and L represent the p-type thermoelectric leg, n-type thermoelectric leg, copper sheet, and load 

resistance, respectively. The first term on the right side of Eqs (9-1) and (9-2) represent Joule heat, and 

the second term represents Thomson heat along thermoelectric legs or Peltier heat on both ends of 

thermoelectric legs. 

Compared with Eq. (8), the energy source term is absent in Eq. (7), because the electric field is 
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ignored in the transient CFD model. 

  The electric field conservation equation of the transient thermal-electric numerical model can be 

written as [42]: 

( )p, nE T T = − +                                                         (10) 

where �⃗�  and  are the electric field density vector and electrical potential, respectively. 

Besides, the current flows through the p-type and n-type thermoelectric legs, copper sheet, and load 

resistance is continuous, which can be defined as [43]: 

0J =                                                                    (11) 

with 

mJ E=                                                                     (12) 

Eqs. (8)-(12) constitute the governing equations of the transient thermal-electric numerical model. 

To solve the partial differential conservation equations of the transient CFD model and the transient 

thermal-electric numerical model, the numerical calculation method is essential. The finite element 

method, finite volume method, and finite difference method are commonly used to solve numerical 

models. In the present work, the backward difference method and the finite element method are used 

to discretize the time and space variables, respectively, by the commercial numerical software package 

of COMSOL. 

2.3 Boundary conditions of the hybrid transient CFD-thermoelectric numerical model 

Boundary conditions are essential for solving the governing equations of the hybrid transient CFD-

thermoelectric numerical model. There are two kinds of boundary conditions: the boundary conditions 

of the transient CFD model and the boundary conditions of the transient thermal-electric numerical 

model. Considering the huge computing time and resources required for transient numerical 

calculation, this study only takes 1/4 of the automobile TEG system as the research objective due to 

its completely symmetrical structure. 

In practice, exhaust parameters are time-dependent and related to vehicle driving conditions. 

Consequently, the transient inlet boundary conditions of exhaust gas in the transient CFD model, 

including the transient inlet temperature and mass flow rate of the exhaust gas, are defined. However, 

other boundary conditions, such as coolant inlet, exhaust outlet, coolant outlet, heat loss, and 

symmetrical surface, are steady-state. To obtain accurate transient exhaust temperature and mass flow 

rate, the operating conditions of the heavy truck were simulated by the vehicle simulation software 

package of ADVISOR [44]. On the platform of ADVISOR, the vehicle type was defined as a heavy 

truck; the vehicle weight and cargo weight were set at 7068 kg and 2000 kg respectively; the heavy 
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truck was powered by a diesel engine with a displacement of 7.2 L and a maximum power of 206 kW. 

Besides, the vehicle was set to operate under the Highway Fuel Economy Test (HWFET) driving 

cycles. For the first several driving cycles, the exhaust temperature increases dramatically from room 

temperature, and it reaches an equilibrium state at the 10th driving cycle. At this time, the transient 

temperature (Tex(t)) and mass flow rate (�̇�ex(t)) of the exhaust gas were recorded and used as the inlet 

boundary conditions of the transient CFD model, as shown in Fig. 2. Here, the period is 765 s for a 

complete driving cycle. The exhaust mass flow rate was divided by 4 because only a quarter of the 

automobile TEG system was considered. It can be observed that the exhaust temperature and vehicle 

speed change with the exhaust mass flow rate. However, the change in exhaust mass flow rate is more 

severe than those in exhaust temperature and vehicle speed because of the influence of thermal inertia 

on temperature and mechanical inertia on vehicle speed. 

 
Fig. 2. Transient exhaust temperature and mass flow rate under a complete HWFET driving cycle. 

Regarding the steady-state boundary conditions of the transient CFD model, an inlet temperature of 

363.15 K and a velocity of 1 m/s are defined as the coolant inlet boundary conditions. Compared with 

a coolant temperature of room temperature as the inlet boundary condition in other research, the 

coolant temperature of 363.15 K is more in line with the actual situation. A boundary condition with a 

standard atmosphere pressure was defined on the outlet surfaces of the exhaust and coolant channels. 

In this study, exhaust gas and coolant are replaced by dry air and water, respectively. The heat loss 

boundary condition was defined on the surfaces of the automobile TEG system exposed to the 

surroundings, of which the ambient temperature is 300 K and the natural convection coefficient is 15 

Wm-2K-1. In addition, the symmetric boundary condition was defined on the symmetric surfaces. 
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Fig. 3. Relationship between governing equations and boundary conditions of the hybrid transient CFD-thermoelectric 

numerical model. 

As for the transient thermal-electric numerical model, its boundary conditions include transient 

temperature boundary conditions and steady-state electric field boundary conditions, in which the 

transient temperature boundary conditions are extracted from the transient CFD results. Based on the 

CFD results, the transient average temperatures on the hot and cold side surfaces of the equivalent 

TEMs are obtained, which are taken as the working temperature of the complete TEMs in the transient 

thermal-electric numerical model. In the quarter structure of the automobile TEG system, the four 

TEMs are marked as TEM1, TEM2, TEM3, and TEM4 respectively along the direction of the 

downward flow of the exhaust gas, as can be found in Fig. 1. Two adjacent TEMs are connected in 

series with copper electrodes, and the load resistance is connected to the remaining terminal of TEM1 

and TEM4, as can be seen in Fig. 4(b). In this way, a closed electric circuit is formed. The terminal 

between TEM4 and load resistance is set to be grounded. 

Fig. 3 shows the relationship between the governing equations and boundary conditions of the 

hybrid transient CFD-thermoelectric numerical model. As can be seen, the transient CFD model of the 

equivalent automobile TEG system is solved firstly, under the transient boundary conditions of exhaust 
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gas and other steady-state boundary conditions. Then, the transient hot-side temperatures (Th_TEM1(t), 

Th_TEM2(t), Th_TEM3(t), and Th_TEM4(t)) and transient cold-side temperatures (Tc_TEM1(t), Tc_TEM2(t), 

Tc_TEM3(t), and Tc_TEM4(t)) of four TEMs extracted from CFD results are used as transient temperature 

boundary conditions. Combined with the grounded boundary condition of the transient thermal-electric 

numerical model, the transient thermal-electric numerical model of the complete TEMs is solved, and 

the dynamic electric response characteristics of the automobile TEG system are obtained. According 

to the physical field distribution obtained by the transient CFD model and the dynamic output obtained 

by the transient thermal-electric numerical model, the transient performance of the automobile TEG 

system is comprehensively analyzed in the following sections. 

2.4 Parameter definitions 

Output power and conversion efficiency are the two key parameters to characterize the output 

performance of the automobile TEG system. Here, the output power of the automobile TEG system is 

expressed as: 

( )
( )2

L

out

L

U t
P t

R
=                                                                 (13) 

where UL is the output voltage of the four TEMs obtained by the transient thermal-electric numerical 

model. RL represents the load resistance. According to the maximum power point in the previous study 

[31], RL is set to 17  in this work. 

Furthermore, the thermal-to-electric conversion efficiency of the automobile TEG system equals the 

ratio of output power (Pout) to heat extracted from exhaust gas (Qh), that is: 

( )
( )
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( )

( ) ( ) ( )
out out
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                                       (14) 

where, Texi(t) and Texo(t) are the inlet and outlet temperature of the exhaust gas respectively, which are 

obtained by the transient CFD model. 

The output performance of TEMs has an important impact on the overall performance of the 

automobile TEG system. Also, the TEMs located at different positions produce different outputs due 

to the uneven temperature distribution. To study the influence of the position of the TEM on its output 

performance, the output power and conversion efficiency of each TEM are defined as follows: 

( ) ( ) ( )
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where, PTEMi(t), UTEMi(t), TEMi(t), and QTEMi(t) are the output power, output voltage, conversion 

efficiency, and heat absorption of different TEMs, respectively. Th_cei(t) is the average temperature of 

the hot-side ceramic plate of different TEMs on the top surface. The subscript i = 1, 2, 3, and 4 denotes 

the TEM1, TEM2, TEM3, and TEM4 respectively. IL(t) is the output current. Ah_ce and h_ce are the 

cross-sectional area and thickness of the hot-side ceramic plate, respectively. Here, the data of PTEMi(t), 

UTEMi(t), TEMi(t), QTEMi(t), Th_cei(t), and IL(t) are obtained from the transient thermal-electric numerical 

model. 

2.5 Grid analysis 

 
Fig. 4. Finite element model of the automobile TEG system. (a) The equivalent automobile TEG system used for the 

transient CFD model. (b) The complete TEMs used for the transient thermal-electric numerical model. 

The accuracy and computing time of the transient CFD model and transient thermal-electric 

numerical model are sensitive to the grid parameters of the finite element model. The greater the grid 

size is, the lower the accuracy and the less the computing time will be. Fig. 4 shows the finite element 

model of the automobile TEG system, including the equivalent geometry of the CFD model and four 

complete TEMs of the thermal-electric numerical model. In the equivalent geometry, the tetrahedral 

mesh is used due to the irregularity of structure, and all meshes were generated according to their 

specific physical fields, such as the fined mesh at corners and the boundary layer mesh for the contact 

surfaces between the solid region and fluid region. In the complete TEM geometry, hexahedron mesh 

was used because of its regular structure, and all meshes were generated by a sweeping method. It is 
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necessary to choose a reasonable grid size to make a tradeoff between model accuracy and computing 

time. 

In this work, steady-state numerical calculations of the transient CFD model and the transient 

thermal-electric numerical model are carried out to check the grid independence. The average exhaust 

temperature of 615.46 K and average exhaust mass flow rate of 18.26 g/s under the complete HWFET 

driving cycle are used as steady-state exhaust inlet boundary conditions. Other boundary conditions 

were the same as those in transient numerical calculation. All numerical calculations were performed 

in a workstation with 8 cores and 64 G storage. The hot-side temperature of TEM1 and output voltage 

of four TEMs were taken as the basis for selecting a reasonable grid system of the abovementioned 

models. As listed in Table 4, the steady-state results of the CFD model and the thermal-electric 

numerical model under four grid systems are given. Taking the case with the largest number of grids 

as the baseline, the corresponding error was calculated. The time required for transient numerical 

calculation is about 765 times longer than that of steady-state numerical calculation for a complete 

HWFET driving cycle. Therefore, to shorten the computing time and maintain the model accuracy, a 

grid system with 751672 grids was selected to conduct transient numerical calculation of the transient 

CFD model. Taking the corresponding steady-state temperature as the boundary conditions of the 

thermal-electric numerical model, the output performance of TEMs under four grid systems was 

obtained. Compared with the CFD model, the computing time of the thermal-electric numerical model 

is much less. Similarly, the grid system with 50619 grids was selected to carry out the transient 

numerical calculation of the transient thermal-electric numerical model. 

Table 4. Grid analysis of the hybrid transient CFD-thermoelectric numerical model 

Steady-state results of the CFD model 

grid number computing time hot-side temperature of TEM1 error of temperature 

2952180 12h16min 506.52 K 0 

1268538 6h48min 506.79 K 0.053% 

751672 4h30min 506.92 K 0.079% 

347888 2h16min 507.31 K 0.156% 

Steady-state results of the thermal-electric numerical model 

grid number computing time output voltage of four TEMs error of output voltage 

99840 34min 12.651 V 0 

57885 20min 12.654 V 0.024% 

50619 17min 12.655 V 0.032% 

46523 12min 12.659 V 0.063% 

2.6 Model validation 
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Fig. 5. Transient experiments of the automobile TEG system. 

To verify the accuracy of the hybrid transient CFD-thermoelectric numerical model, transient 

experiments for the automobile TEG system were performed. Fig. 5 shows the designed transient 

performance test bench. An air heater (F1-R1055, FTV, China) was used to provide a heat source for 

the automobile TEG system. The air temperature and air velocity can be adjusted instantaneously by 

the knob on the air heater. The maximum power of the air heater is 5 kW. The tap water with a constant 

temperature of 284.85 K and a constant flow rate of 21.19 g/s flows through heat sinks of the 

automobile TEG system to dissipate the heat of TEMs. Two K-type temperature sensors (WRNT, 

Huarun, China) were installed at the inlet and outlet of the automobile TEG system to measure the air 

temperatures. The air temperatures were read and recorded by a temperature data logger (RDXL4SD, 

OMEGA, US) with an accuracy of ±0.4%. To test the output performance of the automobile TEG 

system in the load circuit, an electronic load (IT8500+, ITECH, China) was connected in series with 

the four TEMs in the same row. The load resistance was set to 17 . As the electronic load can not 

record the transient output voltage, a voltage data logger (KSF, Keshun, China), with an accuracy of 

0.2%, was used. To record the transient air velocity, a hot-wire anemometer (HHF-SD1, OMEGA, 

US) with an accuracy of ±5%, was installed on the pipe behind the automobile TEG system. The 

operating temperature of the hot-wire anemometer shall not exceed 50℃. Therefore, an air cooler was 

installed between the automobile TEG system and the hot-wire anemometer, which was powered by a 
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DC power supply (UTP1305, UNI-T, China). The sampling time of the temperature data logger, 

voltage data logger, and hot-wire anemometer can be set as 1 s, 2 s, 5 s, 10 s, etc. To obtain more 

accurate test results, a minimum sampling time of 1 s was adopted. 

During transient experiments, the transient air temperature and velocity were obtained, which were 

taken as the transient inlet boundary conditions of the air in the transient CFD model. However, there 

is a large temperature drop from the inlet to the outlet of the air cooler, resulting in the error between 

the measured air velocity and the actual one, which is affected by the temperature dependence of air 

density. To eliminate this error, the inlet air velocity is modified by 𝑣in =
𝜌𝑎𝑖𝑟(𝑇𝑡𝑒𝑠𝑡)×𝑣𝑡𝑒𝑠𝑡×𝐴𝑡𝑒𝑠𝑡

𝜌𝑎𝑖𝑟(𝑇𝑖𝑛)×𝐴𝑖𝑛
. 

Furthermore, the transient average temperatures on both ends of the TEMs obtained from the transient 

CFD model were used as the transient temperature boundary conditions of the transient thermal-

electric numerical model. Ultimately, the transient output performance of the automobile TEG system 

was predicted. Fig. 6 shows the comparison of transient output voltage between experimental and 

model results. The predicted output voltage enables a greater delay in response than the experimental 

voltage, which can be attributed to the signal delay of the sensors. When the air temperature changes 

instantaneously, the temperature sensors will not respond immediately due to the thermal inertia. The 

average error of transient output voltage between experimental and model results is 6.43%. Due to the 

measurement error of instruments and the neglect of thermal grease in the numerical model, this tiny 

error is acceptable for transient experiments. 

 
Fig. 6. Comparison of the transient output voltage of the automobile TEG system between experimental results and model 

results. 

3. Results and discussion 
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3.1 Physical field distribution characteristics of the automobile thermoelectric generator system 

CFD model is widely used to analyze the thermodynamic performance of automobile TEG systems. 

Considering the time dependence of exhaust temperature and mass flow rate, the transient CFD model 

is used to study the dynamic performance of the automobile TEG system under a complete HWFET 

driving cycle. Fig. 7 shows the physical field distribution of the automobile TEG system at t = 100 s, 

300 s, 500 s, and 700 s obtained by the transient CFD model. At t = 100 s, 300 s, 500 s, and 700 s, the 

exhaust temperatures are 614.48 K, 598.96 K, 620.29 K, and 620.89 K, respectively, and the exhaust 

mass flow rates are 22.54 g/s, 33.30 g/s, 18.18 g/s, and 27.01 g/s, respectively. In general, the hot-side 

temperature of the heat exchanger increases with the increase of exhaust temperature and mass flow 

rate, and the influence of exhaust temperature is more obvious than that of exhaust mass flow rate. 

According to the temperature distribution of the equivalent automobile TEG system (see Fig. 7(a)), 

the hot-side temperature of the heat exchanger is the highest at t = 500 s, followed by those of t = 700 

s, t = 100 s, and t = 300 s. Although the exhaust mass flow rate at t = 500 s is lower than that at t = 700 

s, and the exhaust temperature is almost the same, the hot-side temperature of the heat exchanger at t 

= 500 s is higher. This can be attributed to thermal inertia, that is, the exhaust temperature drops from 

a higher level before the time point of t = 500 s, and rises from a lower level before t = 700 s, as can 

be found in Fig. 2. A similar phenomenon between t = 100 s and t = 300 s can also be explained by 

this reason. 

Fig. 7(b) shows the velocity distribution on the selected cross-sections. The fluid velocity of exhaust 

gas is directly dependent on the exhaust mass flow rate. Therefore, the fluid velocity of exhaust gas at 

t = 300 s is the highest, followed by those of t = 700 s, t = 100 s, and t = 500 s. Besides, the closer to 

the center of the exhaust channel is, the greater the fluid velocity of exhaust gas is. 

Fig. 7(c) shows the temperature distribution on the hot-side surface of the equivalent TEMs. 

Similarly, the cold-side temperature distribution can be obtained. By extracting average surface values, 

the transient average temperature on the hot side of the equivalent TEMs Th_TEMi(t) and that on the cold 

side Tc_TEMi(t) are used as temperature boundary conditions of the transient thermal-electric numerical 

model with which, the output performance of TEMs can be predicted. Also, the overall hot-side 

temperature of the four TEMs at t = 500 s is the highest, which presents the same trend as that of Fig. 

7(a). As the exhaust gas flows downward, the exhaust temperature decreases accordingly, resulting in 

the decrease of hot-side temperature from TEM1 to TEM4. Consequently, the outputs of TEMs located 

at different positions are various, with TEM1 showing the highest output performance. As the four 

TEMs are connected in series, the overall output current is limited by the smallest output current among 
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the TEMs. Therefore, it is necessary to compare the output performance of different TEMs. 

 
Fig. 7. Physical field distribution characteristics of the automobile TEG system at t = 100 s, 300 s, 500 s, and 700 s obtained 

by the transient CFD model. (a) Temperature distributions of the automobile TEG system. (b) Velocity distributions on the 

selected cross sections. (c) Temperature distributions of the equivalent TEMs. 

3.2 Physical field distribution characteristics of thermoelectric modules 

Combined with the temperature boundary conditions obtained by the transient CFD model, the 

physical field distribution of the complete TEMs is obtained by the transient thermal-electric numerical 

model, as shown in Fig. 8. Fig. 8(a) shows the temperature distributions of the complete TEMs. There 

is a large temperature drop in thermoelectric legs because the thermal conductivity of thermoelectric 

materials is lower than that of copper and ceramic. The lower the thermal conductivity of 

thermoelectric materials and the greater the temperature difference on both ends of thermoelectric legs 

are, the better the output performance is. Besides, the load resistance exhibits the highest temperature 

due to the effect of Joule heat. The temperature profile over time coincides well with the results 

presented in Fig. 7. 

Fig. 8(b) shows the voltage distributions of the complete TEMs. The output voltages of the four 

TEMs at t = 100 s, 300 s, 500 s, and 700 s are 11.03 V, 10.30 V, 13.45 V, and 13.08 V, respectively, 

which is consistent with the hot-side temperature of the TEMs. This is because the output voltage is 

proportional to the temperature difference on both sides of the TEMs. Here, the load resistance is 17 
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 and connected with the four TEMs in series. The output power of the automobile TEG system, which 

is the total output power of the four TEMs, at t = 100 s, 300 s, 500 s, and 700 s are 7.15 W, 6.24 W, 

10.64 W, and 10.06 W, respectively. The electrical potential increases from negative to positive with 

the increase of the number of thermoelectric legs in series. It shows that the more thermoelectric legs 

or TEMs are, the greater the output voltage of the automobile TEG system will be. 

 
Fig. 8. Physical field distribution characteristics of thermoelectric modules at t = 100 s, 300 s, 500 s, and 700 s obtained by 

the transient thermal-electric numerical model. (a) Temperature distributions of the complete TEMs. (b) Voltage 

distributions of the complete TEMs. (c) Current density distributions of the complete TEMs. (d) Distributions of ILT along 

with thermoelectric legs. 

Fig. 8(c) shows the current density distributions of the complete TEMs. It can be observed that the 

highest current density occurs in the copper sheets due to the lowest electrical resistivity of copper. 

The absolute value of the current density of the two adjacent rows of copper sheets is equal, but the 

direction of the current is opposite. The overall output current can be obtained by multiplying the 

current density of a selected section by its cross-sectional area. 

Driven by the temperature difference, the carriers (electrons in n-type thermoelectric legs and holes 

in p-type thermoelectric legs) move from the hot side to the cold side. Due to the Peltier effect, carrier 
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dissipation on the hot side will absorb heat, while carrier accumulation on the cold side will release 

heat. The hot and cold side Peltier heat can be estimated by (Th)ILTh and (Tc)ILTc, respectively. Fig. 

8(d) shows the distribution of ILT in thermoelectric legs. Obviously, Peltier heat on the hot side is 

larger than that on the cold side. This is because the Peltier heat mainly depends on the absolute 

temperature for the TEMs with the same output current and similar Seebeck coefficient of 

thermoelectric materials. 

3.3 Dynamic response characteristics of the automobile thermoelectric generator system 

 
Fig. 9. Dynamic output power of the automobile TEG system under a complete HWFET driving cycle. 

With the variation of exhaust temperature and exhaust mass flow rate, the output power of the 

automobile TEG system fluctuates, as shown in Fig. 9. When the vehicle is under acceleration or 

deceleration conditions, the fuel consumption will increase or decrease correspondingly. Therefore, 

the exhaust mass flow rate changes consistently with the vehicle speed and fluctuates greatly. 

Compared with the rapid changing of exhaust mass flow rate, the transient variation of exhaust 

temperature is smoother, which is caused by the thermal inertia of the exhaust system. Furthermore, 

the change of output power of the automobile TEG system is more stable than that of the exhaust 

temperature. When 260 s  t  296 s, the exhaust temperature decreases from 647.43 K to 593.16 K 

and increases from 593.16 K to 623.22 K when 296 s  t  350 s. The corresponding output power 

decreases firstly from 8.58 W to 5.72 W and then increases to 10.11 W. In addition, the output power 

does not respond to the short-term fluctuation of exhaust temperature, as indicated by the profile near 

t = 400s. Due to the rapid changes in exhaust temperature from one level to another, the output power 

does not have sufficient time to respond before the exhaust temperature returns to the original level. 
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In the process of heat transfer from the exhaust gas to TEMs, there is a hysteresis in response due to 

thermal inertia. 

Under the complete HWFET driving cycle, the maximum output power of 11.29 W is achieved at t 

= 467 s. It is worth noting that 1/4 structure of the automobile TEG system is used in this paper. 

Therefore, the maximum output power of the whole automobile TEG system is 45.16 W. The total 

electrical energy generated within the period of 765 s is 26460 J. However, the electrical energy 

predicted through the steady-state performance analysis within the period of 765 s is 28830 J. The 

energy generation predicted by the transient model is 8.96% lower than that expected in the steady-

state analysis, which indicates that the steady-state performance analysis may overestimate the output 

performance of the automobile TEG system under the actual driving conditions. Therefore, it is 

essential to accurately predict the dynamic performance via a reasonable transient model. 

 
Fig. 10. Dynamic conversion efficiency of the automobile TEG system under a complete HWFET driving cycle. 

Fig. 10 shows the dynamic conversion efficiency of the automobile TEG system under a complete 

HWFET driving cycle. Different from the dynamic output power, the dynamic conversion efficiency 

fluctuates dramatically. According to Eq. (14), the conversion efficiency is inversely proportional to 

the exhaust mass flow rate. Therefore, the conversion efficiency increases with the decrease of exhaust 

mass flow rate, and vice versa. When the exhaust mass flow rate is close to 0, the conversion efficiency 

reaches the highest value. At t = 635 s, a maximum conversion efficiency of 39.68% is achieved, which 

is obviously higher than the reported values (about 2%) in previous studies. The reason for this is that 

even though the exhaust mass flow rate is reduced to 0, the hot-side temperature of TEMs remains 

near the previous state under the effect of thermal inertia. However, the ultrahigh conversion efficiency 
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is only a transient value, which can not reflect the overall conversion efficiency of the automobile TEG 

system under a complete driving cycle. Here, the average conversion efficiency predicted by the hybrid 

transient CFD-thermoelectric numerical model is 3.29% within the period of 765 s, while that predicted 

by the steady-state model is 1.66%. It seems that the transient fluctuation of the exhaust heat source 

may amplify the conversion efficiency of the automobile TEG system. 

 
Fig. 11. Dynamic heat absorption of the automobile TEG system under a complete HWFET driving cycle. 

Fig. 11 shows the dynamic heat absorption of the automobile TEG system extracted from the exhaust 

gas under a complete HWFET driving cycle. The changing trend of absorbed heat is completely 

consistent with that of exhaust mass flow rate because the absorbed heat is directly proportional to the 

exhaust mass flow rate. However, the amplitude of heat absorbed may be greater or less than that of 

the exhaust mass flow rate. This is because the temperature drop from the inlet to the outlet of the 

exhaust gas also affects the heat absorption, and there is a delay in the response of the outlet 

temperature of the exhaust gas. 

3.4 Dynamic response characteristics of thermoelectric modules 

According to the CFD results, the dynamic hot-side temperatures of four TEMs are obtained, as 

shown in Fig. 12. It can be observed that the hot-side temperature of TEM1 is the highest, followed by 

those of TEM2, TEM4, and TEM3. In general, the hot-side temperature of the TEM decreases as the 

exhaust gas flows downward. However, the hot-side temperature of TEM4 is higher than that of TEM3, 

and the hot-side temperature of TEM1 is much higher than that of TEM2. This is because TEM1 and 

TEM4 extract heat from exhaust gas not only through the heat exchanger area covered by the TEM 
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but also through the area between the inlet (or outlet) and TEM1 (or TEM4). Besides, the hot-side 

temperature curve of TEMs is flatter than that of exhaust temperature because of the thermal inertia in 

the process of heat transfer from the exhaust gas to TEMs. The transient hot-side temperature of TEMs 

in Fig. 12 is taken as the hot-side temperature boundary condition. Combined with the transient cold-

side temperature of TEMs (not shown in the figure) and grounded boundary conditions, the dynamic 

output performance of TEMs is predicted by the transient thermal-electric numerical model. 

 
Fig. 12. Dynamic hot-side temperature of thermoelectric modules under a complete HWFET driving cycle. 

 
Fig. 13. Dynamic output power of thermoelectric modules under a complete HWFET driving cycle. 

Fig. 13 shows the dynamic output power of thermoelectric modules under a complete HWFET 

driving cycle. Combined with Fig. 10, The conversion efficiency increases when the power generated 

decreases. The reason is that the heat absorption of the automobile TEG system is significantly 

decreased when the vehicle speed is close to 0, yet the hot-side temperature will not respond 
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immediately, and the output power only drops slowly. Combined with Fig. 12, it can be considered 

that the output power curve is obtained by amplifying the hot-side temperature curve. This is because 

the output power is proportional to the square of the temperature difference of TEMs, which mainly 

depends on the hot-side temperature of the TEMs as the cold-side temperature of the TEMs is almost 

constant. The output power of TEM1 is remarkably higher than that of the other TEMs. When all the 

TEMs are connected electrically in series or parallel, the parasitic power loss caused by the uneven 

output of TEMs plays a negative role in the overall output performance of the automobile TEG system. 

This parasitic power loss can not be neglected when there are a great number of TEMs in the 

automobile TEG system. In this case, the topological optimization of the TEMs is suggested. Besides, 

the thermal inertia in the heat transfer process from the hot side to the cold side of the TEM is smaller 

than that from the exhaust gas to TEMs, and there is no response delay in the electrical parameters. 

Therefore, the changing trend of output power is consistent with that of hot-side temperature. 

 
Fig. 14. Dynamic conversion efficiency of thermoelectric modules under a complete HWFET driving cycle. 

Different from the conversion efficiency of the automobile TEG system, the conversion efficiency 

of the TEMs varies more smoothly, as shown in Fig. 14. Here, the conversion efficiency of the TEMs 

is computed by Eq. (16), and it will not change with the variation of exhaust mass flow rate. Even 

though the exhaust mass flow rate decreases to 0 at a certain point during the transient state, the TEMs 

will continue extracting heat from the heat exchanger and converting it into electrical energy. This is 

because the internal energy in solid regions does not change instantaneously with the exhaust mass 

flow rate as a result of the thermal inertia effect. The average conversion efficiencies of TEM1, TEM2, 

TEM3, and TEM4 within the period of 765 s are 1.78%, 1.63%, 1.57%, and 1.61%, respectively. They 

are lower than that of the automobile TEG system (3.29%), which can be explained by the above 
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reasons. The conversion efficiency of TEM4 gradually increases, surpassing the conversion efficiency 

of TEM3 and reaching close to that of TEM2. Similar trends of hot-side temperature and output power 

can be observed in Fig. 12 and Fig. 13, respectively. The reason for this is that the exhaust mass flow 

rate reaches a relatively higher level when t > 300 s, and this larger exhaust mass flow rate leads to a 

more intense reverse flow of exhaust gas at the outlet of the heat exchanger, thus, enabling TEM4 to 

absorb more heat. 

 
Fig. 15. Transient heat of thermoelectric modules under a complete HWFET driving cycle. (a) Different heat generated in 

TEM1. (b) Heat absorption of different TEMs. (c) Fourier heat of thermoelectric legs for different TEMs. (d) Hot-side 

Peltier heat of thermoelectric legs for different TEMs. (e) Cold-side Peltier heat of thermoelectric legs for different TEMs. 

(f) Joule heat of thermoelectric legs for different TEMs. 

Fig. 15 shows the transient heat of the TEMs under a complete HWFET driving cycle. In addition 

to heat absorbed from the heat exchanger, other forms of heat also occur in the working process of the 

TEMs, which include Fourier heat along the thermoelectric legs, Peltier heat on both hot and cold sides 

of thermoelectric legs, and Joule heat within the thermoelectric legs. Fig. 15 (a) shows the amount of 

these different heat generated in TEM1. In general, the absorbed heat is approximately equal to the 

hot-side Peltier heat plus Fourier heat and minus half the Joule heat. Fourier heat dominates the heat 

absorption, while Joule heat only accounts for a small part. For this reason, the changing trend of 

Fourier heat (see Fig. 15(c)) is consistent with that of absorbed heat (see Fig. 15(b)). Also, the variation 

of Fourier heat is slightly smoother than that of absorbed heat because of the thermal inertia. Fig. 15(d) 

and Fig. 15(e) show the hot-side Peltier heat and cold-side Peltier heat of thermoelectric legs for 
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different TEMs, respectively. The difference of hot-side Peltier heat among different TEMs is greater 

than that of cold-side Peltier heat because the hot-side temperature of different TEMs is not uniform 

while the cold-side temperature is almost the same. Fig. 15(f) shows the Joule heat of thermoelectric 

legs for different TEMs. Here, the four TEMs are connected in series, and their internal resistances are 

almost the same. Therefore, there is no difference between Joule heat curves of different TEMs. 

4. Conclusions 

In this paper, a hybrid transient CFD-thermoelectric numerical model is proposed, which considers 

the transient input of the heat source, temperature dependence, impedance matching, and heat loss. 

The model is used to predict the transient performance of the automobile TEG system under the actual 

driving conditions. Firstly, a heavy truck is set to run under HWFET driving conditions, and the 

obtained transient exhaust temperature and mass flow rate are used as the transient heat source input 

of the model. Then, the hybrid transient CFD-thermoelectric numerical model of the automobile TEG 

system is solved by using the finite element simulation of COMSOL. The dynamic output performance 

of the automobile TEG system, such as dynamic output power and conversion efficiency, is obtained. 

Finally, a transient test is carried out on the designed test bench to verify the accuracy of the hybrid 

transient CFD-thermoelectric numerical model. Based on the numerical results, the following 

conclusions are obtained: 

(1) The hybrid transient CFD-thermoelectric numerical model can accurately predict the physical 

field distribution characteristics of the automobile TEG system under any transient exhaust heat source 

input, which provides a new tool to evaluate the dynamic performance of automobile TEG systems. 

The average deviation of transient output voltage between the model and experimental results is 6.43%, 

which is within the acceptable range. 

(2) Under a complete HWFET driving cycle, the output power of the automobile TEG system 

changes more smoothly than that of exhaust temperature due to the thermal inertia during the heat 

transfer process from the exhaust gas to TEMs. For the complete geometry of the automobile TEG 

system, the maximum output power of 45.16 W is achieved, and the total energy generation is 26460 

J within the period of 765 s, which is 8.96% lower than that expected in the steady-state performance 

analysis. 

(3) Different from the output power, the conversion efficiency of the automobile TEG system 

fluctuates greatly because it is inversely proportional to the exhaust mass flow rate. The ultra-high 

transient conversion efficiency of 39.68% is achieved at t = 635 s and the average conversion efficiency 
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is 3.29% within the period of 765 s, which is significantly higher than the average conversion 

efficiency of 1.66% observed from steady-state performance analysis. 

(4) The dynamic conversion efficiency of the TEM is quite different from that of the automobile 

TEG system because the TEM does not extract heat directly from the exhaust gas. The output 

performance of the TEM decreases with the downward flow of exhaust gas, except for the TEM in the 

last row. Besides, the topological relationship among TEMs plays a negative role in the overall output 

performance of the automobile TEG system, especially when the automobile system contains a great 

number of TEMs.  

(5) In future works, the hybrid transient CFD-thermoelectric numerical model will be further 

improved by returning the output of the thermal-electric numerical model to the CFD model until 

convergence is reached for each step. Also, the influence of the neglected heat on the model accuracy 

will be further studied. 
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