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A B S T R A C T   

Different types of vehicles often run in different driving cycles, resulting in different dynamic behaviours of the 
automobile thermoelectric generator. The dynamic performance of a simplified automobile thermoelectric 
generator under different driving cycles, including HWFET, NEDC, WLTP, and CLTC, is evaluated to guide the 
application of automobile thermoelectric waste heat recovery by a hybrid transient CFD-TE model. The model is 
experimentally validated with an average output error of 10.92%, mainly caused by the instrument error. The 
findings indicate that the response of the dynamic output power of the automobile thermoelectric generator 
exhibits smoother fluctuations compared to the exhaust temperature, and also displays hysteresis in its response, 
while the dynamic conversion efficiency experiences sharp fluctuations. The behaviour of the automobile 
thermoelectric generator in dynamic situations is not entirely proportional to the vehicle speed but is instead 
dependent on changes in vehicle speed, more specifically, the change of exhaust heat. By comparing the steady 
and dynamic results, it is found that the steady-state model overestimates the output power but may underes-
timate the conversion efficiency. The automobile thermoelectric generator is more suitable for vehicles with 
frequent speed changes, such as passenger cars on urban and suburban roads, to enhance the dynamic output 
performance.   

1. Introduction 

Automobile exhaust heat recovery is one of the main applications of 
thermoelectric power generation technology. The automobile thermo-
electric generator (ATEG) can convert exhaust heat into electricity and is 
typically positioned between the muffler and catalytic converter in a 
vehicle exhaust system [1]. The application prospect and feasibility of 
thermoelectric power generation in automobiles have been confirmed in 
previous studies through experimental tests [2,3] or theoretical analysis 
[4–6]. The exhaust heat is collected by a heat exchanger and then 
transferred to thermoelectric modules (TEMs), and a cooling device is 
applied to the cold side of TEMs to provide a cooling source. Driven by 
the temperature difference, the carriers in thermoelectric 

semiconductors move from the hot side to the cold side, thus generating 
electricity [7,8]. The power generation of the ATEG is contingent on the 
heat absorbed by the exhaust heat. The more heat the exhaust gas 
contains, the higher power the ATEG generates. In general, the vehicle is 
running under transient driving cycles, resulting in instantaneous 
changes in exhaust temperature and mass flow. Accordingly, the output 
power of the ATEG varies constantly with the fluctuation of exhaust 
heat. 

Due to the complex dynamic characteristics of the ATEG, a great 
number of studies [9,10] have focused on the steady-state performance 
investigations of ATEGs. On the one hand, the exhaust gas under steady- 
state engine working conditions was often used as the heat source of the 
ATEG to study its energy recovery potential [11,12]. Bai et al. [13] 
investigated the performance of an ATEG with 72 TEMs through steady- 
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state computational fluid dynamics (CFD) simulations. They reported 
that the output power of the ATEG can reach 323.42 W under the con-
stant engine speed of 3000 r/min. To achieve a breakthrough of over 
1000 W output power, Zhang [14] designed an ATEG with 400 TEMs 
and verified its performance through a steady-state engine test; The 
experimental results indicated that the ATEG could provide 1002.6 W 
electricity for an automobile diesel engine. On the other hand, to predict 
the overall performance of the ATEG under actual driving cycles, re-
searchers [15,16] often took the average exhaust data under a complete 
driving cycle as boundary conditions to carry out performance analysis. 
Taking the average exhaust temperature and mass flow of the Federal 
Test Procedure (FTP-75) driving cycle as boundary conditions, Wang 
et al. [17] studied the influence of different parameters on the perfor-
mance of the ATEG by using the proposed steady-state mathematical 
model. Similarly, taking the average exhaust data of the FTP driving 
cycle as boundary conditions of the CFD model, Nithyanandam and 
Mahajan [18] investigated the feasibility of using metal foam in the 
ATEG and declared that the metal foam could enhance the output per-
formance. Automotive thermoelectric power generation has been 
proven to be a promising engine waste heat recovery technology. 

Despite this, the steady-state performance analysis fails to uncover 
the ATEG’s dynamic behaviour during transient driving cycles. The 
comparison between the steady-state performance and dynamic per-
formance of the ATEG during the Economic Commission for Europe 
(ECE) driving cycles was conducted in Ref. [19], revealing that the 
steady-state analysis predicted an output 12.6% higher than the tran-
sient analysis. Therefore, it is more reasonable to study the dynamic 
behaviour of the ATEG. Crane et al. [20] integrated an ATEG into the 
exhaust system of a BMW six-cylinder engine and tested its performance 
under US06 drive cycles; The experimental results indicated that a 
maximum instantaneous power of over 500 W is reached. Similarly, 
Massaguer et al. [21] tested the energy recovery performance of an 
ATEG under the Worldwide harmonized Light vehicles Test Procedure 
(WLTP) and obtained that the energy generated by the ATEG in a 
complete driving cycle is 22.5 W•h. Risseh et al. [22] designed an ATEG 
for a heavy truck and tested its onboard performance under Long 
haulage driving cycles (LHC). The maximum instantaneous power 

output of the ATEG was determined to be around 1 kW based on the 
experimental results. It can be observed that there are a couple of 
experimental studies on the dynamic behaviour of the ATEG under 
driving cycles. However, the driving cycle used in different studies is 
various, and there is no comprehensive investigation and comparison of 
the dynamic behaviour of the ATEG under different driving cycles. 

In the previous study [19], it was concluded that the ATEG exhibits 
response hysteresis in its dynamic output with changes in exhaust pa-
rameters, while short-term and minor fluctuations in exhaust gas have a 
negligible effect on its output performance. The dynamic behaviour of 
the ATEG varies greatly due to the substantial differences in the 
changing trends of exhaust mass flow rate and temperature across 
different driving cycles. The energy generated by the same ATEG under 
different driving cycles is various. It is crucial to explore the optimal 
driving cycle for guiding the application of the ATEG because different 
types of vehicles are usually driven in different driving cycles. For 
example, transport vehicles often run in highway driving conditions, 
while passenger cars often run in urban driving conditions. If the ATEG 
can generate higher energy gains under highway driving conditions, it is 
more suitable to be installed on transport vehicles. Due to the lack of 
reasonable transient models, researchers [23,24] mainly used experi-
mental methods to study the dynamic behaviour of the ATEG. However, 
it is demanding and costly to carry out on-vehicle dynamic performance 
tests because the ATEG needs to be integrated into the vehicle, and the 
vehicle needs to be controlled to run accurately in specific driving cy-
cles. The theoretical performance analysis for the dynamic behaviour of 
the ATEG is more feasible and profitable. Consequently, the hybrid 
transient CFD-thermal-electric (CFD-TE) numerical model first reported 
in the previous study [25] is used to predict the dynamic behaviour of 
the ATEG under different driving cycles. Compared with experimental 
methods, the given model can save execution time and cost. Compared 
with the reported transient analytical model [24], the given model 
considers dynamic characteristics and has higher accuracy. 

In this work, a passenger car is set to run in four different driving 
cycles, including the New European Driving Cycle (NEDC), Highway 
Fuel Economy Test (HWFET), WLTP, and China Light-duty vehicle Test 
Cycle (CLTC). By using the transient exhaust mass flow rate and exhaust 

Nomenclature 

Symbols 
c specific heat capacity, J⋅kg− 1⋅K− 1 

E→ electric field density vector, V⋅m− 2 

h heat transfer coefficient, W⋅m− 2⋅K− 1 

J→ current density vector, A⋅m− 2 

k turbulent kinetic energy, m2⋅s− 2 

ṁ mass flow rate, g⋅s− 1 

p pressure, Pa 
P output power, W 
Q heat, W 
R electrical resistance, Ω 
t time, s 
T temperature, K 
U output voltage, V 
v→ Velocity, m⋅s− 1 

Greek symbols 
ρ density, kg⋅m− 3 

μ dynamic viscosity, Pa⋅s 
λ thermal conductivity, W⋅m− 1⋅K− 1 

α Seebeck coefficient, μV⋅K− 1 

σ electrical conductivity, S⋅m− 1 

σ-1 electrical resistivity, Ω⋅m 

ε turbulent dissipation rate, m2⋅s− 3 

η conversion efficiency 

Subscripts 
c cold side of the thermoelectric module 
ce ceramic materials 
co copper materials 
ex exhaust gas 
exo outlet surface of the exhaust channel 
ext external environment 
h hot side of the thermoelectric module 
L load resistance 
n n-type thermoelectric materials 
p p-type thermoelectric materials 

Abbreviations 
ATEG Automobile thermoelectric generator 
CFD Computational fluid dynamics 
CLTC China Light-duty vehicle Test Cycle 
HWFET Highway Fuel Economy Test 
NEDC New European Driving Cycle 
TE Thermal-electric 
TEM Thermoelectric module 
WLTP Worldwide harmonized Light vehicles Test Procedure  
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temperature extracted from the exhaust gas as boundary conditions, a 
hybrid transient CFD-TE numerical model is employed to predict the 
dynamic behaviour of a simplified ATEG under various working con-
ditions and to conduct a comprehensive analysis and comparison of the 
ATEG’s dynamic performance across different driving cycles. Finally, 
some novel findings are highlighted, and some suggestions for the use of 
ATEG are disclosed. The findings presented in this paper aid in 
improving the understanding of the dynamic behaviour of the ATEG, 
and provide valuable guidance for its application. 

2. Schematic of the automobile thermoelectric generator 

To investigate the dynamic behaviour of the automobile thermo-
electric generator (ATEG) under different driving cycles, a simplified 
ATEG is used as the research object, as shown in Fig. 1. The ATEG is 
comprised of a finned heat exchanger, a thermoelectric module (TEM), 
and a water-based cooling device. Here, only one TEM is included in the 
ATEG to reduce the workload and save computing resources and time. 
The simplified ATEG with only one TEM has the same dynamic behav-
iour as the ATEG with multiple TEMs. The aluminum heat exchanger is 
outfitted with a pair of steel connectors to allow for the ingress and 
egress of the exhaust gas. The cooling water flows through the aluminum 
cooling device to effectively remove the heat from the TEM. Electricity is 
produced by the TEM via the Seebeck effect, driven by the temperature 
difference. A Bi2Te3-based commercial TEM, manufactured by P&N 
Technology (Xiamen) Co., Ltd., is selected for the performance investi-
gation. The used TEM includes 128 pairs of p-type and n-type thermo-
electric legs (1.4 × 1.4 × 1 mm3), 256 copper conducting strips (1.4 ×
3.8 × 0.35 mm3), and two Al2O3 ceramic plates (40 × 44 or 40 × 0.8 
mm3). Also, a load resistance (35.5 × 0.5 × 0.5 mm3) is connected to the 
TEM to form a closed circuit. Detailed material properties of the ATEG 
are tabulated in Table 1, where the equivalent thermoelectric properties 
are determined using the experimental method outlined in Ref. [26]. 
The load resistance of 4 Ω is derived from the power optimization results 
in Ref. [27]. 

3. Model development and driving cycles 

3.1. The hybrid transient CFD-TE model 

The thermal-electric numerical model [28] is a common tool for 
assessing the output performance of thermoelectric generators, whereas 
the computational fluid dynamics (CFD) numerical model [29] is 
frequently employed to forecast the thermal distribution of thermo-
electric systems. Most of the previous studies also follow this route. 
Since the ATEG consists of both the thermal-electric conversion of the 
TEM and the fluid flow of the exhaust gas and cooling water, a steady- 
state hybrid CFD-thermal-electric (CFD-TE) numerical model has been 
developed in recent research [30] to forecast the output performance of 
the ATEG by merging the thermal-electric numerical model with the 
CFD model. Due to the varying exhaust temperature and mass flow rate 
under different vehicle driving conditions, a steady-state model is not 
sufficient for predicting the dynamic behaviour of the ATEG when 
installed in the vehicle exhaust system. Therefore, a hybrid transient 
CFD-TE numerical model for the given ATEG has been established in the 
current study, in which the transient hot- and cold-side surface tem-
peratures of the TEM, obtained from the transient CFD numerical model, 
are utilized as the transient boundary conditions of the transient 
thermal-electric numerical model. This model offers a significant 
reduction in computational time compared to the transient fluid- 
thermal-electric multiphysics numerical model discussed in Ref. [19]. 
In addition, according to the preliminary numerical calculation, it was 
found that the fluid-thermal-electric multiphysics numerical model 
suffers from the convergence problem, especially for the long-period 
driving cycle. Consequently, it is more feasible to use the hybrid tran-
sient CFD-TE numerical model to predict the dynamic behaviour of the 
ATEG under different driving cycles. 

The hybrid transient CFD-TE numerical model is based on the 
following assumptions: i) Heat radiation is disregarded due to its 
negligible impact; ii) Isotropic thermoelectric materials are considered; 
iii) The material properties of dry air and water are assumed to represent 
the material properties of exhaust gas and coolant, respectively; iv) 

Fig. 1. Geometry of the automobile thermoelectric generator.  
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Contact thermal resistance on both sides of the TEM is neglected due to 
its tiny influences [31]. Fig. 2 shows the schematic diagram of the hybrid 
transient CFD-TE numerical model. Mass, momentum, and energy con-
servations are expressed by Eqs (1)-(3) in the transient CFD numerical 
model. Eqs (4)-(5) are the transport equations of the standard k - ε 
turbulence model. The fluid flow and heat transfer in fluid zones can be 

characterized by Eqs (1)-(5) [32]. The transient energy balance equation 
can characterize the heat transfer in solid zones, as expressed in Eq. (6). 
Combined with reasonable boundary conditions, the governing equa-
tions (Eqs (1)-(6)) [32] of the transient CFD model can be solved by 
numerical methods. 

The transient CFD results of the ATEG provide the transient hot- and 

Table 1 
Material properties of the ATEG.  

Name Parameter Value Unit 

Aluminum heat exchanger and cooling device Thermal conductivity 217.7 W⋅m− 1⋅K− 1 

Specific heat capacity 871 J⋅kg− 1⋅K− 1 

Density 2719 kg⋅m− 3 

Steel connectors Thermal conductivity 17 W⋅m− 1⋅K− 1 

Specific heat capacity 502.48 J⋅kg− 1⋅K− 1 

Density 8030 kg⋅m− 3 

Al2O3 ceramic plates Thermal conductivity 22 W⋅m− 1⋅K− 1 

Specific heat capacity 850 J⋅kg− 1⋅K− 1 

Density 3600 kg⋅m− 3 

Copper conducting strips Thermal conductivity 165.64 W⋅m− 1⋅K− 1 

Specific heat capacity 381 J⋅kg− 1⋅K− 1 

Density 8978 kg⋅m− 3 

Electrical resistivity 1.75 × 10-3 10-5 Ω⋅m 
Thermoelectric legs p-type Seebeck coefficient − 1.80268 × 10− 7T4 + 3.23632 × 10− 4T3

− 0.21537T2 + 62.97444T − 6616.56781 
μV⋅K− 1 

n-type Seebeck coefficient 1.80268 × 10− 7T4 − 3.23632 × 10− 4T3

+0.21537T2 − 62.97444T + 6616.56781 
μV⋅K− 1 

Thermal conductivity − 3.0595 × 10− 9T4 + 4.5678 × 10− 6T3

− 2.5162 × 10− 3T2 + 0.6107T − 53.9863 
W⋅m− 1⋅K− 1 

Electrical resistivity − 3.088 × 10− 9T4 + 4.5653 × 10− 6T3

− 2.5854 × 10− 3T2 + 0.6558T − 60.588 
10-5 Ω⋅m 

Specific heat capacity 188 J⋅kg− 1⋅K− 1 

Density 6600 kg⋅m− 3 

Load resistance Electrical resistance 4 Ω 
Thermal conductivity 400 W⋅m− 1⋅K− 1 

Specific heat capacity 381 J⋅kg− 1⋅K− 1 

Density 8978 kg⋅m− 3  

Fig. 2. Schematic diagram of the hybrid transient CFD-TE numerical model.  
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cold-side surface temperatures at both ends of the TEM, which are uti-
lized as the transient boundary conditions of the transient thermal- 
electric numerical model to calculate the output performance of the 
TEM. Here, the transient thermal-electric numerical model includes the 
governing equations of the thermal and electric fields. Eqs (7) to (10) 
represent the transient energy conservation of thermoelectric legs, 
copper conducting strips, load resistance, and ceramic plates, respec-
tively. In Eq. (7), the four terms from left to right represent the internal 
energy, Fourier heat, Joule heat, and Thomson heat in thermoelectric 
legs (or Peltier heat on the interfaces), respectively. The last term in Eq. 
(7) is absent in the transient energy conservation of copper conducting 
strips (Eq. (8)) and load resistance (Eq. (9)), due to the absence of the 
Seebeck effect. Also, ceramic plates are used for heat conduction and 
electric insulation. Therefore, only the internal energy and Fourier heat 
are included in the energy conservation equation, as expressed in Eq. 
(10). As for governing equations of the electric field, Eq. (11) gives the 
conservation of electrical potential, Eq. (12) gives the relationship be-
tween current density and electric field density, and Eq. (13) represents 
the continuity of current. More details about the variables can be found 
in Ref. [19]. 

3.2. Driving cycles 

Considering the small cross-sectional area of the exhaust channel, the 
ATEG is adopted to recycle the exhaust heat of a passenger car. To obtain 
accurate exhaust data under different driving cycles, the vehicle type 
named VEH_SMCAR was selected as the application target in ADVISOR 
[33]. Other vehicle parameters that match this vehicle type were 
determined accordingly, as listed in Table 2. The passenger car was set 
to operate under four different driving cycles, including Highway Fuel 
Economy Test (HWFET), New European Driving Cycle (NEDC), World-
wide harmonized Light vehicles Test Procedure (WLTP), and China 
Light-duty vehicle Test Cycle (CLTC). HWFET is a high-speed driving 
cycle, which can stand for the vehicle’s running condition on highway 
roads. NEDC is a driving cycle proposed by the European Union in 2000, 
which is world-widely used to evaluate the fuel economy of the vehicle 
on urban and suburban roads. WLTP is a more reasonable driving cycle 
to test the vehicle fuel economy released in 2014. In recent years, NEDC 
has been replaced by WLTP in many countries. CLTC is a driving cycle 
proposed by China to adapt to the driving conditions in China, which 
acts almost the same as WLTP. The periods of HWFET, NEDC, WLTP, and 
CLTC are 765 s, 1180 s, 1800 s, and 1800 s, respectively. 

The corresponding exhaust mass flow rate and temperature along 
with the vehicle speed under different driving cycles are illustrated in 
Fig. 3. In general, the ATEG is installed between the muffler and the 
three-way catalytic converter of the vehicle exhaust system [34]. 
Therefore, when the vehicle reaches equilibrium, the exhaust tempera-
ture and exhaust mass flow rate are extracted from the corresponding 
exhaust data. It can be seen that the variation in vehicle speed will cause 
a change in exhaust mass flow rate and temperature. For example, the 
engine needs to burn more fossil fuels to produce more power to achieve 
the vehicle’s acceleration, thus resulting in a higher exhaust mass flow 
rate and temperature, and vice versa. Compared with the severe fluc-
tuation of exhaust mass flow rate, the change of exhaust temperature is 
more stable because the change of temperature is continuous and 

affected by thermal inertia. Also, the momentary fluctuation of the 
exhaust mass flow rate has a negligible impact on the exhaust temper-
ature. The average vehicle speed, exhaust temperature, and exhaust 
mass flow rate under HWFET, NEDC, WLTP, and CLTC driving cycles are 
tabulated in Table 3. Through comparison, it is found that the exhaust 
temperature and mass flow rate fall within the reasonable range of 
experimental results in Ref. [5]. The average exhaust temperature under 
NEDC, WLTP, and CLTC is higher than that under HWFET, whereas the 
average exhaust mass flow rate under HWFET is the highest. It seems 
that the exhaust mass flow rate and temperature are not directly related 
to the vehicle speed. Even though the vehicle speed under HWFET is the 
highest, the output performance of the ATEG under HWFET may be 
lower than that under other driving cycles. More importantly, the 
instantaneous fluctuation of exhaust gas is quite different under 
different driving cycles, and the average values of exhaust mass flow rate 
and temperature can not directly reflect the output performance of the 
ATEG. It is crucial to study the dynamic behaviour of the ATEG under 
different driving cycles. 

3.3. Boundary conditions and parameter definitions 

As mentioned above, the hybrid transient CFD-TE numerical model 
comprises two submodels: the transient CFD numerical model and the 
transient TE numerical model. The boundary conditions of the transient 
CFD numerical model include the fluid region’s inlet and outlet 
boundary conditions and the solid region’s heat loss boundary condi-
tions. The transient inlet boundary conditions of exhaust mass flow rate 
and temperature are defined on the inlet surface of the exhaust channel, 
and the steady inlet boundary conditions of water temperature and ve-
locity are defined on the inlet surface of the water channel. For the outlet 
surfaces of the exhaust and the water channels, a pressure outlet 
boundary condition is adopted. In addition, the heat loss occurs on the 
surfaces of the ATEG exposed to the environment and is defined as 
follows: 

− λ
∂T
∂n

= hext(T − Text) (14)  

where hext = 15 W⋅m− 2⋅K− 1 and Text = 300 K [35] are respectively the 
external heat transfer coefficient and the external temperature. 

Temperature and electric boundary conditions comprise the 
boundary conditions of the transient TE numerical model. Transient hot- 
and cold-side surface temperatures obtained from the CFD results serve 
as transient temperature boundary conditions. At the contact surface 
between the TEM and load resistance, close to the p-type leg, a grounded 
boundary condition is enforced. Comprehensive boundary conditions 
and values for the hybrid transient CFD-TE numerical model are listed in 
Table 4. 

By numerical methods, the transient numerical results of the ATEG 
can be obtained based on the governing equations and boundary con-
ditions of the hybrid transient CFD-TE numerical model. In this work, 
the numerical calculation of the ATEG is performed using the finite 
element method on the platform COMSOL [36]. The transient surface 
temperature and output voltage can be extracted from the obtained 
numerical results. Then, the transient output power of the ATEG is 
defined as [37]: 

P(t) =
U2

L(t)
RL

(15)  

where UL(t) is the transient output voltage of the ATEG. 
The heat-to-electricity energy conversion efficiency is also a key 

index to estimate the behaviour of the ATEG, which can be estimated by 
[37]: 

η(t) = P(t)
Qh(t)

=
P(t)

cexṁex(t)[Tex(t) − Texo(t) ]
(16) 

Table 2 
Parameters of the selected passenger car in ADVISOR.  

Parameter Value unit 

Vehicle type VEH_SMCAR – 
Engine type FC_SI102_emis – 
Engine displacement 3 L 
Number of cylinders 6 – 
Cargo 200 kg 
Total mass 1258 kg 
Driving cycles HWFET, NEDC, WLTP, CLTC –  
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where, cex is the specific heat capacity of the exhaust gas, and Texo(t) is 
the transient exhaust outlet temperature on the outlet surface of the 
exhaust channel. 

3.4. Grid analysis 

During the finite element simulation, the grid parameters play an 
important role in the accuracy of the model. The higher the grid quality, 
the higher the accuracy of model results. The grid of the ATEG is created 
by the specified physical fields to provide sufficient model accuracy. On 
the edge of fluid regions, for instance, the boundary layer grid with five 
layers is formed, and the grid at the corners is refined. Besides, the 
smaller the grid size is, the more accurate the model results are, but it 
requires more computing resources and time, and vice versa. To select a 
reasonable grid size, four grid strategies, i.e., 195,023 for the coarse 
grid, 454,702 for the normal grid, 1,505,248 for the fine grid, and 
5,645,539 for the finer grid, are used for grid analysis. The initial nu-
merical results show that the fine grid can not only maintain relatively 

Fig. 3. Transient exhaust mass flow rate and temperature under different driving cycles. (a) HWFET; (b) NEDC; (C) WLTP; (d) CLTC.  

Table 3 
Average vehicle speed, exhaust temperature and flow rates under different drive 
cycles.  

Driving cycles Vehicle speed 
(km/h) 

Exhaust temperature 
(K) 

Exhaust mass flow rate 
(g/s) 

HWFET  77.67  543.09  15.84 
NEDC  33.24  557.03  10.25 
WLTP  46.54  558.81  13.72 
CLTC  28.97  558.97  9.92  

Table 4 
Boundary conditions of the hybrid transient CFD-TE numerical model.  

Submodel 
name 

Boundary type Position Value Unit 

transient CFD 
numerical 
model 

exhaust 
temperature 
inlet 

inlet surface of the 
exhaust channel 

Tex(t) in  
Fig. 3 

K 

exhaust mass 
flow inlet 

inlet surface of the 
exhaust channel 

ṁex(t) in  
Fig. 3 

g/s 

water 
temperature 
inlet 

inlet surface of the 
water channel 

300 K 

water velocity 
inlet 

inlet surface of the 
water channel 

1 m/s 

pressure outlet outlet surfaces of the 
exhaust and water 
channels 

101.325 kPa 

heat loss surfaces of the ATEG 
exposed to the 
environment 

Eq. (14) – 

transient TE 
numerical 
model 

hot-side 
temperature 

hot-side surface of the 
TEM 

Th(t) from 
CFD 
results 

K 

cold-side 
temperature 

cold-side surface of the 
TEM 

Tc(t) from 
CFD 
results 

K 

grounded 
boundary 

contact surface 
between the TEM and 
load resistor near the p- 
type leg 

0 V  
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high accuracy but also require less computing resources and time. 
Consequently, the fine grid with 1,505,248 grids is used for the 
following simulations. 

4. Model validation 

To verify the hybrid transient CFD-TE numerical model experimen-
tally, a transient performance test bench of the ATEG was designed, as 
shown in Fig. 4. An air heater was used to generate high-temperature air 
for the ATEG. The transient heat source was generated by adjusting the 
temperature and flow knobs on the air heater. A temperature sensor was 
implemented at the inlet of the ATEG to measure the intake tempera-
ture, and a temperature data logger recorded the transient temperature 
data. Besides, a velocity sensor was placed behind the ATEG to measure 
the intake velocity, and a velocity data logger recorded the corre-
sponding velocity data. Nevertheless, the operating temperature of the 
velocity sensor can not surpass 50 ℃. To protect the sensor, an air cooler 
was employed between the ATEG and the velocity sensor, powered by a 
DC power supply. For the cold side of the ATEG, tap water flowed 
through the cooling device to provide a cooling source, and its mass flow 
rate and temperature were 21.19 g/s and 284.85 K, respectively. Driven 
by the temperature difference, the TEM generated electricity and was 
connected with an electronic load (the load resistance was fixed at 4 Ω) 
to form a closed loop. The transient output voltage was captured using a 
voltage data recorder that was connected to the electronic load. Detailed 
apparatus information can be found in Table 5. 

The transient output voltage of the ATEG obtained by this model is 
compared with experimental results, as well as the transient output 
voltage predicted by the transient fluid-thermal-electric numerical 
model [19], as shown in Fig. 5. As mentioned in Section 3.1, the tran-
sient fluid-thermal-electric multiphysics numerical model proposed in 
[19] suffers from the convergence problem, especially for the long- 
period driving cycle, even though it features high accuracy. Here, the 
transient output voltage of this model is compared with that of the 
previous model to figure out the difference between them. The measured 
air temperature and velocity in Fig. 5 are adopted as the boundary 
conditions of the hybrid transient CFD-TE numerical model and the 
transient fluid-thermal-electric multiphysics numerical model. It can be 
obtained that the output of the ATEG predicted by the hybrid transient 
CFD-TE numerical model is slightly higher than that predicted by the 
transient fluid-thermal-electric multiphysics numerical model. The 
fluctuation of experimental voltage is more obvious than model results, 
and the average voltage errors of the hybrid transient CFD-TE numerical 
model and the transient fluid-thermal-electric multiphysics numerical 

model are 10.92% and 9.24%, respectively. One of the reasons is the 
instrument error. Another reason is that the thermal inertia during the 
test can not be considered in the numerical calculation. Due to thermal 
inertia, the temperature sensor cannot react instantly when the ambient 
temperature changes, and the boundary temperature input of the models 
uses the measured temperature of the temperature sensor. The hybrid 
transient CFD-TE numerical model is capable of predicting the dynamic 
behaviour of the ATEG with an acceptable error for transient experi-
ments. Compared with the transient fluid-thermal-electric multiphysics 
numerical model, this model can save computing time and resources, 
and the numerical calculation is easier to converge, only sacrificing less 
than 2% accuracy. 

5. Results and discussion 

5.1. Contours of the ATEG obtained by the hybrid transient CFD-TE 
numerical model 

Fig. 6 shows the temperature distributions of the ATEG at different 
time points under different driving cycles. The temperature of the heat 
exchanger drops as the exhaust gas descends. Also, the heat exchanger 
temperature is much greater at t = 500 s than it is at t = 700 s due to 
thermal inertia, as can be shown in Fig. 6(a), despite the exhaust tem-
perature and mass flow rate being lower at t = 500 s than those at t =
700 s. According to Fig. 3(a), when t = 500 s, the exhaust temperature is 
in a state of decreasing, whereas it is the opposite for t = 700 s. However, 
due to the effect of thermal inertia, the temperature of the heat 
exchanger will not respond immediately and will remain in the previous 
state for a very short time. A similar phenomenon can be found in Fig. 6 
(b) (between t = 250 s and t = 500 s) and Fig. 6(d) (between t = 400 s 
and t = 800 s). Under different driving cycles, there is a time that the 
exhaust mass flow rate is the same (ṁex = 6.55 g/s), such as t = 100 s 

Fig. 4. Transient performance test rig of the ATEG.  

Table 5 
Apparatus information of the transient performance test bench.  

Name Type Manufacture Key parameters 

air heater F1-R1055 FTV, China maximum power: 5 kW 
temperature sensor K-type Huarun, China – 
temperature data logger RDXL4SD OMEGA, US accuracy: ± 0.4% 
DC power supply UTP1305 UNI-T, China – 
electronic load IT8500+ ITECH, China accuracy: ± 0.025% 
voltage data logger KSF Keshun, China accuracy: ± 0.2% 
velocity sensor HHF-SD1 OMEGA, US – 
velocity data logger HHF-SD1 OMEGA, US accuracy: ± 5%  
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under HWFET, t = 500 s and 750 s under NEDC, t = 800 s under WLTP, 
and t = 800 s under CLTC; even though the exhaust temperature is 
almost the same as that under HWFET and NEDC and lower than that 
under CLTC, the heat exchanger temperature under WLTP is the largest 
due to the thermal inertia. In general, it seems that the ATEG under 
WLTP enables the best thermal performance. However, the temperature 
distribution under several time points can not reflect the dynamic 
behaviour of the ATEG under a whole driving cycle. The global dynamic 
performance analysis of the ATEG under different driving cycles is 
performed in the following sections. 

Fig. 7 shows the temperature distributions of the TEM at different 
time points under different driving cycles. Unlike the temperature dis-
tribution of the ATEG in Fig. 6, the TEM temperature distribution is 

directly related to the output performance of the ATEG. The temperature 
change of the hot side of the TEM is consistent with that of the heat 
exchanger in Fig. 6. However, the cold-side temperature is almost the 
same regardless of the change of exhaust mass flow rate and temperature 
due to the good cooling performance of the water-based cooling device. 
Therefore, the higher the hot-side temperature is, the larger the output 
power will be. Also, the hot-side temperature at t = 1600 s under WLTP 
(Th = 467.07 K) is obviously higher than that at other time points, and 
the output performance will reach the maximum at this time point. The 
temperature of the load resistance is higher than that of other compo-
nents because the Joule heat characterizes the power generated by the 
TEM. 

The hybrid transient CFD-TE numerical model can predict the 

Fig. 5. Comparison of the transient output voltage of the ATEG between this model and experiments, as well as the previous model [19].  

Fig. 6. Temperature distributions of the ATEG at different time points under different driving cycles. (a) HWFET; (b) NEDC; (c) WLTP; (d) CLTC.  
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Fig. 7. Temperature distributions of the TEM at different time points under different driving cycles. (a) HWFET; (b) NEDC; (c) WLTP; (d) CLTC.  

Fig. 8. Voltage distributions of the TEM at different time points under different driving cycles. (a) HWFET; (b) NEDC; (c) WLTP; (d) CLTC.  
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detailed voltage distribution of the TEM at any time point, as shown in 
Fig. 8. The electric potential of thermoelectric legs increases continu-
ously from the terminal surface with the grounded boundary to the other 
terminal surface, and the electric potential difference of the load resis-
tance is regarded as the output voltage of the TEM. The output voltage of 
the TEM is proportional to the temperature difference between the two 
sides. Consequently, the voltage change under different time points is 
consistent with the temperature change in Fig. 7, for example, under 
WLTP, when t = 400 s, 800 s, 1200 s, and 1600 s, the output voltage of 
the TEM is 2.95 V, 3.28 V, 3.71 V, and 3.88 V, corresponding to the hot- 
side temperature of 425.93 K, 438.71 K, 457.26 K, and 467.07 K, 
respectively. However, it can be noted that, compared with the huge 
response hysteresis in the heat transfer process from the exhaust gas to 
the heat exchanger, the response hysteresis in the heat transfer and heat- 
to-electricity conversion processes from the hot side of the TEM to 
thermoelectric legs is tiny, and the output voltage is almost synchronous 
with the hot-side temperature. The thermal inertia from the exhaust gas 
to the heat exchanger dominates the thermal inertia of the whole ATEG 
and contributes to the response delay of the output performance to a 
large extent. On the contrary, the thermal inertia of the exhaust heat can 
be fully utilized to improve the output performance of the ATEG, that is, 
when the hot-side temperature does not decrease because of the thermal 
inertia, the heating of the exhaust gas for the ATEG can be stopped until 
the temperature begins to decrease significantly. However, the transient 
change of the exhaust heat is quite different under different driving 
cycles. It is crucial to study the dynamic behaviour of the ATEG under 
different driving cycles to explore the best driving cycle and guide the 
application of the ATEG. 

5.2. Dynamic hot-side temperature and output power of the ATEG under 
different driving cycles 

The TEM’s variation of the hot-side temperature can be extracted 
from the transient numerical results, as shown in Fig. 9. The hot-side 
temperature is proportional to the exhaust temperature and mass flow 
rate. From Fig. 9(a), the hot-side temperature shows a fluctuating in-
crease from t = 0 s to t = 260 s, although the exhaust temperature only 
increases from t = 0 s to t = 70 s. The reason for the difference between 
the exhaust temperature and the hot-side temperature is that the heat 
exchanger is in the process of being continuously heated by the exhaust 
gas, and the exhaust mass flow rate shows a fluctuating increase. The 
temperature fluctuation is caused by the variation in the exhaust mass 
flow rate. Combined with the significant decrease of temperature from t 
= 260 s to t = 300 s, it can be noticed that the long-term decrease of the 
exhaust mass flow rate has a significant impact on the temperature, but 
the effect of the short-term fluctuation of the exhaust mass flow rate is 
tiny. Also, the time delay can be observed from the curve of the hot-side 
temperature, which can be explained by the thermal inertia in the heat 
transfer from the exhaust gas to the TEM. According to Fig. 9(b), the hot- 
side temperature curve is smoother than the exhaust temperature since 
there is a thermal buffering process in the transient heat transfer process. 
According to Fig. 9(c) and (d), the hot-side temperature remains a small 
change for a long time from t = 450 s to t = 600 s under WLTP and from t 
= 0 s to t = 700 s under CLTC, however, the exhaust temperature 
changes dramatically. The reason is that the exhaust mass flow rate does 
not fluctuate chronically and remains unchanged for a long time during 
these periods. The average hot-side temperatures under HWFET, NEDC, 
WLTP, and CLTC are 438.29 K, 428.53 K, 438.89 K, and 428.53 K, 

Fig. 9. Variation of the hot-side temperature of the TEM under different driving cycles. (a) HWFET; (b) NEDC; (c) WLTP; (d) CLTC.  
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respectively. In theory, the average output power of the ATEG under 
HWFET will be close to that under WLTP, and larger than that under 
NEDC and CLTC (the output power under NEDC should also be close to 
that under CLTC), because the transient hot-side temperature is directly 
adopted as the boundary condition of the transient TE numerical model 
to calculate the dynamic output of the TEM. Details about the output 
performance of the ATEG predicted by the transient model are discussed 
in the following sections. 

Fig. 10 shows the variation of the output voltage and power of the 
ATEG under different driving cycles. The variation of output voltage and 
power is basically consistent with that of the hot-side temperature, but 
the change of output voltage and power is more stable, because the 
temperature input is smoothed by a continuous function in the internal 
solver of COMSOL, and the thermal inertia exists in the heat transfer 
from the hot-side of the TEM to thermoelectric legs. Also, the fluctuation 
of the output power curve is more obvious than that of the output 
voltage curve, because the output power is proportional to the square of 
the output voltage. The average output voltage of the ATEG under 
HWFET, NEDC, WLTP, and CLTC is 3.25 V, 3.03 V, 3.27 V, and 3.04 V, 
respectively, and the average output power of the ATEG is 2.65 W, 2.31 
W, 2.70 W, and 2.32 W, respectively. The average output voltage and 
power under different driving cycles show the same results as the 
average hot-side temperature. Accordingly, the output power of the 
ATEG is the highest under WLTP, followed by HWFET; Under NEDC and 
CLTC, the output power of the ATEG is the same and the lowest. 
Consequently, the output performance of the ATEG is not directly 
related to the vehicle speed, even though the average vehicle under 

HWFET (77.67 km/h) is apparently than that under WLTP (46.54 km/ 
h), the ATEG under WLTP can produce higher output performance. 
Compared with transport vehicles, the ATEG may be more suitable for 
waste heat recovery of passenger cars because the passenger car usually 

Fig. 10. Variation of the output voltage and power of the ATEG under different driving cycles. (a) HWFET; (b) NEDC; (c) WLTP; (d) CLTC.  

Fig. 11. Comparison of the transient output power of the ATEG under different 
driving cycles. 
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operates under WLTP driving cycles, whereas the transport vehicle 
usually operates under HWFET driving cycles. 

Fig. 11 compares the transient output power of the ATEG under 
different driving cycles. The maximum output power of the ATEG under 
HWFET, NEDC, WLTP, and CLTC is 3.04 W, 3.68 W, 4.72 W, and 3.70 W, 
respectively. The output power of the ATEG is relatively high under the 
whole HWFET driving cycle, and the power fluctuation is not obvious as 
in other driving cycles because the vehicle is always running at high 
speed under HWFET. The driving cycles of NEDC, WLTP, and CLTC 
consist of four-speed zones: low speed, medium speed, high speed, and 
ultra-high speed. Under the same driving cycle, the higher the vehicle 
speed is, the greater the output power of the ATEG will be. Combined 
with Fig. 3, it can be found that the ATEG can reach higher output 
performance when the vehicle speed fluctuates between medium and 
ultra-high speeds, instead of keeping a high speed all the time. Although 
the overall vehicle speed is higher when the vehicle remains at high 
speed all the time, the output power of the ATEG will be lower than that 
when the vehicle speed fluctuates between medium and ultra-high 
speeds. In addition, in practical application, the output power of the 
ATEG changes constantly, and thus it is crucial to develop an efficient 
energy recovery circuit [38] to recover the generated power. 

5.3. Dynamic conversion efficiency of the ATEG under different driving 
cycles 

The conversion efficiency of the ATEG is also an important index to 
assess its output performance, which is given by Eq. (16). In previous 
studies [39,40], the conversion efficiency of the ATEG under steady- 

state working conditions is generally lower than 2%. Nevertheless, the 
dynamic conversion efficiency may reach a higher value because the 
steady-state performance analysis underestimates the conversion effi-
ciency of the ATEG [19]. Fig. 12 shows the variation in the heat ab-
sorption and conversion efficiency of the ATEG under different driving 
cycles. The change of heat absorption is almost the same as that of 
exhaust mass flow rate. The conversion efficiency curve can be viewed 
as the mirror of the curve of heat absorption because the conversion 
efficiency is inversely proportional to heat absorption. The maximum 
conversion efficiency of the ATEG under HWFET, NEDC, WLTP, and 
CLTC is 2.45%, 2.71%, 4.21%, and 2.72%, respectively. When the 
exhaust mass flow rate is reduced to a relatively low value, the heat 
absorption is also quite low. In contrast, the ATEG still generates elec-
tricity due to thermal inertia, resulting in ultra-high instantaneous 
conversion efficiency. However, the instantaneous conversion efficiency 
can not reflect the overall performance of the ATEG under the whole 
driving cycle. The average conversion efficiency of the ATEG under 
HWFET, NEDC, WLTP, and CLTC is 1.27%, 1.22%, 1.39%, and 1.23%, 
respectively. The ATEG under WLTP can produce the highest output 
power and the highest conversion efficiency. This is because the exhaust 
mass flow rate under WLTP frequently fluctuates between relatively 
high and low values, and the thermal inertia is fully utilized. 

Fig. 13 compares the transient conversion efficiency of the ATEG 
under different driving cycles. As can be observed, the conversion effi-
ciency under different driving cycles generally fluctuates around 1.2%. 
Combined with Figs. 3 and 12, the exhaust mass flow rate at idle speed is 
6.55 g/s, but it does not decrease to 0, resulting in low heat absorption 
and high conversion efficiency at this time. It seems that if the exhaust 

Fig. 12. Variation of the heat absorption and conversion efficiency of the ATEG under different driving cycles. (a) HWFET; (b) NEDC; (c) WLTP; (d) CLTC.  
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mass flow rate at idle speed is reduced, the conversion efficiency can be 
further increased, and the intermittent heating of exhaust gas can 
improve the transient conversion efficiency more effectively. However, 
the vehicle will inevitably produce exhaust gas at idle speed. Besides the 
exhaust waste heat recovery in automobiles, thermoelectric generators 
can also be used in decentralized domestic power supply [41] and data 
center [42]. In this case, intermittent heating can be adopted to enhance 
heat-to-electricity energy conversion efficiency. 

5.4. Comparison of average power and efficiency between transient and 
steady analysis 

To analyze the difference between steady and transient performance 
analysis, the average output power and conversion efficiency predicted 
by the transient model under different driving cycles are compared with 
the steady output power and conversion efficiency predicted by the 
steady-state model, as shown in Fig. 14. Here, the steady-state perfor-
mance of the ATEG is obtained by the hybrid steady-state CFD-TE nu-
merical model using the average exhaust mass flow rate and 

temperature as boundary conditions. Under all driving cycles, the 
steady-state model overestimates the output power. The steady power is 
about 5.35%, 9.90%, 9.06%, and 8.93%, higher than the average power 
under HWFET, NEDC, WLTP, and CLTC, respectively. The steady effi-
ciency is about 3.57%, 3.05%, and 2.28% higher than the average effi-
ciency under HWFET, NEDC, and CLTC, respectively. However, the 
situation for WLTP is quite different, wherein the steady efficiency is 
3.10% lower than the average efficiency, because the fluctuation of 
exhaust mass flow rate under WLTP is more frequent than that under 
other driving cycles. It can be concluded that the steady-state perfor-
mance analysis overestimates the output power of the ATEG under 
practical driving cycles but may underestimate the conversion effi-
ciency. In practical application, the frequent intermittent heating of 
exhaust gas can effectively improve the global conversion efficiency of 
the ATEG. 

6. Conclusions 

In practical application, the output performance of the ATEG 
constantly fluctuates due to the instantaneous change of vehicle speed, 
and the energy profit is different under different driving cycles. This 
article uses a hybrid transient CFD-TE numerical model to predict the 
dynamic behaviour of the ATEG under four commonly used driving 
cycles, including HWFET, NEDC, WLTP, and CLTC. Taking the dynamic 
output power and conversion efficiency of the ATEG as the objective, the 
dynamic behaviour under different driving cycles is compared. Besides, 
to highlight the superiority of the dynamic performance analysis, the 
average output power and conversion efficiency predicted by the tran-
sient model are compared with the steady output power and conversion 
efficiency predicted by the steady-state model. According to the research 
results of this article, some novel findings are obtained as follows:  

(1). The hybrid transient CFD-TE numerical model can be used to 
assess the dynamic behaviour of the ATEG under actual driving 
cycles and obtain the detailed temperature and voltage distribu-
tions of the ATEG at any time. Through transient experimental 
validation, the average error of output voltage between the 
experimental and model results is 10.92%, which is caused by the 

Fig. 13. Comparison of the transient conversion efficiency of the ATEG under different driving cycles.  

Fig. 14. Comparison of the overall output performance of the ATEG between 
steady and transient performance analysis. 
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instrument error and the underestimation of thermal inertia in 
the model. 

(2). The dynamic performance of the ATEG is not completely pro-
portional to the exhaust mass flow rate and temperature. Even 
though the exhaust heat is at a relatively low level, the dynamic 
output performance may be higher due to the thermal inertia in 
the heat transfer from the exhaust gas to the TEM. Compared with 
the transient fluctuation of exhaust temperature, the dynamic 
output power of the ATEG fluctuates more smoothly and features 
response hysteresis. However, the dynamic conversion efficiency 
of the ATEG fluctuates sharply, which can be regarded as the 
mirror curve of the exhaust mass flow rate.  

(3). Under HWFET, NEDC, WLTP, and CLTC driving cycles, the 
average output power of the ATEG is 2.65 W, 2.31 W, 2.70 W, and 
2.32 W, respectively, and the average conversion efficiency is 
1.27%, 1.22%, 1.39%, and 1.23%, respectively. The ATEG en-
ables the best dynamic performance under WLTP, followed by 
HWFET, CLTC, and NEDC. Even if the average vehicle speed is 
relatively high, the global output performance of the ATEG on 
highway roads may be lower than that on urban and suburban 
roads. The dynamic performance of the ATEG is not completely 
proportional to the vehicle speed but depends on the change of 
the vehicle speed, more specifically, the change of exhaust heat.  

(4). Compared with dynamic performance analysis, the steady-state 
model overestimates the output power of the ATEG by 5.35%, 
9.90%, 9.06%, and 8.93% under HWFET, NEDC, WLTP, and 
CLTC, respectively, and overestimates the conversion efficiency 
by 3.57%, 3.05%, and 2.28% under HWFET, NEDC, and CLTC, 
respectively, but underestimate the conversion efficiency by 
3.10% under WLTP. The ATEG may be more suitable to be 
applied in vehicles with frequent speed changes because the 
exhaust heat fluctuates frequently and makes full use of the 
thermal inertia. 
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