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a b s t r a c t

This paper proposes a general method to optimize the structure and load current for a segmented
thermoelectric generator (TEG) module, where the bismuth telluride is selected as the cold side material,
and the skutterudite is selected as the hot side material, respectively. Two objectives, minimum semi-
conductor volume V0 and maximum output power P, are simultaneously considered to assess the per-
formance of the TEG module. All the simulation models to be optimized by the multi-objective genetic
algorithm are established and solved by finite element method, where the Thomson effect, in
conjunction with Peltier effect, Joule heating, and Fourier heat conduction are simultaneously consid-
ered. In order to achieve the ultimate optimal design, TOPSIS (technique for order preference by simi-
larity to an ideal solution) is employed to determine the best compromise solution. The results of Pareto
solutions show that V0 varies from 432mm3 to 3868mm3, while P varies from 5.523W to 56.293W,
respectively. Meanwhile, optimal design variables are investigated to provide practical guidance for the
industrial applications. The mechanism of performance improvement has also been explained in this
work by comparing the optimal segmented TEG and the skutterudite TEG.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Thermoelectric generators (TEGs) are solid-state devices which
convert heat directly into electricity as per the principle of Seebeck
effect [1]. TEGs offer several advantages: they do not have me-
chanical moving parts and there is no combustion involved, which
results in a reliable, noiseless, and compact energy conversion
system. Recently, TEGs have been received more and more atten-
tion from different areas, such as waste heat recovery [2,3], and
solar energy utilization [4], to meet the growing energy con-
sumption. However, the greatest challenge of TEG applications is
still the relatively low thermoelectric conversion efficiency.
Therefore, considerable research studies [5e7] have been done to
improve TEG performance.

In recent decades, different materials with high figure of merit
(ZT), which can represent the capability of directly converting
thermal energy into electrical energy, have been employed to
improve the performance of TEGs. According to the temperature
difference, thermoelectric materials can be divided into three
types: the bismuth telluride at hot side temperature of 500 K [8],
the skutterudite at hot side temperature of 800 K [9], the silicon-
germanium at hot side temperature of 1300 K [10]. Since the See-
beck coefficient (a), the electrical conductivity (s), and the thermal
conductivity (l) of TEG are temperature sensitive, the ZT value
(ZT ¼ a2Ts=l) also changes substantially as the temperature
changes. For the above reason, the skutterudite gives a lower
thermoelectric conversion efficiency than the bismuth telluride at a
low-temperature range (300 Ke500 K). Therefore, plenty of studies
are carried out to improve the thermoelectric conversion efficiency
by dividing TEGs into several sections with different materials, such
as multi-stage TEGs [11,12] and segmented TEGs [13e20]. Snyder
et al. [13] not only reformulated the general equation for the effi-
ciency of a TEG in terms of intensive properties and variables, but
also introduced a new material property, compatibility factor, for
proper material selection. Furthermore, their work [14] showed
that segmentation of (AgSbTe2)0.15(GeTe)0.85 (TAGS) with SnTe or
PbTe provides little extra power, while filled skutterudite could
increase the efficiency from 10.5% to 13.6%. Kim et al. [15] fabricated
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Fig. 1. Schematic diagram of a segmented TEG module.
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a two-pair segmented TEG using Si-based, lightweight, cost-
effective, and environmental-friendly TE alloys; Mg2Si for n-type
and higher manganese silicide (HMS) for p-type. Tian et al. [16]
proposed a segmented TEG used to recover exhaust waste heat
from a diesel engine and found that the ratio of the two materials
depended on the temperature of the heat and cold source. Ming
et al. [17,18] analyzed segmented TEGs under different heat flux
boundary conditions and found that non-uniform heat flux and
transient heat flux have a significant effect on the performance and
thermal stress, which can further affect the life cycle of TEGs. Zhang
et al. [19,20] optimized the length ratio of a segmented TEG to
achieve the highest maximum output power or thermoelectric
conversion efficiency and found that a proper segmented TEG
design must allow all the segmented materials to work in their
favorable temperature ranges.

Thus, optimizing the geometry structure of the TEG is an
effective method to improve the performance. In order to obtain
the best performance of TEGs, various optimization algorithms are
widely employed in the design work. For instance, Meng et al. [21]
applied the simplified conjugate-gradient method algorithm to
determine the optimal semiconductor pair number, leg length, and
base area ratio of semiconductor columns. Liu et al. [22] optimized
the geometry of a two-stage TEG where the total area of semi-
conductor legs was fixed. Arora et al. [23] applied a more general
algorithm, non-dominated sorting genetic algorithm-II (NSGA-II),
to optimize maximum power output, thermal efficiency, and
ecological function, simultaneously.

However, in the existing literature, most reported studies
neglect the effect of Thomson effect, especially the work with an
optimization algorithm. The influence of Thomson effect in per-
formances of TEGs has been investigated in several references, and
a conclusion can be drawn that Thomson effect must be considered
for performance prediction where the large temperature difference
exists [24,25]. In fact, the Thomson coefficient must not be taken
into account when the Seebeck coefficient is assumed to be con-
stant, which is the reason why the analytical model appears to be
less accurate [24].

The motivation of the present study is based on the following
three aspects: 1) The geometry of segmented TEGs plays an indis-
pensable role in performance, which needs a further optimization.
2) By combining the multi-objective algorithm and the decision
maker approach, it is possible to design a high-performance
segmented TEG in a more general way. 3) In the optimization
procedure, the accuracy of the direct problem is critical for the
optimal solution. On the other hand, segmented TEGs usually
operate in high-temperature range since different TE materials
should work in their favorable temperature ranges to fully utilize
the heat source, whichmeans Thomson effect should be considered
in performance calculation. In order to design a segmented TEG
with optimal performance, this paper applies an optimization
approach coupling the finite element method and the multi-
objective genetic algorithm [26]. A three-dimensional TEG model
is established and solved by COMSOL Multiphysics, where the
Thomson effect, in conjunction with Peltier effect, Joule heating,
and Fourier heat conduction are considered simultaneously. The
optimization of proposed model for maximizing power output
(Pout) and minimizing semiconductor volume (V0) is done, where
the load current (I), number of thermoelectric legs on the side (N),
dimensionless length of p-type and n-type material at cold side (Lp,
c and Ln, c), and area ratio of legs to a pair (g) are taken as design
variables. In the multi-objective optimization procedure, non-
dominated solutions (Pareto front) with optimal operating vari-
ables are obtained in MATLAB environment. Subsequently, a deci-
sion making technique, TOPSIS (technique for order preference by
similarity to an ideal solution) [27] is employed to determine the
best compromise solution from the Pareto front.
2. Problem description

2.1. Model and governing equations

The schematic diagram of a segmented TEG module is shown in
Fig. 1. N�N thermoelectric legs are evenly distributed on the
substrate. The heat is supplied from the top with dimensions of
lsubstrates� lsubstrates, transferred to the thermoelectric couples, and
removed through a heat sink at the bottom. When a temperature
gradient is applied to a material, the mobile charge carriers at the
hot end tend to diffuse to the cold end, which results in a net charge
(negative for electrons, ee, and positive for holes, hþ) and produces
an electrostatic potential. In the present study, once all the design
variables are set, the geometric parameters can be determined
according to Table 1.

In the present study, the materials of semiconductor columns
are selected based on the literature [4]. A spectrally selective
absorber coating is employed in their experiment, which is ther-
mally stable in air up to about 750 K. Thus, the skutterudite (n-type
Yb0.35Co4Sb12 and p-type Ce0.9Fe3CoSb12) is chosen as hot side
semiconductor column, while the bismuth telluride (n-type Bi2Te3-
xSex and p-type Bi2-xSbxTe3) is chosen as cold side semiconductor
column, respectively. The temperature dependent properties ob-
tained from literature [15,28,29] and corresponding ZT values are
illustrated in Fig. 2.



Table 1
Geometric parameters of present TEG module.

Parameter Value Unit

Total number of the TE leg N2 1
Total number of the TE pair Npair N2/2 1
Area ratio of legs to pair g 1
Length of the substrate lsubstrate 40 mm
Length of the TE leg lleg 3 mm
Dimensionless length of cold side p-type Lp, c lp, c/lleg 1
Dimensionless length of cold side n-type Ln, c ln, c/lleg 1
Dimensionless length of hot side p-type Lp, h 1�Lp, c 1
Dimensionless length of hot side n-type Ln, h 1�Ln, c 1
Width of the TE leg WTE g� lsubstrate/N mm
Cross-section area of the TE leg ATE WTE�WTE mm2

Semiconductor volume V0 N2� ATE� lleg mm3
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2.2. Governing equations

The three-dimensional steady state TEG model established in
this paper includes the energy equation and electric potential
equation, which are expressed as follows.

Conservation of energy:

V$ q!¼ Q (1)

Continuity of electric current:

V$ j
!¼ 0 (2)

where q! is the heat flux, Q is the Joule heat source, and j
!

is the
Fig. 2. Temperature dependent TE properties of n-type Yb0.35Co4Sb12 and p-type Ce0.9Fe3Co
temperature material: (a) electrical conductivity, (b) thermal conductivity, (c) Seebeck coef
current density vector, respectively. The q!, Q, and j
!

are coupled by
the set of thermoelectric constitutive equations:

q!¼ �lVT þ aT j
!

(3)

Q ¼ �VV$ j
!

(4)

j
!¼ �sðVV þ aVTÞ (5)

where l is the thermal conductivity, s is the electrical conductivity,
a is the Seebeck coefficient, V is the electrical potential. In the Eq.
(3), the first term describes Fourier heat conduction, while the
latter describes the Peltier effect. On the other hand, in the Eq. (5),
the first term describes Ohms law, while the second describes the
Seebeck effect.

Based on Eqs. (2)e(5), Eq. (1) can be rewritten as:

V$ðlVTÞ þ j
!
$
�
s�1 j

!�
� TVa$ j

!¼ 0 (6)

where the middle term is the Joule heating and the third term in-
cludes both the Peltier effect (Va at junction) and Thomson effect
(Va in thermal gradient).
2.3. Boundary conditions

The following assumptions are made to simplify analysis of the
complex heat transfer process:
Sb12 as high temperature material, and n-type Bi2Te3-xSex and p-type Bi2-xSbxTe3 as low
ficient, and (d) dimensionless the figure-of-merit, ZT.
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(1) The substrate acts as a heat transfer resistor, the geometry of
the substrate layer is not considered in the 3-D computa-
tional domain.

(2) The semiconductormaterials are homogeneous and isotropic
with temperature dependent properties, while the proper-
ties of copper are set to be constant with l¼ 385Wm�1 K�1

and s¼ 3.125� 107 Sm�1.
(3) The thermal and electrical contact resistance existing at the

interfaces between any two parts is neglected.

As shown in Fig. 3, for the thermal boundary conditions, the first
kind boundary condition, Th¼ 700 K or Tc¼ 300 K, is applied on the
top and bottom of the segmented TEG. Besides, the side surfaces of
TEG legs are assumed to be adiabatic. For the electric boundary
conditions, the constant current I and the zero electric potential are
adopted for the inlet and the outlet of metal interconnects,
respectively. Besides, the unit model is used in the calculation to
save the calculation time.

In this study, the above governing equations along with the
boundary conditions are solved by a finite element software,
COMSOL Multiphysics. All the simulations are done on a worksta-
tion with two 6-core CPUs (E5-2620) and 32 GB RAM. Under such
conditions, it takes about 10 s to complete a single case with
approximately 10000 degrees of freedom and 80 h to complete an
entire multi-objective optimization procedure.
2.4. Objective functions

Instead of using a combined objective function, the multi-
objective optimization considers all the design requirements
simultaneously. In this paper, two objective functions (i.e. fitness
values) are defined as follows:

J1 ¼ V 0 and J2 ¼ �P ¼ �IVmodule ¼ �NpairIVpair (7)

where V0 and Npair are calculated according to Table 1, Vpair is the
output voltage of a TEG pair based on 3-D simulation. Therefore, a
segmented TEG module with little semiconductor volume and high
power output can be achieved as J1 and J2 are approaching mini-
mum values.
Fig. 3. Boundary conditions in present work.
3. Optimization procedure

3.1. Multi-objective optimization with constraint condition

In the present study, an efficient multi-objective evolutionary
algorithm, the non-dominated sorting genetic algorithm (NSGA- II)
[30], is employed to optimize two objective functions defined
above. Following the concept of evolutionary algorithm, all in-
dividuals are ranked according to their objective function values.
Subsequently, in the evolution step, fitter solutions with high
fitness score are more likely to be selected and preserved. There-
fore, as the iterative process continues, the Pareto optimal solutions
will be evolved gradually.

Meanwhile, the design variables are allowed to vary within the
following ranges:

0.1 A� I� 5 A.
20�N� 50.
0.3 � g� 0.9.
0.3� Lp, c� 0.6.
0.2� Ln, c� 0.5.
When geometry and boundary conditions keep changing,

some infeasible situations, such as negative output power
(P < 0W) and out-of-range temperature distribution (contact
interface temperature between p-type materials Tp, inter-

face > 550 K, contact interface temperature between n-type ma-
terials Tn, interface > 500 K), may occur in the optimization
procedure. In the present study, the penalty function [31,32] based
on the concept of the evolutionary algorithm is applied to solve
this problem. This method replaces a constrained optimization
problem by several of unconstrained problems. To be specific,
infeasible solutions are also permitted into the population, but the
fitness values are modified based on the penalty function. After
sufficient time, the optimal solutions to the unconstrained prob-
lem using the modified fitness values coincide with those of the
original constrained problem. The entire optimization procedure
is shown in Fig. 4, where the population size is 150 and the
evolutionary generation is 200 in this work.
3.2. TOPSIS selection

After the multi-objective optimization, the result is not a unique
optimal solution but a set of non-dominant solutions. Therefore,
the next step is to determine the best compromise solution for the
application. Following the basic concept that the chosen alternative
should have the shortest distance from the positive ideal solution
and the longest distance from the negative ideal solution, TOPSIS is
a practical and classical approach for ranking and selecting alter-
natives. In this optimization, the positive ideal solution has the
minimum semiconductor volume and maximum power output,
while the negative ideal solution is just the opposite. The compu-
tational procedure of TOPSIS is as follows:

(1). Create a matrix (xij)m�n with m alternatives and n objectives.
(2). Normalize the matrix (xij)m�n to (tij)m�n by using the equa-

tion below:

tij ¼
xijffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPm
i¼1x

2
ij

q ; i ¼ 1;2;…;m; j ¼ 1;2;…;n (8)
(3). Obtain the weighted normalized matrix (aij)m�n by:

aij ¼ wj � tij; i ¼ 1;2;…;m; j ¼ 1;2;…;n (9)



Fig. 4. Flowchart of the optimization work.
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(4). Determine the positive ideal alternative aþ and the negative
ideal alternative a�:

aþ ¼ ðmin½a11;…am1�;min½a12;…am2�;…;min½a1n;…amn�Þ
(10)

a� ¼ ðmax½a11;…am1�;max½a12;…am2�;…;max½a1n;…amn�Þ
(11)
Fig. 5. Comparison of the simulation with the experiment data [33] at different cur-
rents (Th¼ 320 K and Tc¼ 300 K).
(5). Calculate the distance between the target alternative ai and
the positive ideal alternative aþ, and the distance between
the target alternative ai and the negative ideal alternative a�:

dþi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn

j¼1

�
aij � aþj

�2
vuut ; i ¼ 1;2;…;m; j ¼ 1;2;…;n (12)
d�i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn

j¼1

�
aij � a�j

�2
vuut ; i ¼ 1;2;…;m; j ¼ 1;2;…;n (13)
(6). Calculate the relative closeness to the ideal solution of
alternatives:

Ci ¼
d�i

dþi þ d�i
; i ¼ 1;2;…;m (14)
(7). Rank the alternatives according to the values of Ci, and the
final compromise solution afinal is

afinal ¼ a2maxðCiÞ (15)
4. Results and discussion

4.1. Model validation

First, a comparison with experimental results [33] is carried out
to validate the simulation model. The experimental data was ob-
tained based on a TEG module (TMH400302055, Wise Life Tech-
nology, Taiwan) with 199 TE pairs. For each TE leg, the length is
0.64mm and the cross-sectional area is 2mm� 2mm, respectively.
The TEG measuring system was a sandwiched structure (heater/
copper plate/TEG module/copper plate/liquid cooling system, from
top to bottom), where two copper plates were applied to provide a
uniform temperature boundary. Therefore, the geometry and
boundary conditions are modified according to the experimental
model, where additional thermal resistance and electric resistance
given by Ref. [34] are also considered. As shown in Fig. 5, a
reasonable agreement is obtained with maximum difference less
than 5%.

Fig. 6 shows the electrical power vs. current between present
simulation and other models previously employed (the geometric
and thermoelectric parameters given in Ref. [24]). The Thomson
effect is neglected in the simplified model [35], while the mean
temperature is used to calculate the Thomson coefficient in the



Fig. 6. Comparison of the present model with other previous models (Th¼ 500 K and
Tc¼ 300 K).

Fig. 7. Distribution of Pareto front with best compromise solution selected by TOPSIS.
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improved simplified model [36], respectively. Compared with
models fully based on temperature-dependent properties (solved
by ANSYS [37] and present work), it is noticed that Thomson effect
has a non-negligible effect on performance for TEG where a large
temperature difference exists. Besides, results also show the limit
to consider a mean temperature for the Thomson effect when the
current increases gradually. Therefore, the present model is more
general with temperature-dependent properties, which can be
applied to investigate the performance of the TEG at large tem-
perature difference and high current.
Fig. 8. Variation of the optimal dimensionless geometric parameters.
4.2. Optimization results

The Pareto front obtained by using the proposed multi-objective
optimization approach is illustrated in Fig. 7. It is evident that P
would not increase from one Pareto solution to another except
increasing V0, which means all the solutions are non-dominated.
Besides, it is found that P ranges from 5.523W to 56.293W and
V0 ranges from 432mm3 to 3868mm3, respectively. After deter-
mining the positive ideal solution (432mm3, -56.293W) and the
negative ideal solution (3868mm3, -5.523W), the TOPSIS optimal
solution can be obtained with corresponding design variables and
performances listed in Table 2.

Figs. 8e10 illustrate the optimized geometric parameters of the
solutions along with the Pareto front, where WTE is calculated ac-
cording to Table 1. It is found that the overwhelming majority
values of Lp, c are around 0.46, while those of Ln, c are around 0.23,
respectively. It can be obtained from Table 1 that V0 is directly
determined by g. Therefore, values of g gradually increase in its
constraint interval. Besides, the majority values of N are around 30,
and all the values gradually increase in the interval (25, 35) as V0

increases. As a result, values ofWTE keep increasing from 0.462mm
to 1.056mm. These results indicate that: 1) For the TEGs with same
semiconductor volume, there is an optimal ratio of the hot side and
cold side materials which makes the output power the highest.
Table 2
The optimal solution selected by TOPSIS with design variables and performances.

Design variables

TOPSIS solution I (A) N g

Value 1.204 32 0.803
However, the values of the optimal ratio are basically invariable for
different Pareto solutions. 2) Although V0 changes significantly
along the Pareto front, optimal N increases slightly in a relatively
small interval. On the other hand, the geometric parameter WTE
plays a significant role in determining the performance of TEG. 3)
Only if all the geometric parameters are set appropriately, can the
segmented TEG achieve the best performance with the lowest
material cost.

Apart from obtaining the optimal geometry of TEGs, it is
essential for industrial application to determine the optimum
Performances

Lp, c Ln, c V' (mm3) P (W)
0.460 0.230 3092 44.987



Fig. 9. Variation of the optimal TE leg number on the side.
Fig. 11. Variation of the optimal load current.
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operating current. Fig. 11 shows the variation in the load current of
optimal TEGs at the maximum power output. It is observed that
optimal I increases from 0.168 A to 1.367 A as P increases gradually,
which indicates that more materials should be used in order to get
the optimal performance in high current applications.

Fig. 12 illustrates the variation of temperature at the interface of
two segments. As mentioned above, the temperature distribution is
determined by both the geometric parameters and boundary con-
ditions with Thomson effect, Peltier effect, Joule heating, and
Fourier heat conduction. Even though variables keep changing
along with the Pareto front, values of Tn, interface and Tp, interface just
have slight fluctuations. Results show that the average value of Tn,
interface is 447.81 K, while that of Tp, interface is 532.65 K, respectively.
Comparedwith Fig. 2d, it is observed that the interface temperature
is just around the turning point of ZT values for the hot side and
cold side materials, which means all the thermoelectric materials
are working in their optimum temperature ranges. Besides, all the
values of Tp, interface and Tn, interface are less than 550 K and 500 K,
Fig. 10. Variation of the optimal TE leg width.
respectively. Therefore, the penalty function is valid in imposing
the constraint condition in the present study.
4.3. Comparison results

Fig. 13 illustrates the temperature distribution at the central
section and the ZT values along the TE leg direction, where the
segmented TEG is the optimal solution selected by TOPSIS and the
skutterudite TEG has the same configuration. It is found from
Fig. 13a that the temperature distribution has been changed
because the material properties of bismuth telluride are different
from those of skutterudite. The temperature at p-type contact
interface is raised from 496.67 K to 531.38 K, while the temperature
at n-type contact interface is raised from 397.38 K to 440.33 K,
respectively. Therefore, as it can be seen from Fig. 13b, not only the
original low ZT sections are replaced by the bismuth telluride, but
also ZT values of the skutterudite at same position are improved as
a result of the modified temperature field. Overall, the average ZT
Fig. 12. Variation of temperature at the interface of two segments.



Fig. 13. Distribution diagram of the optimal segmented TEG selected by TOPSIS and the skutterudite TEG: (a) temperature distribution at the central section, (b) ZT values along the
TE leg direction.

Fig. 14. Performance comparison of the optimal segmented TEG selected by TOPSIS and the skutterudite TEG: (a) I-V characteristics, (b) output power and conversion efficiency vs.
current.
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value of p-type materials is improved from 0.52 to 0.86 and that of
n-type materials is improved from 0.81 to 0.92, respectively.

Fig. 14 illustrates the performance comparison of the optimal
segmented TEG selected by TOPSIS and the skutterudite TEG in
detail. As shown in Fig. 14a, the segmented TEG has higher open
circuit voltage and short circuit current than the skutterudite TEG.
Besides, the I-V characteristics indicate that the segmented TEG
can provide a higher output voltage at the same load current or a
higher current at the same load voltage, which directly leads to an
increase in output power. The comparisons of output power P and
conversion efficiency h of are given in Fig. 14b, where h is calcu-
lated after obtaining the absorbed heat Qh in the COMSOL
environment:

h ¼ P
Qh

(16)

It is found that both the P curves and the h curves are similar
for different TEGs. Both the P curves reach the maximum at the
current of 1.2 A, while both the h curves reach the maximum at the
current of 1.1 A, respectively. However, it is evident that the
optimal segmented TEG has better performances for P and h. Re-
sults show that the maximum value of P is increased 21.9% and the
maximum value of h is increased 34.7% respectively for the
segmented TEG.
5. Conclusion

The present optimization of the segmented TEG is a multi-
objective problem taking minimum semiconductor volume and
maximum output power into consideration, simultaneously. Multi-
objective genetic algorithm and finite element method are coupled
to solve this problem and obtain a series of Pareto solutions. Sub-
sequently, TOPSIS technique is employed to rank Pareto solutions
and determine the best compromised one. The main conclusions
are as follows:

(1) For the segmented TEG, there is an optimal ratio of hot and
cold side materials to provide the maximum output power,
but the values of the optimal ratio are basically constant as V0

increases.
(2) Although V0 varies significantly along with the Pareto front, it

is found that N increases slightly in a relatively small range,
but WTE is more sensitive to the TEG performance. Further-
more, only if N and WTE are chosen appropriately, can the
certain volume of TE materials be fully utilized.

(3) By segmenting the TE legs, not only the original low ZT
sections are replaced by the bismuth telluride with high ZT
values, but also ZT values of the skutterudite at same position
are improved as a result of the modified temperature field.
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(4) Compared with the skutterudite TEG, the segmented TEG
selected by TOPSIS can provide a higher output voltage at the
same load current or a higher current at the same load
voltage. Meanwhile, both the output power and conversion
efficiency of the segmented TEG are higher than those of the
skutterudite TEG.

Therefore, the proposed optimization approach is effective to
design a high-performance segmented TEG module. Furthermore,
these findings obtained herein may provide useful information for
the future experimental work and industrial applications.

Conflict of interest

None

Acknowledgment

The work is supported by the National Natural Science Foun-
dation of China (NOs. 51776079 & 51736004) and the National Key
Research and Development Program of China (NO.
2017YFB0603501-3).

Nomenclature

I load current (A)
J objective function
l length (m)
L dimensionless length
N number of thermoelectric legs on the side
P output power (W)
Qh absorbed heat (W)
T temperature
V electrical potential (V)
V0 semiconductor volume (m3)
WTE width of TE leg (m)
ZT figure of merit

Greek letters
a Seebeck coefficient (V K�1)
g area ratio of legs to a pair
h conversion efficiency
l thermal conductivity (W m�1 K�1)
s electrical conductivity (S m�1)

Superscript
c cold side
n n-type
p p-type
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