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The thermoelectric generator (TEG) plays a crucial role in converting the
waste energy of exhaust into electricity, which ensures energy saving and
increased fuel utilization efficiency. In the urban driving cycle, frequent
vehicle operation, like deceleration or acceleration, results in continuous
variation of the exhaust temperature. In order to make the operating perfor-
mance stable, and to weaken the adverse effects of the frequent variation of
the exhaust temperature on the lifetime and work efficiency of the electronic
components of TEG systems, the output voltage of the thermoelectric (TE)
module should stay more stable. This article provides an improved method for
the temperature stability of the TE material hot side based on sandwiching
material. From the view of the TEG system’s average output power and the
hot side temperature stability of the TE material, the analyzing factors,
including the fluctuation frequency of the exhaust temperature and the
physical properties and thickness of the sandwiching material are evaluated,
respectively, in the sine and new European driving cycle (NEDC) fluctuation
condition of the exhaust temperature. The results show few effects of sand-
wiching material thickness with excellent thermal conductivity on the average
output power. During the 150–170 s of the NEDC test condition, the minimum
hot side temperatures with a BeO ceramic thickness of 2 mm and 6 mm are,
respectively, 537.19 K and 685.70 K, which shows the obvious effect on the hot
side temperature stability of the BeO ceramic thickness in the process of
acceleration and deceleration of vehicle driving.
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INTRODUCTION

With the urgent demand for electricity, sustain-
able energy technologies are the focus in energy
utilization.1–3 Currently, the renewable energy
sources (solar, wind, and geothermal) account for a
small fraction of the electricity consumed, which has
not affected the relatively high costs of energy
utilization. Therefore, it is significant to find cost-
effective technologies for generating electricity from

waste heat.4 Although thermoelectric (TE) technolo-
gies are not likely to replace the conventional
Stirling or Rankine cycle steam engines in the near
future, thermoelectric generators (TEG) with low
cost can achieve the direct conversion of heat into
electricity, especially for waste heat recovery.5

Nowadays, researchers study the thermoelectric
technology for the achievement of high-energy
conversion efficiency and cost/efficiency balance.6–10

In general, only 30% of an engine’s fuel combustion
energy is converted into useful work, and nearly
40% of heat energy is wasted with the engine
exhaust gas.11 Low-grade waste heat recovery tech-
nology in vehicles mainly includes the Organic
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Rankine Cycle and TEG technology. Furthermore,
the maximum utilization of waste heat recovery is
essential.12–14

In hilly ground, when the vehicle works with a
stable speed and fixed gears, the exhaust tempera-
ture will fluctuate drastically on different road
slopes and the exhaust mass flow rate maintains a
stable value.15 The fluctuating conditions of the hot
side of the TE module will lead to instability and low
efficiency of the TEG system. The key to this
problem is to delay the temperature fluctuation of
the hot side. The asynchronous temperature char-
acteristic of the exhaust and the hot side of the TE
material can be decided by the physical properties of
the sandwiching material.

McCarty took an experimental setup composed of
a fixed heat source and a variable thermal resis-
tance air gap serving as a thermal switch to improve
the output power ratio through the TE device.16,17

Gou developed a novel TEG system with a thermal
switch to solve the temperature fluctuation problem
proposed by McCarty.18 However, the complexed
device with a variable air gap between the heat
source and TE materials is unsuitable when
installed in a vehicle exhaust pipe.

In order to investigate the temperature reduction
of TE material along the x position, the state–space
expression of the dynamic heat transfer model in
the transverse direction including the exhaust,
sandwiching material, thermoelectric material and
water are established through the energy conserva-
tion equation and the forward and backward differ-
ential methods. For explicitly studying the dynamic
heat transfer process in the longitudinal direction,
the key point focuses on the temperature iteration
algorithms exhibited by the running diagram and
the solving method of the contact surface tempera-
ture of the sandwiching and TE material. From the
point of view of the average output power and the
hot side temperature stability of TE material, the
analyzing factors, such as the fluctuation frequency
of the exhaust temperature and the physical prop-
erties and thickness of the sandwiching material
are evaluated, respectively, in the sine and new
European driving cycle (NEDC) fluctuation condi-
tion of exhaust temperature. To keep the hot side
temperature stable and acquire higher generation
power for thermoelectric modules, the analysis
provides a method for choosing the applicable
sandwiching material.

MATHEMATICAL MODEL

Basics of TEG

As illustrated in Fig. 1, in the schematic diagram
of a typical thermoelectric power generation system,
a series of TEG legs are connected electrically in
series via copper strip connectors. The heat from the
exhaust flows through the ceramic plate, copper
strip, TEG legs, copper strip, and ceramic plate,
then reaches the water. In the process of energy

transfer, a part of the heat is converted to electric
power via the Seebeck effect of thermoelectric
materials. Furthermore, the vast majority of the
remaining heat is assimilated by the heat sink and
dissipated into the atmosphere.19–22

Heat Transfer Model in x Direction

For clearly demonstrating the physical model
with several assumptions, the simplified model in
the x direction is shown in Fig. 2. In the simplified
physical model, the ceramic plate is replaced by the
sandwiching material. A kind of heat convection
generates between the water and the TE material,
and the another is produceds between the exhaust
and the sandwiching material. The wall of the
thermoelectric material is divided into n equal parts
along the x direction. For the element of volume, the
energy conservation equation is applied in the cold
fluid, exhaust, TE material, and sandwiching mate-
rial. However, several assumptions must be put
forward.

� The temperature of the cold fluid, while hot fluid
only changes in the x direction, can be consid-
ered as a one-dimensional heat transfer model.

� Neglecting the influence of the copper strip.
� Assuming that the water is in direct contact with

the TE material.
� The convective heat transfer coefficient is re-

garded as constant value along the flow direc-
tion.

� The thermal radiation of exhaust is neglected.
� The specific heat capacity and thermal conduc-

tivity of the TE materials are fixed.

For analyzing the dynamic heat transfer model in
the x direction, the partial differential equations
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Fig. 1. Schematic diagram of a typical TEG system.
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(PDEs) of the water, exhaust, TE material and
sandwiching material in time and space can be
developed with the energy conservation equation in
the dx section.

@Tc

@t
þ C11

@Tc

@x
¼ C12ðTw � TcÞ ð1Þ

@Th

@t
� C21

@Th

@x
¼ C22ðTm � ThÞ ð2Þ

@Tw

@t
¼ C31Tc þ C32Tm þ C33Tw ð3Þ

@Tm

@t
¼ C41Tw þ C42Th þ C43Tm ð4Þ

In Eqs. 1–4, the subscripts c, h, w and m repre-
sent the cold side, hot side, thermoelectric material,
and sandwiching material, respectively; T indicates
the node temperature in the x direction; _m indicates
mass flow; H and W are the thickness and the width
of each layer; q and c represent the density and the
specific heat capacity; hc and hh indicate the con-
vective heat transfer coefficient in the cold side and
hot side; hm is the contact convective heat transfer
coefficient between the TE material and the sand-
wiching material. Also, the coefficient in the equa-
tions can be solved (see supplementary data file).

The boundary conditions of the mathematic model
describing the inlet temperature of the water and
exhaust are shown as follows:

Tcð0; tÞ ¼ Tc;in

ThðL; tÞ ¼ Th;in

�
ð5Þ

where Tc,in and Th,in indicate the entrance temper-
ature ofthe water and exhaust, respectively.

The initial condition with original temperature is
set as follows:

Tcðx; 0Þ ¼ Thðx; 0Þ ¼ Twðx; 0Þ ¼ Tmðx; 0Þ ¼ T0 ð6Þ

Where T0 represents the initial temperature; Tc(x,
0), Tw(x, 0), Tm(x, 0), and Th(x, 0) indicate the nodes’
temperature of the water, TE material, sandwiching
material, and exhaust individually.

Heat Transfer Model in y Direction

As illustrated in Fig. 3, in order to facilitate the
finite element analysis, the TEG legs and sand-
wiching material are fractionally divided into iso-
metric elements along the leg height of the
TEG.23–28 For the purpose of predigesting the
model, the assembly with the TE material and
sandwiching material is regarded as a composite
wall.

On account of the conduction effect in the TE
material, the process of heat conduction in the y
direction can be presented by the partial differential
form29:

@2T

@y2
¼ 1

aw
� @T

@t
ð7Þ

aw ¼ kw

qwcw
ð8Þ
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Fig. 2. The conceptual diagram (a) of the analysis model and the simplified model (b) in x direction.

Fig. 3. Schematic view of a single TEG for finite element analysis.
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where kw indicates the heat conductivity coefficient
of the TE material; and aw is the thermal diffusion
coefficient of the TE material.

Similarly, the course of the heat transfer in the
sandwiching material in the y direction can be
expressed as:

@2T

@y2
¼ 1

am
� @T

@t
ð9Þ

am ¼ km

qmcm
ð10Þ

where km is the heat conductivity coefficient of the
sandwiching material; and am is the thermal diffu-
sion coefficient of sandwiching material.

According to Fourier’s law, the temperature gra-
dient is mainly decided by the thermal conductivity
of the material. As illustrated in Fig. 4, the static
temperature of different nodes in the equivalent
heat network can be expressed as follows.

Ts;1 � Th

1=hh
¼ Ts;2 � Ts;1

Hm=km
¼ Ts;3 � Ts;2

Hw=kw
¼ Tc � Ts;3

1=hc
ð11Þ

Initial and Boundary Conditions

From Fig. 4, the boundary conditions of the
exhaust can be illustrated as:

�kw
@T

@y
y¼0

�� ¼ hh½Th � Tmð0; tÞ� ð12Þ

The boundary conditions of water can be exhibited
as:

�kw
@T

@y
y¼L

�� ¼ hc½TwðL; tÞ � Tc� ð13Þ

At the initial time in the y direction, the initial
temperature of the material is expressed as:

Tðy; 0Þ ¼ T0 ð14Þ

The symbol of T(y, t) indicates the temperature in
position y and time t. The parameters of water,
exhaust, TE material (Bi2Te3) and sandwiching (BeO
ceramic) material are detailed in Tables I nd II.

FINITE ELEMENT ANALYSIS

Numerical Solving Method Along the x
Direction

As the dynamic model of heat transfer involves
time and space, the PDEs (Eqs. 1–4) can be discrete
in space and time by the finite element method. The
forward and backward differential methods are
applied in Eqs. 1–4, respectively, as follows:

@Tkþ1
c

@t
¼ �C11

dx
� Tkþ1

c þ C11

dx
� C12

� �
Tk

c þ C12T
k
w

ð15Þ

@Tk�1
h

@t
¼ �C21

dx
� Tk�1

h þ C21

dx
� C22

� �
Tk

h þ C22T
k
m

ð16Þ

@Tk
w

@t
¼ C31T

k
c þ C32T

k
m þ C33T

k
w ð17Þ

@Tk
m

@t
¼ C41T

k
w þ C42T

k
h þ C43T

k
m ð18Þ

The differential equations can be transformed to a
state–space expression as follows:

where the left (4n + 2) 9 1 matrix represents the
temperature derivative in each node, and the right
2 9 1 matrix indicates the boundary conditions of
the water and exhaust. By the state–space block of
Matlab/Simulink, the state variables of the tran-
sient temperature of nodes can be solved. In addi-
tion, the matrices of the state–space equation are
demonstrated (see supplementary data file).

Numerical Solving Method Along the y
Direction

Before establishing the analysis model of heat
transfer in the y direction, it was assumed the
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thermal resistance was neglected on the contact
surface of the materials. With the disparate phys-
ical properties, the temperature divisions in the TE
material and the sandwiching material are dis-
crepant. The solution of the contact surface temper-
ature will be decided by both materials‘ properties,
while the temperature distribution in the composite
wall has been studied.30–32 Assuming that the
middle layer is in perfect contact, the temperature
of the contact surface will be decided by both
materials’ properties. The conceptual diagram of
the analysis model in the y direction is demon-
strated in Fig. 5.

The central difference form of the partial differ-
entiation of space is approximatively converted as
follows:

@2T

@y2
¼ Ti�1;j � 2Ti;j þ Tiþ1;j

Dy2
ð20Þ

The forward difference form of the partial differen-
tiation of time is approximatively expressed as
follows:

@T

@t
¼ Ti;jþ1 � Ti;j

Dt
ð21Þ

p-leg

n-leg
hT ,1sT cT,2sT ,3sT

Sandwiching 
material

TE
materialExhaust Water

Fig. 4. The equivalent heat network of the TEG module.

Table I. The parameters of the water and the exhaust

Parameters Symbol Value Symbol Value

Medium c Water h Exhaust
Mass flow (kg/s) _mc 0.1355 _mh 0.4627
Density (kg/m^3) qc 1105 qh 0.667
Specific heat capacity (J/(kg K) cc 4181 ch 1125
Heat convection coefficient (Wm�2 K�1) hc 3602 hh 825.3
Height of cooling flow (m) Hc 0.01 Hh 0.02

Table II. The parameters of the TE material and the sandwiching material

Parameters Symbol Value Symbol Value

Medium w Bi2Te3 m BeO ceramic
Density (kg/m�3) qw 3000 qm 2900
Specific heat (J/(kg K)) cw 400 cm 1030
Heat conductivity coefficient (Wm�1 K�1) kw 1.413 km 240
Width of material (m) W 0.2 0.2 0.2
Length of material (m) L 0.4 0.4 0.4
Thickness of material (m) Hw 0.005 Hm 0.005
Contact heat convection coefficient (Wm�2 K�1) – – hm 3e + 4

Thermoelectric Material

Sandwiching  Material
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Water
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Fig. 5. The simplified physical model in the y direction.
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Then

Ti�1;j � 2Ti;j þ Tiþ1;j

Dy2
¼ 1

am

Ti;jþ1 � Ti;j

Dt
ð22Þ

Ti;jþ1 ¼ c1ðTi�1;j þ Tiþ1;jÞ þ ð1 � 2c1ÞTi;j ð23Þ

Ti�1;j � 2Ti;j þ Tiþ1;j

Dy2
¼ 1

aw

Ti;jþ1 � Ti;j

Dt
ð24Þ

Ti;jþ1 ¼ c2ðTi�1;j þ Tiþ1;jÞ þ ð1 � 2c2ÞTi;j ð25Þ

where c = aDt/Dy2, c1, and c2 are calculated by the
physical properties of the sandwiching material and
the TE material, respectively.

In the contact surface, the heat flux density is
equivalent in the TE material and the sandwiching
material.

�km
@T

@y
y¼Hm

�� ¼ �kw
@T

@y
y¼Hm

�� ð26Þ

Replacing the partial differentiation of space with
the backward difference and forward difference,
respectively, the equation can be expressed as:

�km
Tn;jþ1 � Tn�1;jþ1

Dy
¼ �kw

Tnþ1;jþ1 � Tn;jþ1

Dy
ð27Þ

Tn;jþ1 ¼ km

km þ kw
Tn�1;jþ1 þ

kw

km þ kw
Tnþ1;jþ1 ð28Þ

According to Eqs. 23 and 25, the temperature of
the nodes at time (j + 1) in different materials can
be calculated by:

Tn�1;jþ1 ¼ c1ðTn�2;j þ Tn;jÞ þ ð1 � 2c1ÞTn�1;j ð29Þ

Tnþ1;jþ1 ¼ c2ðTnþ2;j þ Tn;jÞ þ ð1 � 2c2ÞTnþ1;j ð30Þ

According to Eqs. 28–30, Tn,j+1 can be derived as:

Tn;jþ1 ¼ kmc1

km þ kw
Tn�2;j þ

kmð1 � 2c1Þ
km þ kw

Tn�1;j

þ kmc1

km þ kw
þ kwc2Þ
km þ kw

� 	
Tn;j

þ kwð1 � 2c2Þ
km þ kw

Tnþ1;j þ
kwc2

km þ kw
Tnþ2;j

ð31Þ

In the contact surface of the exhaust and the
sandwiching material, the heat flux density can be
transformed into the following forms with the
central difference method.

�km
@T

@y
y¼0

�� ¼ hh½Thðx; tÞ � Tð0; tÞ� ð32Þ

T2;j � T0;j

2Dy
¼ � hh

km
½Thðx; jÞ � T1;j� ð33Þ

Then

T0;j ¼ T2;j þ 2Dy
hh

km
½Thðx; jÞ � T1;j� ð34Þ

T1;jþ1 ¼ cðT0;j þ T2;jÞ þ ð1 � 2cÞT1;j ð35Þ

T1;jþ1 ¼ T1;j �2cDy
hh

km
� 2cþ 1

� �
þ T2;jð2cÞ

þ 2cDy
hh

km
Thðx; jÞ

ð36Þ

Similarly, in the contact surface of the water and
the TE material, the heat flux density can be
exhibited as:

�kw
@T

@y
y¼L

�� ¼ hc½TðL; tÞ � Tcðx; tÞ� ð37Þ

Tnþn2þ1;j � Tnþn2�1;j

2Dy
¼ � hc

kw
½Tnþn2;j � Tcðx; jÞ� ð38Þ

Then

Tnþn2þ1;j ¼ Tnþn2�1;j � 2Dy
hc

kw
½Tnþn2;j � Tcðx; jÞ� ð39Þ

Tnþn2;jþ1 ¼ cðTnþn2�1;j þ Tnþn2þ1;jÞ þ ð1 � 2cÞTnþn2;j

ð40Þ
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Tnþn2;jþ1 ¼ Tnþn2;j �2cDy
hc

kw
� 2cþ 1

� �

þ Tnþn2�1;jð2cÞ þ 2cDy
hc

kw
Tcðx; jÞ

ð41Þ

Through the analysis of temperature iteration in
the y direction, the transient temperature of the
nodes T1,j+1, Ti,j+1, Tn,j+1, and Tn+n2,j+1 can be
developed by Eqs. 23, 25, 31, 36, and 41. Based on
the iteration algorithms of temperature, the run-
ning diagram with the boundary condition and
initial condition is explicitly portrayed in Fig. 6.

In the running diagram, i indicates the nodes of
space, j indicates the nodes of time, T1,j, Tn,j indicate
the boundary temperature in the exhaust and the
water, respectively, and Ti,1 indicates the initial
temperature of the space nodes in the TE material
and the sandwiching material. From the diagram,
the process of temperature iteration can be clearly
elaborated.

RESULTS AND DISCUSSION

Analysis of the Dynamic Heat Transfer

In order to discuss the temperature reduction of
the TE material along the x direction, the mathe-
matical models of heat transfer in both directions
should be calculated simultaneously. The entrance
boundary conditions of the cold side and hot side are
set as follows:

Tc; in ¼ 300 K
Th; in ¼ 1000 K

�
ð42Þ

Through the state–space block of Matlab/Simu-
link, the state variables of the transient tempera-
ture of nodes in the x direction can be solved. The
temperature figures of the exhaust, TE material,
and water along the x direction are shown in Fig. 7.

In order to clearly illustrate the temperature
variations, the temperature curves of the water and
the exhaust are extracted when x = 0, x = L/2, and
x = L. At the same time, the temperature reduction
curves of the TE material in different x positions are
calculated by the heat transfer model in the y
direction. The analysis results of temperature vari-
ations are displayed in Fig. 8.

From the results of Fig. 8, it can be seen that the
temperature of both the exhaust and the water
decreases along the flowing direction. In addition,
owing to the opposite flowing direction of the
water and the exhaust, the temperature reduction
of the TE material is almost coincident in any x
position.

To analyze the temperature variations in the
fluctuating boundary conditions, the inlet temper-
atures of the cold side and hot side are substituted
as:

Tc;in ¼ 300

Th;in ¼ 800 þ 150 sinð0:1ptÞ

(
ð43Þ

Similarly, in the case of the sinusoidal tempera-
ture fluctuations of the exhaust, the analysis results
of temperature variations are shown in Fig. 9.

From the results of Fig. 9, the temperature of
both the exhaust and the water decreases along the
flowing direction. At the beginning of 30 s, the
obvious difference of the temperature reduction of
the TE material exists in different x positions,
resulting from the setting of the initial temperature
of the nodes. After 30 s, the temperature reduction
is almost coincident along the time in the x position.
Based on the analysis of heat transfer of the TE
material, the temperature reduction along the x
direction is substantially equivalent, which can
ensure the uniformity of the temperature differ-
ences of the thermoelectric module.

Analysis of the Fluctuation Frequency
of Exhaust Temperature

In order to find the relationship between the
temperature of the exhaust and the TE material hot
side, the fluctuation frequency of the exhaust tem-
perature is analyzed as one of the influencing
factors. Considering the different conditions of the
temperature fluctuation, the inlet temperature of
the exhaust with different frequencies is set as
follows.

Th;in ¼ 800 þ 150 sinð2pftÞ ð44Þ

The fluctuation frequencies of the inlet tempera-
ture of the exhaust are replaced by 0.02 Hz,
0.04 Hz, 0.08 Hz, and 0.1 Hz. The temperature
curves with different fluctuation frequencies are
shown in Fig. 10.

The fluctuation amplitudes of the hot side of the
TE material can be calculated by the difference
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Fig. 7. The dynamic heat transfer process in time and space.
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between pthe eak and valley values at different
frequencies, which can manifest the delay charac-
teristic of the sandwiching material. The relation-
ship between the temperature fluctuation
amplitude and the fluctuation frequency is shown
in Fig. 11. With the increasing fluctuation fre-
quency higher than 0.01 Hz, the fluctuation ampli-
tude obviously declines. It can be seen that the delay
characteristic of the sandwiching material is more
visible when the fluctuation frequency is higher
than 0.04 Hz.

Analysis of the Thermal Physical Properties of
the Sandwiching Material

Owning to the special position of the sandwiching
material between the TE material and the exhaust,
the steady temperature distribution in the y direc-
tion is decided by the thermal conductivity accord-
ing to Fourier‘s law. In order to analyze the
relationship between the thermal physical proper-
ties of the sandwiching material andthe hot side
temperature of the TE material, the sandwiching

material is replaced by stainless steel, BeO ceramic,
and Al2O3 ceramic, respectively. The three kinds of
materials belong to the refractory material all
possess higher mechanical strength. The thermal
physical properties of the different materials are
shown in Table III.

On the foundation of the inlet temperature of the
exhaust and the water, the hot side temperature of
the TE material can be calculated. The analyzing
conditions of the inlet temperature of the exhaust
are divided into the sine (f = 0.1 Hz) and NEDC test
conditions, which are shown in Fig. 12. In the
NEDC urban driving conditions, a period of 200 s
of the exhaust temperature is extracted as the inlet
boundary condition.

From the analysis results, it can be seen the
temperature fluctuation amplitude of the hot side of
the TE material is less than the fluctuation of the
exhaust in both conditions. In addition, the hot side
of the TE material has the largest temperature
reduction when the stainless steel is chosen as the
sandwiching material, which can be attributed to
the lower thermal conductivity of stainless steel.
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To discover the influencing factors of the fluctu-
ation amplitude of the hot side temperature of the
TE material, the sandwiching materials with dif-
ferent thermal diffusion coefficients and thermal
conductivities have been analyzed. In Fig. 13,
km1 = 10 Wm�1 K�1, km2 = 50 Wm�1 K�1,
km3 = 100 Wm�1 K�1, km4 = 200 Wm�1 K�1, and
km5 = 300 Wm�1 K�1. With the fluctuation fre-
quency of 0.05 Hz, the inlet temperature of the
exhaust is set as follows.

Th;in ¼ 800 þ 150 sinð0:1ptÞ ð45Þ

It can be see that the lower thermal diffusion
coefficient and higher thermal conductivity of the
sandwiching material result in the lower tempera-
ture fluctuation amplitude which benefits the tem-
perature stability of the hot side of the TE material.

Analysis of the Sandwiching Material
Thickness

In order to analyze the relationship between the
thickness of the sandwiching material and the hot
side temperature of the TE material, the sandwich-
ing material is replaced by stainless steel.

The conditions of the inlet temperature ofthe
exhaust are divided into sine (f = 0.1 Hz) and NEDC
test conditions, which are shown in Fig. 14.

From the sine and NEDC fluctuation conditions of
the exhaust, the hot side temperature of the TE
material decreases with the thickness of the sand-
wiching material. Furthermore, the larger the
thickness of the sandwiching material, the slower
the temperature fluctuation. In particular, with the
acceleration or deceleration of the vehicle, the
exhaust temperature suddenly changes syn-
chronously and the larger thickness of the sand-
wiching material can ensure a lower temperature
fluctuation. During 120–160 s in the NEDC driving
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conditions, the TEG with a smaller thickness of
sandwiching material can generate more power.
However, the smaller thickness is unfavorable for
the hot side temperature stability of the TE mate-
rial, and the unstable output voltage can produce
adverse effects on the lifetime and work efficiency of
the electronic components.33,34 Consequently, the
application of sandwiching material should consider
both the generated power and the output voltage
stability.

In the current work, in order to study n adequate
account in the temperature loss of the TE material
hot side, the pre-set parameters of temperature

entering the exhaust and the water are 800 K and
300 K, individually. Figure 15 elaborates the tem-
perature on the hot side of the TE material following
the thickness and thermal conductivity of the
sandwiching material. As can be seen in Fig. 15a,
with the increased thickness, the temperature on
the hot side of the TE material when km = 10
Wm�1 K�1 declines markedly. Furthermore, with
the increases of the thermal conductivity, the
temperature is monotonically increased when
Hm = 2 mm, 4 mm, and 6 mm, as shown in Fig. 15b.

In the driving conditions of vehicles, the sand-
wiching material with higher thermal conductivity
contributes to lessen the temperature loss, which
can effectually promote the output voltage of TE
module. So essentially, the employment of BeO
ceramic with high thermal conductivity, commend-
able antiknock characteristic, and excellent ther-
mostability appears to be more efficient in the TEG
system of vehicle compared with the stainless steel
and AL2O3 ceramic. From the temperature curves
in Fig. 15a, it can be forecasted the hot side
temperature of TE material declines slowly with
the increased thickness of BeO ceramic. In the
NEDC driving conditions in Fig. 16, it can be seen
the hot side temperature of TE material is the most
stable when the thickness of BeO ceramic is 6 mm.
During 150–170 s in NEDC driving condition, com-
pared with the stainless steel with the thickness of
2 mm, the minimum temperature of the TE mate-
rial hot side can be improved by 20.15% and the
temperature reduction can increase by 115 K by
using the BeO ceramic with thickness of 6 mm as
the sandwiching material.

Table III. Thermal physical properties of different sandwiching materials

Materials
Density
(kg/m3)

Specific heat
capacity (J/(kg K))

Thermal
conductivity (Wm21 K21)

Thermal diffusion
coefficient (m2/s)

Stainless steel 8055 480 15.1 3.9 9 10�6

BeO ceramic 2900 1030 240 8.8 9 10�5

AL2O3 ceramic 3940 780 32 1.04 9 10�5
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Analysis on Average Square Value
of Temperature Difference

In order to weaken the adverse effects on the
lifetime and work efficiency of electronic compo-
nents of the TEG system, the hot side temperature
stability of the TE material plays a critical role in
stabilizing the output voltage. However, the effect of
the sandwiching material thickness on the gener-
ating power should be compared.

The average temperature is calculated by the
average integral value of the temperature function
of the hot side temperature in 200 s in NEDC test
conditions. Figure 17a illustrates the relationship
between the average temperature and the BeO
ceramic thickness in the NEDC test conditions.
Figure 17b shows the minimum hot side tempera-
ture in 150–170 s with the BeO ceramic thicknesses
of 2 mm and 6 mm.

In the NEDC test condition of 200 s, Fig. 17a
shows that the average hot side temperature differ-
ence is only 3.01 K with the thicknesses of 2 mm
and 6 mm. During 150–170 s, Fig. 17b indicates
that the minimum hot side temperatures of point 1
and point 2 are, respectively, 685.70 K and
537.19 K, which shows the obvious effect of BeO

ceramic thickness on the hot side temperature
stability in the process of acceleration and deceler-
ation of vehicle driving.

In the circuit with the TEG system and load, the
load power is decided by the temperature difference
of the TE material. Based on the Seebeck effect and
Joule effect, the load power is proportional to the
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Fig. 14. The temperature curves of the hot side of the TE material with different thicknesses of sandwiching material in sine (a) and NEDC (b)
test conditions of the exhaust temperature.
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square of the temperature difference of the TE
material. To clearly express the level of generation
power, the average square of the TE material
temperature difference is calculated by the average
integral value of the square function of the TE
material temperature difference in 200 s in the
NEDC test condition. Figure 18a illustrates the
relationship between the average square of the
temperature difference of the TE material and BeO
ceramic thickness in the NEDC test condition.
Figure 18b shows the average square of the tem-
perature difference of TE material in 200 s with the
BeO ceramic thicknesses of 2 mm and 6 mm.

In the NEDC test condition of 200 s, Fig. 18a
shows the weak effect of BeO ceramic thickness on
the average square value of the temperature differ-
ence of the TE material, and the percentage value
represents the decreasing level relative to the previ-
ous thickness value. In 150–170 s, Fig. 18b indicates
the obvious effect on the output power stability with
the thicknesses of 2 mm and 6 mm in the accelera-
tion and deceleration processes of vehicle driving.

CONCLUSIONS

This article explores the effect factors and
stability improvement methods of the TE material
hot side temperature involving the fluctuation
frequency of the exhaust temperature, thermal
physical properties and thickness of the sandwich-
ing material. Moreover, the average square value
of the temperature difference of the TE material is
proposed to evaluate the level of the generation
power. The heat transfer models in transverse
and longitudinal directions have been established
and solved through state–space expression and
temperature iteration algorithms. Based on
the above analysis, we draw the following
conclusions:

1. Owing to the opposite flowing direction of water
and exhaust, the temperature reduction along
the transverse direction is almost equivalent,
which can ensure the uniformity of the temper-
ature difference of the TE module.

2. The analysis results indicate that the properties
of higher thermal conductivity, lower thermal
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diffusion coefficient, and larger thickness of the
sandwiching material will benefit the hot side
temperature stability of the TE material. Dur-
ing 150–170 s in the NEDC driving condition,
compared with the stainless steel with the
thickness of 2 mm, the minimum temperature
of the hot side of the TE material can be
improved by 20.15% and the temperature
reduction can increase by 115 K by using the
BeO ceramic with a thickness of 6 mm as the
sandwiching material.

3. The weak effect of BeO ceramic thickness on the
average square value of the temperature differ-
ence of the TE material shows the small effects
of sandwiching material thickness with excel-
lent thermal conductivity on the average output
power. During the 150–170 s of the NEDC test
condition, the minimum hot side temperatures
with BeO ceramic thicknesses of 2 mm and
6 mm are, respectively, 537.19 K and 685.70 K,
which shows the obvious effect on hot side
temperature stability of BeO ceramic thickness
in the process of acceleration and deceleration of
vehicle driving.

The larger sanwiching material thickness indicates
higher heat capacity, which results in a stronger
temperature delay characteristic of the TE material
hot side. So, essentially, the employment of BeO
ceramic can weaken the adverse effects of the
frequent variation of the exhaust temperature on
the lifetime and work efficiency of the electronic
components of the TEG system and improve the
generating power, which appears to be more effi-
cient in the vehicle TEG system.
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