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ABSTRACT Thermoelectric generators are efficient devices to recover energy from the automotive exhaust
gas. In this paper, conversion efficiency of automotive thermoelectric generator (ATEG) and the maximum
electrical power generated by the ATEG, defining as the power output of the ATEG excluding the energy
loss caused to the engine improved by optimizing the number of thermoelectric modules (TEMs) and its
distribution pattern in an ATEG. An advanced numerical model of ATEG considering the effect of the heat
transfer among the adjacent TEMSs’ rows is developed with Simulation-X software. In order to acquire the
ATEG’s optimal electrical performance, a 3-step optimization is applied. First, 17 independent factors (the
number of TEMs in each row from 1 to 18) are assessed and the significant parameters are screened using
Plackett-Burman design. Second, an experiment designed with a central composite design is performed
to analyze the sensitivity of six selected factors and a surrogate model is built through response surface
method. Then, conflicts in two objectives are settled with a multi-objective genetic algorithm. According
to the optimization results of a given ATEG, the maximum electrical power generated by the ATEG is
139.47 W and the conversion efficiency is 2.51% under steady engine condition. Finally, the performances
of the optimized design under different engine conditions are discussed. The results show that the maximum
power generated by the ATEG and efficiency respectively increase by 49.8% and 106.5% after optimization
when the exhaust inlet temperature is 805 K and the mass flow rate is 0.5 kg/s.

INDEX TERMS Automotive thermoelectric generator, multi-objective genetic algorithm, response surface

method, thermoelectric modules, 3-step optimization.

I. INTRODUCTION

Due to the increasing challenges in waste disposal as well
as the high dependency on fossil fuels, advanced waste-
to -energy techniques have been actively promoted for a
long time [1]. The current waste-to-energy practices and
research trends cover solar energy, vehicle vibration energy,
geothermal energy, and so on. Among the developed tools for
energy recovery, thermoelectric generators (TEGs) which can
convert heat into electricity has advantages like low noise,
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light weight, and non-mechanical vibration [2], [3]. In recent
years, the TEG-based waste heat recovery method has been
one of the most promising techniques [4]-[6].

Automotive thermoelectric generators (ATEGs) are proved
to have the potential for recovering waste heat energy from
automotive exhaust gas [7], [8]. For an internal combustion
engine vehicle, approximately 30% of the energy is used
to drive the vehicle; nevertheless, 40% is emitted as heat
through the exhaust gas [9]-[11]. A variety of numerical TEG
models have been developed for the parametric studies on the
performance and optimization of ATEG. Espinosa et al. [12]
used the finite -difference method with a strip-fins convective
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heat transfer coefficient to build a TEG model, and esti-
mated the output power of TEG at a 90° coolant temperature.
Gou et al. [13] and Qing et al. [14] established a TEG system
model based on finite time thermodynamics. He ef al. [15],
through finite element analysis, established a model of
sandwich plate-type exhaust heat exchanger, and concluded
that flow velocity and thermoelectric module (TEM) area
were significant variants for the optimization of ATEG.
Tatarinov ef al. [16] developed a Simulink model of
TEG system for determining the energy flow of vehicle.
Xiao et al. [17] introduced the convective heat trans-
fer models of solid heat capacity material hot-end and
thermoelectric material’s cold-end. Hsiao et al. [18] and
Sawires et al. [19] built a one-dimensional thermal resistance
model for TEM so as to predict the performance of this
module. Hsu e al. [20], [21] used a thermal resistor network
model to calculate the exact temperature difference traverse
the TEM, and proposed the effective Seebeck coefficient.
Kumar et al. [22] discretized the TEG along the exhaust
flow direction using a finite volume method; and each dis-
crete volume was modeled as a thermal resistor network.
Yuan et al. [23] used a three-dimensional numerical simu-
lation model to investigate the performance of ATEG. These
previous studies have provided numerous promising electro-
thermal models; however, most of the models are unable
to accurately represent the TEMs temperature distribution
along the fluid flow direction because they were established
by assuming an isothermal transfer among adjacent TEMs
[12], [15], [16], [20], [22], [23]. Therefore, a new one-
dimensional multi-domain model, which not only considers
the temperature gradient on the TEMs surface along the fluid
flow direction but also shortens calculation time, is proposed
in this paper.

To maximize the performance of TEGs, multiple optimiza-
tion methods have been developed. Among them, genetic
algorithms (GAs) [24] have been the interest in the field of
heat transfer, especially for TEGs [25], [26]. Wang et al. [27]
optimized the fin distribution for maximizing the electri-
cal power for a given ATEG through a multi-island genetic
algorithm. Liu et al. [28] and Qiang et al. [29] optimized
heat exchanger’s fin and the cold unit by an archive-based
micro genetic algorithm. Arora et al. [30] applied non-
dominated sorting genetic algorithm-II to two-stage TEG.
These researches have proved that GA can be utilized to max-
imize the performance of TEG system. However, it is difficult
to design experiments when the number of factors is large
and the optimization is time-consuming [31]. The response
surface method (RSM) is able to simplify the experimental
design; meanwhile, it is available for sensitivity analysis.
Su et al. [32] considered variable length and thickness of
folded plate, and used RSM and multi-objective genetic
algorithm (MOGA) to find the optimal surface temperature,
thermal uniformity, and pressure drop. Huang and Xu [33]
proposed a combined RSM-GA optimization to fulfil
an efficient search for the optimal power output from
thermoelectrics.
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In the ATEG formed by a large number of TEMs,
the effects of the number and distribution pattern of TEMs
are not totally known. Thus, it is a challenging task to find a
general rule to determine the best configuration of TEMs in
an ATEG.

Previous works are mainly based on the simulation
results performed on the computational fluid dynamics
(CFD) [34]-[36]. However, these studies are not suitable for
investigating two factors of the number and distribution pat-
tern of TEMs that affect the ATEG electrical power output
and thermoelectric conversion efficiency, since they cannot
get the hot side and cold side temperature of each TEM
accurately and rapidly. Tao et al. [34] and Wang et al. [35]
implied that total power generation increases quickly with
the number of TEMs increases, but the power output gets
saturated quickly when the number of TEMs is more than the
threshold via CFD simulation. Besides, Weng and Huang [36]
explored the influences of the number and the coverage rate
by selecting different length of TEMs and heat exchanger
in the use of ANSYS. However, the CFD numerical sim-
ulation cannot provide a model to get the optimal number
and distribution pattern of TEMs. Cozar et al. [37] proposed
the methodology of the numerical model which can obtain
the optimum number and thermal configuration of TEMs,
yet the numerical simulation cannot analyze the sensitivity
of each column of TEMs. In [38] and [39], the total power
output of ATEG is optimized using GA on the basis of the
numerical model; however, the design and optimization of the
ATEG system is not reasonable, since the objective neglects
the thermoelectric conversion efficiency. Therefore, the main
innovation of this paper is that it studies the effects of TEMs’
quantity and distribution pattern on the conversion efficiency
of ATEG and the maximum electrical power generated by the
ATEG, defining as the power output of the ATEG, excluding
energy loss caused to the engine, through a one-dimensional
model. Table 1 summarizes the performance of these
studies.

This paper is arranged in the following ways. The geometry
and numerical model of ATEG are given in Section II. The
3-step optimization approach which includes Plackett-
Burman design (PBD), central composite design (CCD), and
MOGA, is described in Section III. Then, the results of
screening of process variables, sensitivity analysis, and opti-
mization are presented in Section IV. Eventually, conclusions
are drawn in Section V.

Il. ATEG MODELING

A. GEOMETRY MODEL

An ATEG with 1-306TEMs distributed in various locations
is studied to determine the electrical performance based on
a given ATEG system. The ATEG is installed in a Tianlong
commercial vehicle [40], which is equipped with an 11.12 L
diesel engine. The physical diagrams of the test bench and
ATEG are shown in Fig. 1. The test bench setup consists of
an independent cooling unit, a heat exchanger and TEMs.
The designed independent cooling system is composed
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TABLE 1. Performance comparison between proposed work and related works.

Reference NTEMSs Method Distribution pattern Maximum power output Conversion
(W) efficiency (%)
[34] 1-64 CFD numerical 8 rows, 4columns, front and back 139.6 -
surface
[35] 1-60 CFD numerical 12 rows on the top and bottom - -
surface
[38-39] 1-100 Numerical model, genetic 10 rows, 10 columns 145.7145 -
algorithm
[36] 6,12,18,30, CFD numerical 7 rows, outer surface of the - 1.5%
42 hexangonal pipe
[37] 1-100 Numerical simulation rectangular 169.2 -
Proposed 1-306 Thermal resistance model, 17 rows, 18 columns, cylindrical 139.47 2.51
work MOGA

FIGURE 1. The physical diagrams of the test bench and ATEG.

of 18 single-column water tanks. To obtain the surface heat
uniformity of each TEMs column, the 18 single-column water
tanks are connected in parallel by the inlets/outlets.

The detailed schematic model of the ATEG is plotted
in Fig. 2. As shown in Fig. 2 (a), the shape of the ATEG
is an eighteen-sided polygon prism, and the side length and
height of the prism are 80 mm and 1000 mm, respectively. For
one BirTes-based TEM, the size is 50 mm x50 mmx4 mm.
The single-column cooling water tank, which is made of
aluminum, is a cuboid with a 60 mm width, a 970 mm
length, a 26 mm height, and a 2 mm thickness. The inlet
inner radiuses of the heat exchanger and coolant channel are
36 mm and 8 mm, respectively. Moreover, a cylindrical heat
exchanger with an inlet outer diameter of 410 mm is made
of brass. To consider the installation constraints, a TEG is
fully covered with 306 TEMs which are placed in 17 rows
along the streamwise direction and 18 columns in the plane
perpendicular to the gas flow (see Fig. 2 (b)). Here, the TEMs
in one row are numbered from 1 to 18 and in one column are
numbered from 1 to 17.

B. NUMERICAL MODEL

In the present study, the ATEG is developed as 1-D multi-
domain model, allowing a high parameterization and efficient
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FIGURE 2. (a) 3-D model of ATEG, (b) the arrangement of TEMs (unit: mm).

optimizations in comparison to 3-D CFD models [10], [41].
Furthermore, as shown in Fig. 2 (b), the TEG region is dis-
cretized into 17 control volumes (CVs) along the streamwise
direction, that is, a CV contains a row of

TEMs. The TEMSs’ hot-side temperatures are considered to
be uniform in a CV [22].

1) BASIC ASSUMPTIONS AND BOUNDARY CONDITIONS
To simplify the numerical model, the following assumptions
are made:

(1) All TEMs have exactly uniform geometric sizes; and
their thermoelectric parameters are constant.

(2) The contact thermal resistance, Thomason effect and
all heat radiation are ignored.

(3) Insulation materials are presented between the TEMs.

(4) The cooling water temperature is homogeneous.
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As heavy-duty commercial vehicles are often considered to
be production resources, being used for long-distance trans-
portation. Therefore, a constant speed driving condition on
a flat road is chosen for the heavy-duty commercial vehicle:
90 km/h, representative of one steady-state engine condition.
In order to obtain the required input parameters for the ATEG
model, the vehicle is simulated using ADVISOR 2002. The
input data for ADVISOR 2002 is given from [40]. The out-
put from this simulation (exhaust gas mass flow rate mjy
of 201.48 g/s, exhaust gas inlet temperature 7, of 710.86 K)
is obtained for the steady analysis. The fluid of the heat
exchanger is compressible dry air, while the fluid of the
cooling side is water. The boundary conditions of the ATEG
listed in Table 2 are used in developing numerical models.

TABLE 2. Simulation boundary conditions of the ATEG.

Parameter Value

TEM
Cross section and height of one TEM
(ATEM, 6TEM)

50mmx50mm, 4mm

Seebeck coefficient of one TE couple a., 295uV/K
Electric resistance of one TE couple Ry, 6.48mQ
Thermal conductivity of one TEM Argm 3W/(m'K)
Thermoelectric material Bi,Te;
Fluid

Exhaust gas mass flow rate mi; 201.48g/s
Exhaust gas specific heat capacity c, 1.12x10°J/(kg’K)
Exhaust gas inlet temperature T, 710.86K

Cold water temperature T 313K

Cold water mass flow rate mi.¢ 200g/s
Cold water heat transfer coefficient her 1300W/(m*K)
Ambient air heat transfer coefficient hy; 15W/(m*K)

Geometry
Dimensions for cylindrical heat exchanger
(diameter, height)

440mm, 1000mm

Tube wall (copper) thickness Syaip 6.85mm
Exhaust inlet diameter 72mm
Cooling side inlet diameter 16mm

2) HEAT TRANSFER EQUATIONS AND

THERMAL RESISTOR NETWORK

The basic calculation unit of an ATEG is assumed as a CV,
consisting of a row of TEMs, a cylindrical heat exchanger
installed at the hot end, and a cooling water tank mounted
at the cold end. For the i!" CV, the hot gas flow characteris-
tics can be expressed by the mass and energy conservation
equations.

o o V(1) 8Ud v dTe (i
Mjp (1) + Moyt (1) = - U2 . <8_p p+ 9Tor (1) hf (1))
1
+ =V (@) (1
dU (i) = min(i) - Tin()-cp + Mou(i) - Tou () - ¢p
+ Quan(i) — pdV(i) 2
with
dv @ V@ 0 d
W =uw [¥ S (idﬁ o (i))}
+ mpg (i) (% 2 gt »(')) )
e o P T ) - MY
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mpt (i) = o - V(D) 4
Tin (1) + Tout (1)

Toe (@) = ———— &)

Here, the subscript in, out, hf, and wall represent inlet,
outlet, fluid gas, and wall, respectively. Compressibility and
expansion of the i CV volume V (i) are represented accord-
ing to the pressure p, temperature 7 and specific capacity v.
U, m and V respectively represent the total energy, mass and
volume of the fluid gas in a CV; p, u and ¢, are the hot gas
density, specific internal energy and specific heat capacity,
respectively. Qwa'll (i) is the heat flow

on the wall in the i" CV.

For the fluid gas in the i CV, the description of the heat
transfer coefficient is the use of similarity methods, and it is
defined as

b (i) = A0 ©)
dhf,i
where Ay is the thermal conductivity of the fluid gas, Nu is
the Nusselt number of the exhaust flow.
In the turbulent flow, the Nusselt number is calculated
using Petukhov’s correlation (modified by Gnielinski); and

it is defined as
1+ (%) i
Lnt

(N

where Ly and djy ; respectively are the length and inner
diameter of the heat exchanger in the i CV. &, Re and Pr
are the friction factor, Reynolds number, and Prandtl number,
respectively. They are expressed as

Re-Pr~§/8

Nu (i) =
112772 /8 (PR3 — 1)

¢ = (1.8logRe—1.5)"2 (®)
d .
Re = Wht.i )
"
pr=t (10)
a
with
A
a =0t (11)
P Cp

where w, i and a are the velocity, the kinematic viscosity and
thermal diffusivity of the exhaust flow, respectively.

The hot-side heat exchanger in the i CV is modeled as an
effective thermal resistance in Eq. (12). In addition, the ther-
mal resistances for the tube wall in the plane perpendicular
to the gas flow, the tube wall along the streamwise direction,
TEMs and cooling water in a CV are given by Eq. (13)-(16).

1

Ry () = ——— 12
MO = b @ - Au (12

5wallp
Ryallp = — P (13)
wap )"wall‘Awall,p

Swall <
Ryalls = ——abs (14)

kwall 'Awall, S
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STEM

R 1) = 15

TEM () n (i) - Atem - ATEM (15)
1

R = 16

cf hcf‘Acf ( )

Here, Apr, AcrAwail,p> Awall,s and Atgy are the areas of
heat exchanger, cooling water tank, tube wall in the plane
perpendicular to the gas flow, tube wall along the streamwise
direction in a CV and a TEM, respectively. dyair p, Swail,s
and &gy are the thicknesses of tube wall in the plane per-
pendicular to the gas flow, tube wall along the streamwise
direction in a CV and a TEM, respectively. A and & are
thermal conductivity and convective heat transfer coefficient,
respectively. n(i) is the number of TEMs in the i CV. The
expressions for the areas and thickness are given as follows.

Apf = dpfi-77-Lig (17)

Avallp = 27 Linf (to — 13) (18)
In (ro / ri)

Avalls = 7 (rg - r%) (19)

Acr = werLet (20)

Swall,p = T0 — Tj 21

Swall,s = Lnf (22)

where r, and r; are the outer and inner radiuses of the heat
exchanger, respectively, and wr and L.y are the width and
length of the cooling water tank in a CV, respectively.

Hence, the thermal resistances compose the network,
as shown in Fig. 3. The thermal resistances in channel 1-cf
of the i CV can be calculated by

Ri—cf = Ryan,p + Rtems (D) + Ret (23)

In the heat conduction process of TEMs in the it CV, the
heat transfer rate is given by

. T, 1) — T3 (i
Qi (i) = 20 -0 (24)

Rrems (1)

For the single ih CV, the heat transfer rate also can be
expressed as

0 T =Ty
= 25
Q) =~ — (25)

For the tube wall of the i" CV, the heat flow Qwa'” (i) can
be solved by

I H-TiG—-D-T1G+1) T H-Ta()
Rwall,s *

Qwall (1) = Rwall, .
(26)

According to the CV energy balance, Qwa}l (i) also can be
calculated in Eq. (27). mjy is the exhaust mass flow rate.

Qwall (i) = mipg-cp - (Tt (i) — The (i + 1)) (27)
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FIGURE 3. Equivalent thermal resistor network for the whole ATEG.

3) ELECTRICAL POWER OUTPUT AND

CONVERSION EFFICIENCY

The TEMs comprise many pairs of thermoelectric couples.
For one single thermoelectric couple, it is assumed that the
thermal conductivity, Seebeck coefficient and electric resis-
tance are constant. With the measured Seebeck coefficient «
and the measured electric resistance R, of one thermoelectric
couple (see Table 2), the open circuit voltage and electrical
power generated by the whole TEG can be calculated as

Urews = Y n()-Nawm (O -T;(0)  (28)

[Z2in G- N - am - (T2 )=Ts ()

2
P = J RL (29)

(RL+Z%7 n (i)~N-Rm)2

where N is number of the thermoelectric couples of one TEM,
and Ry is the external load resistance. The total number of
thermoelectric couples for one TEM is approximately N =
(50/3.77)%; and the cross section of a single thermoelectric
couple is 3.77 mmx3.77 mm. The maximum electrical power
generated by the ATEG P,,,, can be obtained when R; =
217 n (i) - N - Ry, and it can be expressed as

(S0 @) N o - (T2 () = T3 @)
431" n (@) NRp

2
] (30)

Pmax =

For the i CV, when the heat conduction, Joule heat l.oss
and Peltier effects are combined, the heat transfer rate Qg (i)
extracted from the hot sides of TEMs is determined as fol-
lows:

On () =n() - [Noatm - T2 () - 1 + K - (T2 (i)
—T; (i)) —0.5N-I2 .Rm] 31)
where K is the thermal conductance of a TEM. Combin-

ing Eq. (30) and (31), the ATEG conversion efficiency is
expressed as below:

1= Pras / > 0k () x 100% (32)
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FIGURE 4. Simulation model of ATEG.

4) ATEG SYSTEM MODEL

In this study, Simulation-X 3.8 is used as the simulation tool.
The software Simulation-X is based on the object oriented
physical programming language Modelica, allowing for the
modeling of technical and physical systems on the basis of
mathematical equations. By setting the boundary conditions,
including the exhaust mass flow rate mjy, the inlet temper-
ature Tj,, the cooling water heat transfer coefficient A, the
cold water temperature T, and the geometry of the whole
ATEG device, the maximum electrical power generated by
the ATEG and the conversion efficiency are automatically
solved in the software based on a series of algebraic dif-
ferential equations as illustrated in Section II. Fig. 4 shows
the simulation model of the ATEG, where the model along
the streamwise direction is subdivided into 17 equidistant
sections to agree with the actual temperature distribution.
There are four essential physical effects, consisting of the heat
convection between the exhaust and the tube wall, the thermal
conduction through TEMs and their electrical power output,
the heat convection between TEMs and the cooling water,
as well as the heat convection between heat exchanger and
the ambient air.

TABLE 3. Five types of engine-operating conditions.

Conditions
Engine i ii iii iv v
parameters
speed (RPM) 500 1500 2500 3500 4500
torque (Nm) 44 200 200 179 136

C. MODEL VALIDATION

The 1-D multi-domain model of the ATEG is validated by
comparing it with the experimental data obtained from the
previous study [40]. The experiment uses a dynamometer,
a diesel engine, a TEG, a TEG system console, a dynamome-
ter console, a fuel consumption meter, a high-speed cam-
era and pressure difference measurements (see Fig. 5). The
performance of the ATEG is studied under five types of
engine-operating conditions (see Table 3). The comparison
is shown in Fig. 6, illustrates that the experimental results are
well reproduced by the proposed model (maximum difference
between simulation and experiment of 4.7% occurring in
1 case).

lIil. OPTIMIZATION DESIGN
To optimize TEMs’ number and distribution pattern for an
ATEG, two objectives are considered, i.e., the maximum
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FIGURE 5. Bench test platform.

FIGURE 6. Bench test platform vs. model: (a) maximum output power,
(b) thermoelectric generation efficiency.

electrical power generated by the ATEG and thermoelectric
conversion efficiency, given by Eq. (30) and (32) respec-
tively. To resolve this problem, The number of TEMs in each
CV (n(i) (i = 1,2,3,...,17)) is taken as factors for this
optimization.

The procedure for the optimization of TEMs’ number and
distribution pattern is illustrated in Fig. 7. Firstly, 17 inde-
pendent variables (factors) are assessed using PBD so as to
screen significant parameters. Then, a surrogate model is built
using a CCD with six selected factors. Finally, the MOGA is
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Screen Significant Parameters
by PBD

Generate CCD for Each
Design
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Parametric Modeling and Calculations
in SimulationX 3.8
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Fit with Second-order Model
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Criteria?

lYes

Goal Driven Optimization
by MOGA

-

No

FIGURE 7. Flowchart showing the optimization of the TEMs’ number and
distribution.

an efficient way of searching for the optimum based on the
surrogate model.

A. PBD-SCREENING

The PBD can obtain the factors which have a significant
influence on the test index among the multiple design vari-
ables [42], [43]. In this study, a total of 17 variables (the
number of TEMs in each CV) are chosen for screening. The
number of TEMs in each CV ranges from 0 to 18. A PBD
of size 20 with 17 factors is developed using Design Expert
10 software. By analysis of variance (ANOVA), the factors
having a probability value of P<0.055 are validated to have a
major effect on the maximum electrical power generated by
the ATEG and thermoelectric conversion efficiency, and are
further modeled by CCD

B. CCD-RESPONSE SURFACE MODELING

RSM [10], [32]-[44] is a sequential procedure applied for the
modeling and analysis of the sensitivity between responses
and design variables. It can establish the surrogate model
through limited experimental or simulation results.

Six significant parameters, namely, the number of TEMs
in the 6, 7, 8, 9t 12t and 13" CVs are established
as critical determinants for the ATEG electrical performance
through the PBD screening. The proposed RSM involves
26 1/2 fractional CCD points, one center point, and 12 axial
points; and in total, 45 experiments are performed. Five
levels of each variable are defined, where the axial points
(1.565, -1.565), factorial points (1, -1) and center point (0) are
adopted. The actual level of each variable is shown in Table 4.
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TABLE 4. Levels of factors in the CCD.

Variable Lowest Low Center High Highest

(Level - (Level - (Level (Level (Level

1.565) 1) 0) +1) +1.565)
n(6) 0 3.25 9 14.75 18
n(7) 0 3.25 9 14.75 18
n(8) 0 3.25 9 14.75 18
n(9) 0 3.25 9 14.75 18
n(12) 0 3.25 9 14.75 18
n(13) 0 3.25 9 14.75 18

Besides, the CCD is usually introduced to fit a second-order
model, as shown by Eq. (33):

n n
Y=A+ Zi:l Bi- X+ Zi:l Bji-X}
n n
+y ijl B Xi-X; (33)

where Y is the response surface model (the maximum electri-
cal power generated by the ATEG and thermoelectric conver-
sion efficiency), X is the factors, A is the intercept coefficient,
and B;, Bj;, and Bjj represent the i linear, the ii™" quadratic,
and ij' interaction coefficients, respectively.

C. MOGA-OPTIMIZATION

In order to evaluate the electrical performance of ATEG,
the multi-objective genetic algorithm (MOGA) [45] is used
for optimizing the number and distribution of TEMs. Based
on the response surface model, the optimal solution set of
two objective functions is solved within the feasible range
of decision variables. However, two objective functions are
related but conflict with each other, so each objective can only
be weighted to obtain the optimal solution set. In addition,
both of surrogate models are nonlinear, which makes the
optimization problem a complex optimization model with
multiple variables, multiple constraints, and multiple objec-
tives. Therefore, this paper adopts the non-dominated sorting
genetic algorithm II (NSGA-II) [46], which has good effect
on the fitness assignment and diversity of the solution.

1) OPTIMIZATION ALGORITHM AND PROCESS

At the beginning of NSGA-II calculation process, the initial
population is initialized, and then the offspring population
is generated through the evolutionary operation. Merging
parent and child populations, population P, of size 2N is
generated. Then, the non-dominated rank of individuals in
the population P, is sorted based on the fitness function.
According to the non-dominated sorting rank, the first level,
the second level, ...and the n™ level fill the next generation
population P, successively. It is worth noting whether the
size of the population P, exceeds N. After the m™ level
non-dominated rank is filled, and the number of individuals
in population P,y exceeds N, crowding distance calculation
is applied to select individuals of good distribution in the mt
level to make the size of the population P,1 N. The specific
process of this algorithm in this study is described as follows:
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(1) Chromosome design-The first 6 digits of the chromo-
some indicate the quantities of TEMs in the selected
control volumes (n(6), n(7), n(8), n(9), n(12), n(13)),
and the 7™ and 8" digits of the chromosome represent
objective function values calculated by the number and
distribution of TEMs.

(2) Population initialization-The initial population P; is
obtained by randomization within the scope of the
feasible domain.

(3) Selection-(pop/2) chromosomes are selected from
the population, where pop is the population size.
Crossover-Complete individual crossover operation
using simulated binary crossover operator. Mutation-
Perform individual mutation operation using polyno-
mial type. NSGA-II utilizes three operators for getting
new offspring Q.

(4) Combination-Form a new population R, = P, U Oy,
where the population size of Ry is 2N.

(5) Fast non-dominated sorting-Firstly, non-dominated
fronts F, F, ...are obtained by using non-dominated
sorting algorithm for all individuals in the popula-
tion R,. Meanwhile, the non-dominated fronts are
transferred into the population Py 1.

(6) New population generation-Create new population

P41 as follows:
Case 1: If |Pyy1|+|Fi| < N,thenset Ppy1 = Pypy1UF;;
Case 2: If |Ppy1|+|Fi|l > N, then transfer N-|Py1]
solutions of the maximum crowding distance from F;
to P n+1-

(7) Whether the stopping criteria, which is the maximum
number of generation is satisfied, if not, return to step 3;
otherwise, exit the program and get Pareto optimal
solutions.

2) OBJECTIVE FUNCTION, DECISION

VARIABLE AND CONSTRAINTS

In this study, the multi-objective genetic algorithm (MOGA)
is used to determine the optimum using the response surface
model to evaluate the objective functions and decision vari-
ables. For this process, two objective functions are defined as
follows:

Max F; =Y Xy, X3, X3, X4, X5, X¢) 34
Max F; = Y2 (X4, X3, X3, X4, X5, X¢) (35)
1.0 < X;< 18,X;eN, withi=1,...,6.  (36)

where Xj represents the number of TEMs in the selected CV.
Also, the maximum electrical power generated by the ATEG
and thermoelectric conversion efficiency are two objectives,
namely F; and F>.

For implementing NSGA-II, the parameters of the con-
trol algorithm including population size, maximum number
of generations, crossover probability, and mutation operator
should be well estimated. The population size pop is set
to 50, and the maximum number of generation is limit to
200 with the crossover probability and mutation operator
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0.9, 20, respectively. NSGA-II program is run to analyze the
response surface model in Matlab software.

3) DECISION MAKING METHOD

After obtaining the Pareto optimal solution set, it is necessary
to select the optimal solution according to the preference of
the decision maker, requiring multi-attribute decision analy-
sis for the obtained optimal solution set. TOPSIS (technique
for order preference by similarity to an ideal solution) is a
common method for multi-attribute decision making of finite
schemes. The basic idea is to sort a certain number of eval-
uation solutions depending on the distance of the evaluation
points from the ideal point. The present study utilizes TOPSIS
decision making method to sort the Pareto optimal solution
set, and the specific steps are listed as follows:

(1) Normalize the objective functions Fy, F;.
i
Zj = ——— (37)
n
2oy (xij)
where xj; is the objectives matrix at three optimal solutions
of Pareto front and i (i=1, 2, 3) stands for the index of three

points on Pareto front and j (j=1, 2) stands for the index of
each objective.

(2) Identify the best solution z* and worst solution z™.

zt = (zi1, zin) (38)
2~ = (zi1, Zi2) (39)

(3) Calculate the distance DiJr and D;” of each evaluation
point from z+ and z™.

2
Di+ = \/ijl (maxzij — Zij) (40)
D = \/ijzl (minzij — Zij) (41)

(4) Calculate the proximity C;j of each evaluation point
from the optimal solution.

C Di (42)
" D +D;
where the range of Cj is between 0 and 1. When C;j is closer
to 1, it indicates that the evaluation point is superior.

(5) Sort Cj in an ascending order.

IV. RESULTS AND DISCUSSIONS

A. SCREENING OF PROCESS VARIABLES

Variables that negatively affect the maximum electrical power
generated by the ATEG and conversion efficiency with less
than 5.5% probability (see Table 5) are discarded in the
PBD. Table 5 lists the intercept and linear factor coefficient
for the dedicated model. Because the correlation coefficient
(R?) of values are 0.9916 and 0.9976, the model adequacy is
validated.
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TABLE 5. PBD of independent factors with the ATEG electrical
performance.

Independent factors PBD 20 Pinay (W) 1 (%)
Mean/ Intercept 54.10 6.216e-3
A:n(1) -0.46 -1.880e-4
B:n(2) -1.84 -2.710e-4
C:n(3) -1.64 -2.480e-4
D: n(4) -2.16 -2.810e-4
E: n(5) -1.86 -2.750e-4
F: n(6) -2.81 -3.260e-4*
G:n(7) -3.00 -3.410e-4*
H: n(8) -3.67 -3.710e-4*
I: n(9) -2.95 -3.320e-4*
J: n(10) -1.71 -2.560e-4
K:n(11) -2.07 -2.810e-4
L:n(12) -2.59 -3.040e-4*
M: n(13) -2.40 -3.000e-4*
N:n(14) -2.12 -2.890e-4
0:n(15) -2.16 -2.900e-4
P: n(16) -1.48 -2.480e-4
Q:n(17) -0.59 -2.030e-4

Values followed by * are significant (P<0.055)

(a) ®)

©) d)

@©

FIGURE 8. Response surface of the maximum electrical ﬁower generated
by the ATEG against the numbers of TEMs in the 6 th, 7 th, gth oth 15th
and 13th cvs: (a) n(6)-n(7)-Pmax response, (b) n(6)-n(8)-Pmax response,
(c) n(6)-n(9)-Pmax response, (d) n(6)-n(12)-Pmax response, and

(e) n(6)-n(13)-Pmax response.

B. SENSITIVITY ANALYSIS
The response values of the design matrix as calculated based
on the simulations are presented in Table 6. Among the results
of the 45 groups, the lowest maximum electrical power gener-
ated by the ATEG is 61.18 W whereas the highestis 145.44 W.
Meanwhile, the thermoelectric conversion efficiency ranges
from 0.86% to 6.31%.

Fig. 8 shows the response surface for the maximum elec-
trical power generated by the ATEG against the number
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of TEMs in the screening CVs (P<0.055), where four of
the six parameters are kept at their midrange values 9. The
figure shows that the maximum electrical power generated
by the ATEG rises along with the numbers of TEMs in
the 7th, 8t 9th 12t and 13™ CVs with a small number,
respectively. Under this condition, the maximum electrical
power generated by the ATEG is more sensitive to the number
of TEMs than the temperature variance. By contrast, the max-
imum electrical power generated by the ATEG reduces as the
number of TEMs of the selected CV increases (n(7)>9 or
n(8)>9 orn(9)>9 orn(12)>9 orn(13)>9). This phenomenon
is explained that the average temperature difference of the
whole TEMs is much lower than that with a small number
of TEMs, and then the effect of the reduction of average
temperature difference with a large number of TEMs is more
evident. Thus, Figure 8 clearly shows that, at given n(6),
the TEMs’ numbers in 7%, 81, 9™ 12 ‘and 13™ CVs have
optimized values. It also indicates that the maximum electri-
cal power generated by the ATEG declines with the augment
of the number of TEMs in the 6 CV with a small number
of TEMs in the other CV, respectively, which indicates that
the condition (n(6)=0) significantly improves the heat con-
vection coefficient between exhaust and TEMs’ hot side in
other CVs.

(@) (®)

©) @)

@©

FIGURE 9. Response surface of ATEG thermoelectric conversion efficiency
against the numbers of TEMs in the 6th, 7th, gth, oth, 12th and 13th cys:
(a) n(6)-n(7)-y response, (b) n(6)-n(8)-y response, (c) n(6)-n(9)-n
response, (d) n(6)-n(12)-5 response, and (e) n(6)-n(13)-n response.

The response surface for ATEG thermoelectric conversion
efficiency against the number of TEMs in the screening CVs
(P<0.055) is depicted in Fig. 9. In each graph, there are
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TABLE 6. Design matrix and results.

Run Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Response 1 Response 2
n(6) n(7) n(8) n(9) n(12) n(13) Punax (W) 1 (%)
1 0 0 0 0 0 0 84.97 1.29
2 -1.565 0 0 0 0 0 90.04 1.45
3 1.565 0 0 0 0 0 76.68 1.14
4 0 -1.565 0 0 0 0 94.66 1.49
5 0 1.565 0 0 0 0 75.42 1.13
6 0 0 -1.565 0 0 0 96.06 1.5
7 0 0 1.565 0 0 0 74.85 1.12
8 0 0 0 -1.565 0 0 95.55 1.49
9 0 0 0 1.565 0 0 75.04 1.12
10 0 0 0 0 -1.565 0 91.6 1.46
11 0 0 0 0 1.565 0 76.24 1.24
12 0 0 0 0 0 -1.565 87.41 1.43
13 0 0 0 0 0 1.565 77.16 1.14
14 -1 -1 -1 -1 -1 -1 143.61 2.74
15 -1 -1 -1 -1 -1 1 117.64 1.98
16 -1 -1 -1 -1 1 -1 113.7 1.95
17 -1 -1 -1 1 -1 -1 110.43 1.92
18 -1 -1 1 -1 -1 -1 109.99 1.92
19 -1 1 -1 -1 -1 -1 111.59 1.93
20 1 -1 -1 -1 -1 1 102.1 1.58
21 1 -1 -1 -1 1 -1 98.56 1.55
22 1 -1 -1 1 -1 -1 94.67 1.53
23 1 -1 1 -1 -1 -1 92.86 1.51
24 1 1 -1 -1 -1 -1 92.91 1.51
25 -1 -1 -1 1 1 1 82.64 1.27
26 -1 1 1 -1 -1 1 84.07 1.28
27 -1 1 -1 -1 1 1 85.28 1.29
28 -1 1 1 1 -1 -1 76.63 1.23
29 -1 1 1 -1 1 -1 81.69 1.26
30 1 1 -1 1 -1 1 75.82 1.11
31 1 1 1 -1 -1 1 75.24 1.13
32 1 -1 1 1 1 -1 73.01 1.09
33 1 1 -1 -1 1 1 77.35 1.12
34 1 1 -1 1 1 -1 73.79 1.09
35 1 1 1 1 1 1 61.18 0.86
36 -1.565 -1.565 -1.565 -1.565 -1.565 -1 84.65 4.95
37 -1.565 -1.565 -1.565 -1.565 -1 -1 112.38 4.1
38 -1.565 -1.565 -1.565 -1 -1 -1 135.22 3.7
39 -1.565 -1.565 -1 -1 -1 -1 143.05 331
40 -1.565 -1 -1 -1 -1 -1 145.44 3
41 -1 -1 -1 -1 -1 -1.565 138.64 2.94
42 -1 -1 -1 -1 -1.565 -1.565 125.35 3.11
43 -1 -1 -1 -1.565 -1.565 -1.565 119.6 3.49
44 -1 -1 -1.565 -1.565 -1.565 -1.565 107.1 4
45 -1 -1.565 -1.565 -1.565 -1.565 -1.565 85.95 6.31

four parameters remaining at the value 9. It can be observed
that the conversion efficiency grows with the decrease of
the TEMs’ number in the 7t gt oth 1oth o 13th Cyg,
This means that the advantage of using lower number of
TEMs in the selected CVs except the 6 CV appears, and
this advantage will become increasingly obvious together
with the decrease of the quantities of TEMs in the selected
CVs (n(7), n(8), n(9), n(12), n(13)), respectively. In fact,
the total amount of heat absorbed into the TEMs rises up
lower than the increase of ATEG maximum power output
owing to the reduction of the TEMs’ quantities in the selected
CVs except 6" CV. Furthermore, the number of TEMs in
the 6™ CV has little impact on the thermoelectric conversion
efficiency.

72152

C. OPTIMIZATION RESULTS

The optimal ATEG electrical performance and the cor-
responding TEMS’ quantity and distribution pattern are
obtained based on the response surface model and MOGA.
The Pareto front of two objectives (Ppax-7) after 200 genera-
tions is presented in Figure 10. At the end of the optimiza-
tion, the optimal solutions for above mentioned objectives
lie 2.34 < n < 3.66, 129.44<Pp.x < 139.59. Moreover,
optimal values of decision variables belonging to the integer
set are listed in Table 7.

According to the TOPSIS decision making method for
three obtained Pareto solutions, the result of sorting is shown
in Table 8. Highest value of proximity elucidates the evalua-
tion point is nearest to the optimal solution. The maximum
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TABLE 7. Candidates of optimization results.

n(6) n(7) n® n® n(12) n(13) P (W) 1 (%)
Candidate A 0 4 3 6 5 0 139.43 2.6
Candidate B 0 4 1 6 3 0 137.57 2.96
Candidate C 0 5 4 5 4 0 139.47 2.51
Initial Design 9 9 9 9 9 9 84.97 1.29
140 T — and 9" CVs. From Fig. 11 (b), in comparison with the 8,
Re., 9th “and 12" CVs, the generated open-circuit voltage of the
- N , i TEM s in the 7" CV is greatest since they have the maximum
Z "y temperature difference at TEM sides. The series connection
s 136 Pareto integer solution "+ ey - P . . X
£ o causes an equal output current in all TEMs (see Fig. 11 (c)).
5 1341 14 g Fig. 11 (d) shows that the variance of temperature difference
2 + between both sides of the TEMs and the TEMs’ number result
§ 1321 o in the different maximum power output and efficiency for
g o0 %] the 7%, 8 9t and 12" CVs. When the maximum power
£ output is approximately the same, the conversion efficiency
128 - : i depends on the number of TEMs. Thus, the conversion effi-

- — — T . v
22 24 2.6 2.8 3.0 32 34 3.6 3.8
Conversion efficiency (%)

FIGURE 10. Pareto front of two objectives (Pmax-7) optimization.

TABLE 8. Decision results.

D" D C; Rank
Candidate A~ (.07681 0.01923 0.79977 2
Candidate B 0.006 0.0964 0.9414 1
Candidate C ~ 0.0964 0.006 0.9414 1

proximity (0.9414) is obtained by using TOPSIS decision
making technique in two objective optimizations.

The proximity values of two (Ppax-17) objective optimiza-
tion using TOPSIS are (137.57, 2.96) and (139.47, 2.51).
As a result, the Pareto solution (139.47, 2.51) which has
the maximum electrical power generated by the ATEG is
selected as the optimal solution design. The values of double
objectives (Ppnax-1), i.e., (130.05 W, 2.71%) are obtained by
selecting the corresponding optimal design variables with
the Simulation-X. The deviations of the surrogate model are
6.7% and 7.9%, respectively. The results verify that the surro-
gate model is precise. Compared with the initial TEMs num-
ber and distribution design (n(6), n(7), n(8), n(9), n(12), and
n(13)are 9,9,9,9, 9, and 9), the maximum electrical power
generated by the ATEG increases from 84.97 W to 130.05 W,
and the conversion efficiency rises from 1.29% to 2.71%.

To show the effect of TEMs’ number and distribution opti-
mization, the temperature distribution and electrical perfor-
mance of the candidate C are presented in Fig. 11. As can be
known from Fig. 11 (a), the temperature difference between
the both sides of TEMs in the 7, 8, and 9™ CVs is nearly a
constant. However, when TEMs are not installed at the front
and rear rows of the 12 CV, a higher heat flux is obtained
and then the hot-side temperature of the TEMs in the 12
CV is getting higher compared with those of the 7™, 8™,

VOLUME 7, 2019

ciency of the 12" CV is the highest (3.21%), as shown
in Fig. 11 (d).

The analysis is carried out under steady exhaust tempera-
ture and mass flow rate. In practice, heavy-duty commercial
vehicles usually travel on express highways for long-distance
transportations, and the 765 s Highway Fuel Economy Test
(HWFET) driving cycle is chosen as the test driving cycle.
Using the simulation tool ADVISOR 2002, the exhaust gas
mass flow rate mj, is between 53.5 g/s and 496.7 g/s, and
the range of exhaust gas inlet temperature Tj, is [577.3 K,
732.7 K]. Therefore, some steady-state points consisting
of 400 K-800 K, 50 g/s-500 g/s are selected in the study,
representative of the common driving condition of the heavy-
duty commercial vehicle. Moreover, candidate C is selected
due to its best performance.

The correlation between ATEG performance and exhaust
inlet mass flow rate is shown in Fig. 12. The average
temperature difference increases when the inlet mass flow
rate increases, since more thermal energy is available.
As expected, more average temperature difference causes
greater open-circuit voltage of TEMs (see Fig. 12 (a), (b)).
The maximum electrical power generated by the ATEG
increases significantly when the inlet mass flow rate is below
0.2 kg/s, as shown in Fig. 12 (c). However, it increases
slowly at higher inlet mass flow rates. Fig. 12 (d) also
shows that the variation trend of thermoelectric conversion
efficiency is similar to that of the maximum power output:
a significant increase appears as the inlet mass flow rate
rises from 0.05-0.2 kg/s, followed by a small variance as
the inlet mass flow rate continues to grow. As a result,
the maximum electrical power generated by the optimized
ATEG is 168.73-217.35 W with a corresponding conversion
efficiency of 3.06%-3.45% when the inlet mass flow rate fluc-
tuates between 0.05-0.5 kg/s; while, the maximum electrical
power generated by the ATEG and conversion efficiency for
the initial design are 105.45-145.06 W and 1.43%-1.67%,
respectively.

72153



IEEE Access

X. Li et al.: Optimization of Thermoelectric Modules’ Number and Distribution Pattern

FIGURE 11. Performance of candidate C: (a) temperature distribution in
the 7th, gth, oth, and 12th cvs, (b) open-circuit voltage in the 7th, gth, oth,
and 12th cvs, (o) output current in the 7th, gth gth and 12th cvs, (d)
maximum power output and efficiency in the 7th, gth, gth, and 12th cvs,
l\(7)=5, n(8)=4, I'l(9)=5, n(l 2)=4.

Fig. 13 describes the responses of the ATEG electrical
production and temperature difference to the exhaust inlet
temperature. From Fig. 13 (a), the average temperature dif-
ference increases as the exhaust inlet temperature rises.
The contribution to the open-circuit voltage of TEMs is
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FIGURE 12. Performance of candidate C and initial design at different
inlet mass flow rates: (a) average temperature difference, (b) open-circuit
voltage, (c) maximum power output, (d) thermoelectric conversion
efficiency.

major for the number of TEMs (compare Fig. 13 (a) with
Fig. 13 (b)). As for the optimized design, the maximum
electrical power generated by the ATEG increases dramat-
ically when the inlet temperature is high, and the power
increases by 213.48 W. The initial design has a similar
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FIGURE 13. Performance of candidate C and initial design in different
inlet temperature: (a) average temperature difference, (b) open-circuit
voltage, (c) maximum power output, (d) thermoelectric conversion
efficiency.

growing trend (Fig. 13 (c)). Itis observed that the thermoelec-
tric conversion efficiency and inlet temperature are almost
linear (Fig. 13(d)). As shown in Fig. 13, when the temperature
is 805 K, the maximum electrical power generated by the
ATEG rises from 145.06 W to 217.35 W and the conversion
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efficiency increases from 1.67% to 3.45%. Consequently,
the two corresponding objectives have increased by 49.8%
and 106.5% respectively compared with those of the initial
design.

V. CONCLUSION

This paper investigates the influences of TEMs number and
distribution pattern on the electrical performance of a given
ATEG with 1-306 TEMs. The 1-D multi-domain model is
established based on the finite volume methodology after
considering the effect of the heat transfer among the adjacent
TEMS’ rows so as to achieve high accuracy. Based on the
simulation results, a certain number of TEMs (from 1 to 306)
distributed in various locations of the given ATEG is opti-
mized by RSM and MOGA.

The results indicate that the optimized design (n(7)=35,
n(8)=4, n(9)=5, and n(12)=4) has more maximum electri-
cal power generated by the ATEG and higher conversion
efficiency than the initial design (n(6)=9, n(7)=9, n(8)=9,
n(9)=9, n(12)=9, and n(13)=9). The maximum electrical
power generated by the optimized ATEG is over 53.05%
larger than that of the initial design; meanwhile, the con-
version efficiency of the initial design is 110.07% below
that of the optimized design. In addition, the optimization
results illustrate that there is an optimal TEMs number and
distribution beyond which the objectives decrease. It is found
that some TEMs located in the front and rears row of one
row of TEMs possibly make the hot side of one row of TEMs
cooler, which results in the decline of the ATEG average hot-
side temperature. Consequently, the electrical performance of
the whole TEM system gets poorer. Therefore, conclusions
can be drawn that more TEMs may not necessarily lead to
more power or higher efficiency.

Based on the optimized design of ATEG, two objectives
(Pmax» 1) are investigated under different engine conditions.
The results show that the maximum electrical power gener-
ated by the ATEG is 217.35 W and the conversion efficiency
is 3.45% for the optimized design (n(7)=5, n(8)=4, n(9)=3,
and n(12)=4), when the exhaust inlet temperature and mass
flow rate are 805 K and 0.5 kg/s, respectively.
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