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Abstract

This paper develops three dimensional numerical models of a two-stage
series-connected TEC model and a two-stage parallel-connected TEC model.
NSGA-II is used to optimize their electric current, height of lower stage and ratio of
channel width and thickness of fin in the case of constant thermoelectric material
volume. Two objectives, exergy efficiency and irreversibility are considered
simultaneously. The optimal values one Pareto front are obtained by three decision
making methods, Shannon’s entropy, TOPSIS and LINMAP, while deviation index is
a criterion for evaluating three decision making methods. Sensitive analysis has been
carried out to investigate the influence of three variables to be optimized. And TEC
with and without plate-fin heat exchanger have been compared. The results show that
solution selected by LINMAP is the most compromising solution. The parallel
connected TEC saves about 50% of the power consumption compared to the series
connected TEC under the same temperature difference. Optimal variables are
discussed to obtain the most energy efficient solution with optimal configuration and
plate-fin heat exchanger.
Keywords: Thermoelectric cooler; Structure Optimization; Exergy Analysis;

Multi-objective; Irreversibility

1. Introduction
Thermoelectric cooler (TEC) has been widely used in various electronic

applications to dissipate heat ranging from milliwatts to several watts for its steady,
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compact volume, non-pollution, noiseless, safe and reliable, and long service life [1].
Thermoelectric cooler convert the electricity directly to the cooling power, and it can
achieve high precision temperature control through control of the electrical current.
TEC is used in information technology, such as infrared detectors, lasers, and
computer chips. It is used in medicine in semiconductor refrigeration and transporting
blood vessels, cold packers, cryo-microtome, ventilators, and PCR machines. Another
occasion that may have practical application significance for thermoelectric materials
is to provide a cryogenic environment for the use of superconducting materials.

The principle of thermoelectric cooling is Peltier effect which absorbs or releases
heat at the junction when electrical current applied and different conductors are
employed in a closed circuit. Now, commercially produced single-stage TEC can
achieve approximately 70 K temperature difference between cold side and hot side
given that the hot side remains the ambient temperature [2]. But the defects that the
comparable high unit cost and relative low efficiency in refrigeration cannot be
ignored either. Some studies make improvements to thermoelectric materials
technology, increase its figure of merit (ZT value) from the intrinsic properties of
thermoelectric materials. Ways in which this may be realized include a reduction in
the thermal conductivity of the lattice, improved thermostability through doping,
removal of impurities, and improved microstructure design [3-11]. Another approach
is to optimize the geometric configurations. A lot of studies investigated the
configuration of TEC and its influence to TEC’s performance [12-14]. Cheng YH et al.
[15] optimized the leg length, leg area and number of legs of TEC in a confined
volume to maximize the cooling capacity in the constraint of minimum COP and
maximum cost, their results showed that the TEC can reach its maximum cooling
power even in different electrical current, with increase of electrical current, leg area
increase and the number of legs decrease to meet its optimize geometry configuration.
And they also compared two-stage TECs with single electric-source and dual
electric-source, and the effect of joint thermal resistance was also studied in this paper
[16]. Chen JH et al. further studied the multi-objective optimization for both COP and

cooling power, and they found there is an optimum leg length ratio when two stages
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current are given, and they also studied on the influence of thickness of ceramic
substrate on TEC’s performance [17].

Exergy analysis is also studied to identify the irreversibility at each part of the
TEC system. Sudhanshu S et al. [18] introduced the relationships between exergy,
irreversibility, entropy generation rate and second law efficiency of single- and multi-
stage TEC systematically. Siamak J et al. [19] proposed a novel integration of
trans-critical CO, refrigeration cycle with TEC and TEG modules in gas cooler and
sub-cooler, TEG produces power from waste heat in gas cooler and offers the power
to TEC to sub-cool the refrigerant. They investigate the relationship between the
performance (exergetic efficiency, COP) and system parameter (pressure and
temperature). The results shows that the integration system improve the COP about 19%
compare with simple cycle, Ranjana A [20] investigated single -stage, two-stage
parallel and series thermoelectric heat pump, ecological function, COP and heating
load were optimized simultaneously, Shannon's entropy, Fuzzy Bellman - Zadeh, and
TOPSIS were adopt as decision making method to choose a reasonable solution for
performance of thermoelectric heat pump. Zhu L et al. [21] combined TEC with a
plate-fin heat exchanger, the entropy generation rate of cooled object, TEC and fin as
well as second law efficiency were analyzed in the paper, the results show the entropy
generation rate increases with the increase of electrical current, while the temperature
difference increase with the increase of the number of transfer units (NTU). Meng F et
al. [22] established a TEC with finned heat exchanger, single-factor sensible analysis
and first and second thermodynamic analysis were conducted as well, the results
showed that the heat exchanger fin-base area has the greatest effect on the TEC’s
performance, when the fin-base area is 3 times as large as the substrate area, it is both
commercial and close to performance limits. S Manikandan [23] proposed four types
of thermodynamic TEC, which respectively are reversible, endoreversible,
exoreversible and irreversible model, completed the detail of exergy and
irreversibility of them and discussed the influence of substrate area and contact
resistance to TEC’s performance, for irreversible model, the hot junction temperature

is higher than heat sink temperature while the cold junction temperature is lower than
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heat source temperature. They also conducted exergy analysis on four thermodynamic
models of thermoelectric heat pump [24], the results shows that in thermoelectric heat
pump, exergy efficiency always lower than energy efficiency and it increases with
increase of temperature difference. The effect of internal irreversibilities in the
performance of the thermoelectric heat pump is more when compared with the
external irreversibilities. Manikandan et al. [25] introduce a novel annular
thermoelectric cooler (ATEC), they build an exoreversible model, the effect of shape
parameter, temperature difference and electrical contact resistance on its performance
(exergy/energy efficiency, COP) have been studied and impact of Thomson effect on
its performance has been studied too, the results show that the performance of annular
TEC is lower than the flat plate TEC and Thomson effect has considerably increase
the exergy and energy efficiency of annular TEC. Kaushik SC [26] investigated the
influence of Thomson effect on TEC’s performance, the results showed that Thomson
effect has positive effect on cooling power and efficiency; the internal irreversibilities
is larger than external irreversibilities numerically; they also found that for optimum
cooling power, the ratio of thermocouples of hotter stage and colder stage
approximately equals to 2, because according to energy balance, the hotter junction
not only dissipate heat from the cold junction but also the Joule heat generated by
thermoelectric materials and copper interconnectors. Arash N et al. [27] analysis a
two-stage cascaded TEC in exergy and exergoeconomic performance, and effect of
geometry parameters on its performance.

Referring to the above literature, previous multi-level TEC studies were conducted
with electrical insulation between the stages, whereas the present study is focus on the
comparison between series connection between stages and parallel connection
between stages. A two-stage series-connected TEC model combining with a fin heat
exchanger comparing with a two-stage parallel-connected TEC is studied. The
irreversible model with negligible of contact resistance of both series connected TEC
and parallel connected TEC are built. According to literature [23], one pair of
thermocouples is set at the colder stage and two pairs of thermocouples are set at the

hotter stage. While the assumption of fixed wall temperature condition at the hot side
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is impractical, since the hot side dissipates heat to the environment, and the
temperature of hot-side substrate is varying with heat release, so in this paper, a fixed
heat source temperature and a fixed air temperature at the inlet of the fin are applied
in the series and parallel models. Since electrical current significantly affect the COP
and cooling power of TEC; changing the TE legs’ height may causes a change in the
resistance value of TE legs; and relative width of the channel of fin heat exchanger
can affect the convection heat. So electrical current, the lower height of TE legs
(Assumed that the total height of two stage TE legs is fixed) and the ratio of the
channel width to thickness of fin are optimized to obtain its optimum thermodynamic

performance.

2. Modeling

2.1. Two-stage series-connected TEC model

cooling object

Ideal power source
Plate-fin heat exchanger

hot side

Fig. 1. Schematic diagram of the two-stage series-connected TEC system.
Fig.1 shows the schematic diagram of the two-stage series-connected TEC system.
The TEC system consists of three pairs of cylindrical thermoelectric couples---one
pair for the colder stage and two pairs for the hot stage, a plate-fin heat exchanger on

the cold side, electrical isolated Al,O3 ceramic, copper interconnectors, an ideal power



©CO~NOOOTA~AWNPE

source to supply constant current to TEC and several electric wires. We should notice
that the ideal power source is equivalent to an electrical current source with an infinite
resistance connected in parallel. The thermoelectric cooler is sandwiched between the
cooling object and the plate-fin heat exchanger. The specific parameters of the TEC

model are listed in Table 1.

Table 1 Geometric parameters of TEC

Parameter Symbol Value Unit
Thickness of the substrate Heeramic 0.5 mm
Thickness of interconnector Heopper 0.25 mm
Total height of TE legs H 3.2 mm
Diameter of TE legs d 1.5 mm
Distance between N- and P-type TE leg B 2.5 mm
Cold side substrate of TEC Ac 4.85%2.33 mm?
Hot side substrate of TEC Ay 9.7x2.33 mm?
Variables Symbol Value Unit

Electric current | A
Height of the lower TE legs H, mm

Thermoelectric material plays a main role in thermoelectric device, the ability of a
given material to efficiently produce thermoelectric power is related to its
dimensionless figure of merit, also called ZT value [2]. It is calculated as: ZT =
o’oTI2, where a is Seebeck coefficient (V/K), o is electrical conductivity (S/m), T is
absolute temperature (K), and 4 is thermal conductivity (W/m-K). For good efficiency,
materials with high electrical conductivity, low thermal conductivity and high
Seebeck coefficient are needed. And since the Seebeck coefficient, the electrical
conductivity and the thermal conductivity are temperature-sensitive, the ZT value also
changes substantially with temperature. Bi,Tez is a thermoelectric material that has
better performance when temperature is below 450 K, so it is selected as the
thermoelectric material for the upper and lower stage TE legs. Table 2 lists all of the

material properties, which can be approximated with polynomial expressions.
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Table 2 The temperature-dependent material properties of TE legs

Material Thermal conductivity Electrical conductivity Seebeck coefficient
[Wm'K™] [S/m] [VIK]
n-Bi,Te; | 1.19E-05T%-0.00577T+2.00418 | 0.89631T%-860.754+262853.95 2.31E-09T°-1.65E-06T+6.89E-05
p-Bi,Tes 3.11E-05T2-0.02413T+5.90208 | 1.80184T°-2101.88T+686731.77 | -1.30E-0910T?+1.17E-06T-8.80E-05
2.2. First law analysis of series-connected TEC model
Thermoelectric coolers operate by the Peltier effect. For a steady state multi-stage
series-connected TEC, the absorbed heat on the cold side and the rejected heat on the
hot side of two stages can be written as follows:
Colder stage:
Q1 =m [alTy = 212Ry — K(T,, — Ty) + 222 (1)
Qur =m |@lTy, +21°Ry = K(Tpy = Ty) — @] @)
Hotter stage:
Qcz = n [alTy = 312R, = K(T, — Tyy) + 1] 3)
Quz = n[alT, +312R, — K(T, = T,y) — L] (4)
Where m is the number of TE legs of colder stage (upper stage), n is the number of
TE legs of hotter stage (lower stage), in this study, m and n are 1 and 2, respectively. a,
K, R and 7 are Seebeck coefficient, thermal conductivity, electrical resistance and
Thomson coefficient respectively, which can be expressed as follow. | is electrical
current supply. T, and T, are the temperature at the cold junction and hot junction of
TEC, respectively. T, is the temperature on the middle substrate.
=T - 5)
Where @, and @, are mean Seebeck coefficient of P and N type TE leg, and can
be expressed as:
. ffc"Tipgc)dT ©)
T
i = frc"Tv’fln_(;;)dT @)
The thermal conductivity K is the sum of the thermal conductivity of P and N type,
which can be expressed as:
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ApAp + AnAn
Ly Ln

K= (8)

Where @ and 2, is the mean thermal conductivity of P and N type, which can be

expressed as:

- fT R Ap(T)dT

p — 9)
— fTh/’ln(T)dT
T = T (10)
The electrical resistance of a thermoelectric pair can be expressed as:
R=R,+R, = =2 + -2 (11)
pAp Oonln
Where @, and @, is mean electrical conductivity respectively, which can be
expressed as:
— f;chap(T)dT
i (12)
___ Jplon(mar
On == (13)

Base on energy conservation law, the absorbed heat Q.; transfer from the cooling
object to the cold junction through the upper substrate, the rejected heat Qy, transfer
from the hot junction to the lower substrate. The balance equations are shown as
follows:

Qc1 = UcAc(Tc — Th) (15)
Quz = UyAp(T2 — Ty) (16)

Combining the two equations above, the expression of T; and T, can be

obtained:
Q
T =T~ jp (17
Q
T, = UH’ij + Ty (18)

Where Uc and Uy is the heat transfer coefficient of the Al,O3 ceramic, Ac and An
are the area of upper and lower substrate, respectively. Ty is the temperature of the hot
side, and T¢ is the temperature of the cold side. For cold side, in order to save
computing resource, a fixed temperature on the cold side is set instead of a real
cooling object, where T, = 280.15 K. And the coefficient of performance (COP) of

TEC can be expressed as:
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cop = ¢t (19)
QH2—CQc1
or

cop = %1 (20)

Power

2.3. Two-stage parallel-connected TEC model

cooling object

Plate-fin heat exchanger

hot side

1

Ideal power source

Fig. 2. Schematic diagram of the two-stage parallel-connected TEC system.

A two-stage parallel-connected TEC model is proposed to compare the
performance with the series one. The schematic diagram of TEC model is shown in
Fig. 2. The difference between two models is that an electrically insulated substrate is

employed in the middle of series-connected TEC to impede the circuit connections
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from lower stage to upper stage. But for parallel one, since the stages are both
thermally and electrically conductive, there is no need for electrical insulation

between the stages.

2.4. First law analysis

For a steady state multi-stage parallel-connected TEC, the absorbed heat on the
cold side and the rejected heat on the hot side of two stage can be written as follows,
for express more intuitively, the three modules of the upper and lower stages are
numbered 1, 2, 3 respectively, and the electrical current flow separately through the
upper stage and the lower stage are I; and I,, respectively.

Colder stage:
Qc1 = (0{,,1 - an1)I1T1 - %112(Rp1 + Rnl) — Kp1(Typy — T1) — Kpl(TmZ -T) +
%Tplll(TmZ - T — %Tnlll(Tml - T (21)
Qu1 = ap1[1Tny — Ap1 1T + %112(Rp1 + Rnl) — K1 (Tipy — T1) — Kpl(TmZ -

1 1
T) — ETplll(TmZ -T)+ ETn1I1(Tm1 —T) (22)
Hotter stage:

Qc2 = (apZIZ — Ao DTy — %Izszz - %IZan - sz(Tz — Tm1) — K2 (T, —
Trm1) + %(Tz — Tin1) (Tp2ly — Tnzl) + (apsl — Anzly) Ty — %IZRpS - %Izans -
Kp3(T2 — Tmz) — Kn3 (T — Trpp) + %TpSI(TZ = Tmz) — %TnSIZ(TZ — Tin2) (23)
Quz = (apZIZ — Ao DT, + %IZZRpZ + %IZan - sz(Tz — Tim1) — Kn2 (T, = Trpq) —
%(Tz - Tm1)(Tp212 - TnZI) + (ap31 - anslz)Tz - %Iszs + %Izan3 — K3(T; —
Tm2) — Kn3 (T — Tina) — %Tp3I(T2 —Tm2) + %Tnslz (T — Trmz2) (24)

It can be clearly seen that the heat rejected by N; leg is absorbed by No.2

thermoelectric pair, and the heat rejected by P; leg is absorbed by No.3 thermoelectric

pair. According to energy-balance equation, T, and T, can be expressed as follows:

T _ D2Rpa+1%Rup+2Kpa T+ 2Kno To—Tpo T lp +Tna To 411 2Rt + 2Ky Ty~ Tna T Iy
mi =

(25)

2an111+2Kn1—‘rn111—2an21+2ap212+2Kp2+2Kn2 —Tp212+'[n21
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T I12Rp1+2Kp1 T1 +Tp1 11 T1 +1 Rp3+12* Rnz +2Kp3 To+ 2Kn3 To —Tp3I T2 +Tn3 12 T
m2 —

(26)

2Kp1+‘rp111+2ap31—2an312—Zap111+2Kp3+2Kn3 —Tp3I+Tn3IZ

2.5. Fin analysis

Since the small volume of the TEC model, there exists a problem of poor heat
dissipation. The high operation temperature may cause the reduction of the life
expectancy of the material and reduction of efficiency, so an effective method to
enhance the heat transfer on the hot side of the TEC is important for improving
operating performance. The hot side of the TEC model is cooled by a plate-fin, air
works as the heat transfer fluid, it dissipates the heat produced by the TEC, Fig. 3
shows the configuration of the plate-fin, the length and width of fin is equals to those
of lower substrate. The inlet air velocity Ug is 0.72 m/s, the inlet air temperature Ty is
298.15 K. The thickness of the fin &, equals to 0.4 mm, since the ratio of channel
width and the thickness of fin (y) is variable, so the thickness of the fin can be

determined by y. Other geometric parameters are also listed in Table 3 [22].

Fig. 3. Configuration of the plate-fin.Table 3 parameters of the plate-fin
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Table 3 parameters of the plate-fin

Parameter Symbol Value Unit
Thickness of the fin base 8p 1 mm
Length of the fin H 6 mm
Length of the fin base L 9.7 mm
Width of the fin base w 2.33 mm
Thickness of the fin & 0.4 mm
Air velocity Ug 0.72 m/s
inlet temperature T¢ 298.15 K

Variables Symbol Value Unit
Ratio of channel width to thickness of fin v 1
Channel width by Yy X & mm

(L + bs X &f)

Number of the fin (in calculation) NN /(Sf +bsXx8py 1
Number of the fin (integer) N Floor(NN) 1

3. Exergy analysis
Exergy analysis plays an important role in quantifying the quality of thermal energy

from the perspective of technology use and economic value, in other words, it locates
and quantifies the irreversibilities in the system[28-31]. In order to determine the
percentage of the internal irreversibility and external irreversibility to total
irreversibility, four different model have presented in literature [23], Reversible model
(ideal), Endoreversible model, Exoreversible model and Irreversible model (actual).
For thermoelectric material, it always has internal irreversibilities due to its intrinsic
physical properties (low thermal conductivity, and Joule heat produced by internal
electrical resistance), so Reversible model and Endoreversible model are incompatible
with thermodynamic laws, while the irreversible model is the actual situation. So,
exergy analysis of Irreversible model (actual) is discussed in this study.
For a steady state thermodynamic system, the exergy balance equation can be
written as follows:
Exin = Exoye + Exjpse + I (27)
Where Ex;, is the exergy input to the TEC system, since the electrical power

supply is higher-quality energy than thermal energy, the electrical power supply is
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100% exergy. Ex,,: is the exergy output, Ex;,s is the exergy lost, and Irr is
exergy destruction during the process.
The thermal exergy at the hot side which rejected heat to the fin base can be

expressed as follows:
- _T
Eon = Qn(1 T (28)
And the thermal exergy at the cold side which absorbed heat from the cooling

objective can be expressed as follows:
T
EQC = QC(T_(: -1) (29)
For a two-stage TEC model, the exergy balance equation is shown as follows:

For colder stage

Pr=Qa (1) +Qu (1-12) +Irn (30)
Py =Qu1 — Qa1 (31)
Combine above two equations,
Irry =T, (QT—I: - QT—CCl) (32)
Similar for hotter stage
P = Qe (7= 1) + Qua (1-12) + 1773 (33)
Py = Quz — Qcz (34)
Combine the above two equations,
Irry, =T, QTLH - ‘;—:j) (35)

Since Q., = Qy, the total irreversibility can be calculated as follows:

Irr = Irry + Irr, = Ty (22 — %61y (36)
Ty Tc
power = P; + P, = Quz — Q1 (37)

Q Q . - . .
Where (Ti:—T—”Cl) is entropy generation rate (Sge, ), To is environment

temperature, in this study ,the environment temperature Ty is 298.15 K, hence Irr
can be expressed as:
Irr = ToSgen (38)

After replacing Qu2, Qc1in the equation, Irr can be expressed as (whenm =1, n=
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2):

Irr =

al(2T,T¢=TiTH) | 1*R(2Tc+TH) K[Z(Tm—Tz)Tc+(Tm—T1)TH]_TI[Z(Tz—Tm)Tc+TH(Tm—T1)]]
TuTc 2TyTc TuTc 2TyTc

To
(39)

The exergy efficiency of the two-stage TEC system can be expressed as follows,
since when wind speed keeps constant, the value of Pz, keeps invariable, so COP is

proportional to exergy efficiency.

QX (2-1)

- (Power+Pfan)

Nex (40)
4. Optimization Procedure

NSGA-II is based on genetic algorithm; the basic idea of NSGA-II is as follows:
First, randomly generate an initial population of size N, after the non-dominated
sorting; the first generation of the progeny population is obtained through the three
basic operations of selection, crossover and mutation of the genetic algorithm.
Secondly, starting from the second generation, the parent population is merged with
the child population to perform fast non-dominated sorting, and the crowding degree
is calculated for each individual in the non-dominated layer, select appropriate
individuals to form a new parent population based on non-dominated relationships
and individual crowding; Finally, a new progeny population is generated by genetic
algorithm, conduct in the similar way, until the ending condition is satisfied. The
corresponding program flow chart is shown in Fig.4.

In  multi-objective planning, because of conflicts between objectives, and
incomparable conditions which means that one solution is best on one objective and
may be poor on other objectives. Non-dominated set (Pareto set) was proposed, which
defined as: Suppose that for any two solutions S1 and S2, S1 always superior to S2,
then we call S1 dominates over S2. If the solution of S1 is not dominated by other
solutions, then S1 is called non-dominated solution (Pareto solution), it refers to an
ideal state of resource allocation. The set of the non-dominated solutions is called

Pareto Front. These non-dominated solutions have the least objective conflicts
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compared to other solutions, providing a better choice for decision makers. This

optimization method has been applied to the geometric optimization of many devices

[32-35].

initialize population
I

non-dominated
sorting

Selection, crossover,

mutation

Generate first
population?

I-<
@
w
1l

Generation=2

‘ Merge parent and child populatlon
L

Gen = Gen+ 1 Generate new
parent papulat\on'?

Se\ecnon crossover ’ crowding degree calculation ‘
mutation 1

selecting the proper individuals to
Yes @ form a new parent population
No

Fig. 4. Flow chart of NSGA-II.

fast non-dominated sorting |

4.1. Obijective function
Two incompatible objective functions are considered in this study, which are
defined as follows:
J1="Mex and J, =Irr (41)
Where 1., is exergy efficiency in Eq. (40), since the default of genetic algorithm is
to seek for minimum value, so in order to obtain the maximum exergy efficiency, J;
should be a negative value of exergy efficiency. Irr is irreversibility which shown in
Eq. (36). So, a two-stage TEC with small irreversibility and high exergy efficiency

can be obtained when two objective functions reach to their minimum.

4.2. Constraint condition
Three variables to be optimized and their upper and lower constraints are set:
0.3A<I<9A
04<y<25
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0.8mm< H; <25 mm
With the exception of the above constraints, some extreme situations are not
desirable, such as a negative COP value, which should be eliminated in the
optimization process. The population size and number of generation are 20 and 50,

respectively, and 0.7 is selected as the Pareto fraction.

5. Decision making methods

In order to select a most desirable point in Pareto set, some decision methods are
employed in the process. Three methods, TOPSIS, Shannon entropy and LINMAP,
are discussed and compared in this study.

5.1. TOPSIS

5 Negative ideal
> ]

Positive ideal

Fig. 5. The principle of TOPSIS decision making method.

TOPSIS (Technique for Order Preference by Similarity to an Ideal Solution) is a
compromise method for multi-objective decision analysis of limited schemes in
systems engineering [36]. The principle of the compromise solution is to seek a
relatively satisfactory solution between the positive ideal solution and the negative
ideal solution. Although the positive ideal solution and negative ideal solution may
not exist, but they are good reference standard to measure the quality of a feasible
solution. The priority solution of the decision should be as close as possible to the
positive ideal solution or as far as possible from the negative ideal solution. The basic

idea is shown as Fig.5.
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To deal with the data matrix in the same trends (to transfer the high optimal index

X;; into low optimal index X;;) and normalization, find out the best and worst

ij
solutions in the limited solution, which are positive ideal point and negative ideal
point in the Fig. 5, calculate the distance between every pareto points and the best
solution (d*) and the worst solution (d~) separately. Obtain the relative proximity (C;)
of each pareto point to the positive ideal point as a basis for evaluating the good or
bad.

The co-trend process:
Xl =1/X; (42)

The normalization process:

XI

a;; = —2— (43)

ij [ a—
Z‘{lzl(xl’j)Z

Obtain the relative proximity:

4§ i=12,..,m (44)

+ —
d}+d;

Ci:

For the point with maximal C is the most desirable point.
5.2. Shannon’s entropy method

Shannon’s entropy method is employed to obtain the weight coefficient of each
objective [37-38]. Given that n alternatives and m objectives are in decision matrix
Mi;, the process of the Shannon’s entropy method is as follows.
L is the contribution rate of the i alternative in the j™ objective:
Fyi

J i=12..,nj=12.,m (45)

Y Z?=1 Fij '

L

Eij is the total contribution of all alternatives:
Ej = =K X%, PijIn(Py) (46)
Where K = 1/In (m) , deviation degree D; is:

The weight coefficient W; of the j™ objective is:

Dj
W = —,_
/ YiZ1Dj

(48)
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Ultimately,
R; = LW (49)
The Shannon’s entropy method calculates each point of the Pareto front, where the

point with the maximum R; is the desirable solution.

5.3. LINMAP method
LINMAP decision making method is based on the Euclidian non-
dimensionalization. In this method, a non-dimensionalized objective both in
maximizing and minimizing is defined as follows:
Fij

Fli= —4 (50)

Ty Fij
It is clearly known that the positive ideal point in Pareto Front is impossible to
reach, because of the conflict objectives in NSGA-II. For instance, in dual objective
optimization, one objective reaches to its optimal condition while the other objective
reaches to its worst. After Euclidian non-dimensionalization of all objectives, the

special distance of each point on the Pareto Front can be expressed as follows:

dt = Jz;-;l(Fi,- — aeaty? (51)
Where i is each point on the Pareto Front and n is the number of the objective. And

Fj’de‘” is the ideal solution of each objective. LINMAP approach computes the point

on Pareto frontier with minimum distance from the ideal solution.
And also, decision makers can also choose the points on both ends of the line, based

on their criteria for higher exergy efficiency or lower Irreversible losses.

6. Results and discussion
6.1. Model validation

Both electric field and temperature field are coupled in the TEC model. To validate
self-consistency of the model, power consumption can be calculated in both versions.
Power consumption can be expressed as P; =1 x V, and also P, = Qy, — Q1. The

comparison for two calculating methods is shown in Fig.6, the maximum relative
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deviation (P, — P;)/P; is -1.6%, which indicates that the present model has
self-consistency.

To validate the TEC model, a comparison with the result in literature [26] is carried
out to validate the simulation model. The physical property parameters of Bi,Tes are
modified based on literature [39], the boundary condition is modified, where the hot
side temperature is 300 K, and cold side temperature is 280 K, the number of TE legs
on colder stage and hotter stage are 10 and 20, respectively. The heat conductivity of
lower and upper substrate is assumed to be infinity. As shown in Fig.7, the relative

deviation between present model and Literature [26] is less than 4%.

power (W)

Current (A)

Fig. 6. Power consumption at various currents for two-stage series-connected TEC model.
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Current (A)

Fig. 7. Comparison of present model with result in literature [26].

6.2. Single factor sensitivity analysis

To validate the effect of variables to be optimized on the performance of TEC
system both in series and parallel connection, single factor sensitivity analysis is
employed, and the initial value of variables to be optimized are shown in Table 4.

Table 4 Initial value of variables to be optimized

Variables Symbol Value Unit
Electrical current I 2 A
Ratio of channel width to thickness of fin y 15 1
Height of lower stage TE legs H, 1.6 mm

Three parameters studied in this paper, electric current (I), ratio of channel width to
thickness of fin (y), and height of lower stage TE legs (H.). Fig.8 shows how

electrical current effects on the performance of TEC both in series and parallel
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Fig. 8. Variation of (a) COP and Q. and (b) Irreversibility with electric current in both parallel

connection and series connection.

Fig. 8(a) shows that as the electrical current increases, COP first increases rapidly
then decreases slowly. In the same time, Q. first increases to the maximum point with
the increases of electrical current then decreases. We can notice that for both series
and parallel connection TEC model, COP and Q. cannot reach to their maximum
point simultaneously. Compared with parallel connection TEC, a higher electrical
current (6 A ~ 9 A) may cause a negative cooling power and COP in series connection
TEC model. This is mainly because that the Joule heat generated by the larger current
is more than the cooling capacity; this case is undesirable in the study.

Fig. 8(b) shows that irreversibility increases with increase of the electrical
current, and at the same electrical current, the irreversibility of series connection TEC
model is higher than that of parallel connection TEC model when other boundary
conditions are fixed. In general, a relative small electrical current may lead to a high
COP and low irreversibility, while a relative high electrical current may lead to a high

cooling power but low efficiency and greater irreversibility.
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Fig. 9. Variation of (a) COP and Q. and (b) Irreversibility with height of lower TE legs in both

parallel connection and series connection.

Fig. 9 shows how COP, Q. and irreversibility change with the height of lower TE
legs in both parallel and series connection TEC model. In series connection, COP
decreases with increases of Hi, while Q. and irreversibility increase with increases of
H.. In parallel connection, COP and Q. first increase then decrease with increases of
Hy, but they do not reach to their maximum point simultaneously. The irreversibility

increases with the increases of height of lower TE legs.
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Fig. 10. Variation of (a) COP and Q. and (b) Irreversibility with ratio of channel width to

thickness of fin in both parallel connection and series connection.

Fig. 10 indicates the relationship between ratio of channel width to thickness of fin

and COP, Q., and irreversibility. We can clearly see that COP first slowly increases
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and then decreases both in parallel and series connection. But the ratio of channel

width and thickness of fin shows little influence on Q. and irreversibility.

6.3. Optimization Results

The Pareto fronts obtained by NSGA-II for Series-connected TEC and
Parallel-connected TEC are shown as Fig. 11 and Fig. 12. The Ideal and Nadir
solution for two-objective optimization of Series-connected TEC model are (-0.10178,
0.006828 W) (-0.03956, 0.018055 W), respectively. And the Ideal and Nadir solution
for two-objective optimization of Parallel-connected TEC model are (-0.12534,
0.007545 W) (-0.02745, 0.022301 W), respectively. To identify the relative position
to Ideal solution and Nadir solution of points obtained by three decision making

methods, the deviation index can be calculated as follows:

d+
T dt+d-

(52)
Where d* is the distance to Ideal solution and d~ is the distance to Nadir solution,

which can be written as follows:

dt = \/Z?:l(l:} _ F}Ideal)z (53)

d = [t - Fradny: (54)

The Ideal solution and Nadir solution reveal the best condition and the worst
condition, which may not achievable. The deviation index ranges from 0 to 1. The
closer the points on the Pareto front to the Ideal solution, the closer the value of
deviation index to 0.

Fig.13 shows the deviation index of three decision making methods for both
parallel and series connected TEC models and Table 5 shows the comparison of three
decision making methods. It can be clearly seen that among three decision making
methods, LINMAP achieves the minimum deviation index, which means that the
optimal solution selected by LINMAP is the most desirable solution among them, and
the value of exergy efficiency and Irreversibility are closest to the Ideal ones. The
optimal solution selected by LINMAP of Series and Parallel connected TEC models

are (-0.0964, 0.01282 W), (-0.1143, 0.0152 W), respectively. And the optimized
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variables chosen by LINMAP are shown in Table 6.
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Fig.11. Pareto front for two objectives optimization of Series-connected TEC model.
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Fig.13. Deviation Index of three decision making method for both Series and Parallel connected
TEC models.

Table 5 Comparison between optimal solutions using three decision making methods for both

TOPSIS

LINMAP

B Parallel
I Series

Shannon Entropy

Decision Making Method

Series and Parallel connected TEC models

Series Parallel

Optimization Decision making J1 J2 J1 J2
algorithm method ) (W) ) (W)

TOPSIS -0.0796 | 0.00943 | -0.1031 | 0.01205
NSGA-II LINMAP (best) -0.0964 | 0.01282 |-0.1143 | 0.0152

Shannon Entropy | -0.0826 | 0.00981 | -0.1097 | 0.01313
Ideal solution -0.1018 | 0.00683 | -0.1253 | 0.00754
Nadir solution -0.0396 | 0.01806 |-0.0274 | 0.0223

Table 6 The optimized variables chosen by LINMAP decision making method

LINMAP | (A) H, (mm) y
Parallel 0.65 1.882 0.701
Series 0.46 1.448 0.772

Fig. 14 to Fig. 16 show the influence of three optimized geometric parameters on

performance of Series and Parallel connected TEC model along with the Pareto front.
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It can be clearly seen in Fig. 14 that the overwhelming majority values of H, of Series
TEC are around 1.45 mm while those of Parallel TEC are around 1.89 mm,
respectively. It indicates that, for a two-stage TEC with constant volume, there is an
optimal ratio between the upper stage and lower stage height to achieve the highest
exergy efficiency. To determine the optimal electrical current is also significant in
practical application, it can be clearly seen in Fig. 15 that with the electrical current
increases from 0.31 Ato 0.56 A in Series and 0.41 Ato 0.81 A in Parallel, the exergy
efficiency and irreversibility increase simultaneously, since COP is proportional to
exergy efficiency, the COP increase as well. It indicates that a higher current increases
the performance of the model while increasing the irreversible loss of the model. Fig.
16 shows the influence of y on the TEC’s performance. It can be seen that with
increase of the exergy efficiency and irreversibility, the individual point desultorily
distributes in a range of (0.55,1.2), this result also confirms the results shown in
Fig.10, that y shows a little influence on Q. and irreversibility and COP first slowly
increase and then decrease both in parallel and series connection. Since COP is
proportional to exergy efficiency, the trend of exergy efficiency with y is the same as
that of COP.

It is worth noting that when the required temperature difference is the same as
that of the series type, the parallel type of power consumption is less, and with the
electrical current increases from 0.5 A to 6 A, the power consumption saved by
parallel type than series type increase from 45.5% to 56.2%, which is shown in Fig.
17, and since there is no intermediate substrate, the inter-stage temperature difference
is reduced. But the circuit design of parallel type is much more complicated than that
of series type especially the TEC is more than two stages.

To illustrate the effectiveness of fin heat exchanger to performance of TEC, the
comparison of COP between TEC with and without plate-fin exchanger is conducted
in Fig. 18, it shows the trend of COP with electrical current in two-stage series TEC
model and two-stage parallel TEC model, two curves (with and without fin) change in
the same trend, and both increase sharply and then decrease. On average, the COP of

series TEC with fin is approximately 1.48 times larger than the series TEC without fin
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while for parallel TEC the value of which is 1.84.0n the other hand, adding fin at the

hot side greatly improves the performance of TEC.
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Fig. 15. Variation of optimal electrical current.
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7.

Conclusion

The parallel- and series-connected two-stage TEC with fin has been compared.

Exergy efficiency and irreversibility have been optimized by NSGA-11 simultaneously.

Pa
Pa

reto solutions of two models are obtained and the most compromised solution in the

reto solutions is chosen. The main conclusions shown as follows:

(1) The solution selected by LINMAP is the most compromising solutions.

(2) For a two stage TEC model (both in parallel and series connected) there exists
an optimal ratio of TE legs between the upper stage and the lower stage to
provide maximum exergy efficiency (as well as COP) and minimum
irreversibility when the total volume of thermoelectric material is fixed. A
higher current increases the exergy efficiency (as well as COP) of the model
while increasing the irreversible loss of the model.

(3) TEC model with plate-fin heat exchanger have better performance both in
parallel and series connected than TEC without fin. But the ratio of channel
width and thickness of fin has some influence on COP while shows little
influence on Q. and irreversibility.

(4) When the required temperature difference is the same, the parallel connected
TEC saves about 50% of the power consumption compared to the series
connected TEC, but the circuit design of parallel type is more complicated than

that of series type, especially the TEC is more than two stages.

Nomenclature

ZT figure of merit

T temperature (K)

To environment temperature (K)

T, temperature at the cold junction of TEC (K)
T, temperature at the hot junction of TEC (K)
Tm temperature of the middle substrate (K)

Tc temperature at the cold side (K)
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Th

HL

Ty

T;'

K

Greek letters
o

yl

o

T
Subscript
1

2

ex

C

H

temperature at the hot side (K)

electrical resistance (€2)

height of lower stage TE legs (mm)
length of fin (mm)

Ratio of channel width to thickness of fin
Number of the fin (integer)

Exergy efficiency

objective function

electrical current (A)

Inlet temperature of channel (K)

outlet temperature of channel (K)

heat conductance of the thermoelectric pairs (W/K)

Seebeck coefficient (V/K)
thermal conductivity (W/m-K)
electrical conductivity (S/m)

Thomson coefficient

upper stage
lower stage
exergy
cold side

hot side

Acronyms and abbreviations

TEC
TEG
NSGA-II
COP
TOPSIS

thermoelectric cooler
thermoelectric generator
non-dominated Sorting Genetic Algorithm

coefficient of performance

Technique for Order Preference by Similarity to an Ideal Solution
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Irr Irreversibility (W)
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