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Effect of heat transfer on the performance
of thermoelectric generators

Lingen Cher#*, Jianzheng Gontj Fengrui Sur, Chih WuP

2 Faculty 306, Naval University of Engineering, \Wuhan 430033, Peopl€e’s Republic of China
b Mechanical Engineering Department, US Naval Academy, Annapolis, MD, 21402, USA

Received 1 January 2001; accepted 1 January 2001

Abstract

The power output and efficiency expressions for thermoelectric (semiconductor) generators which is composed of multi-elements are
derived with considerations of heat transfer irreversibility in the heat exchangers between the generator and the heat reservoirs. Numerical
examples are provided. The effects of heat transfer and the number of elements on the performance arecapaf2 &dlitions scientifiques
et médicales Elsevier SAS. All rights reserved.
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1. Introduction both electrically and thermally, from its surroundings, except
] o at the junction-reservoir contacts. The internal irreversibility
Several authors have applied the finite time thermody- 5 caused by Joulean electrical resistive loss and heat

namics or entropy generation minimization [1-3] to the ¢onduction loss through the semiconductors between hot
analysis of thermoelectric generator [4-10]. They analyzed 5nq cold junctions. The Joulean loss generates an internal
the effect of finite-rate heat transfer between the thermo- heat/2R, whereRr is the total internal electrical resistance

electric device and its external heat reservoirs on the per-g¢ the semiconductor couple ardis the electrical current
formance of the single-element thermoelectric generator. '”generating from the couple. The conduction heat loss is
practice, a thermoelectric generator is composed of many g (fivy — Twi ), wherek is the thermal conductance of the
fundamental thermoelectric elements. It is a multi-element gomiconductor coupldiwy is the hot junction temperature

device. In the present paper we will investigate the charac- 5 TwL is the cold junction temperature. The external
teristics of a multi-element thermoelectric generator with the irreversibility is caused by finite rate heat transfer, i.e., the

irreversibility of finite-rate heat transfer, Joulean heat inside temperature differencedi — Twy) and (Twi — Ti). Also
the thermoelectric device, and the heat leak throughthether-(KlFl)i and(K2F>); in Fig. 1 are the heat conductances in
moelectric couple leg. The expressions for power output and ke hot- and cold-side heat exchangers fbithermoelectric
efficiency of the multi-element thermoelectric generator are gjement wherek; and F; are the heat transfer coefficient
derived algebraically and illustrated numerically. and the heat transfer surface area in the hot-side heat
exchanger forith thermoelectric element, ankl, and F»
2. Power and efficiency analyses are the heat transfer coefficient and the heat transfer surface
_ _ area in the cold-side heat exchanger fttr thermoelectric
Real thermoelectric generator is composed of many element. Therefore, for each element, we have the(2{p
thermoelectric elements, which is shown in Fig. 1. Each of heat transfer from the heat sour@g to the element
element is composed of P-type and N-type semiconductorhot junction at temperaturByn, and the rateQ; ) of heat
legs. The thermoelectric element is assumed to be insulatediransfer from the element cold junction at temperatie
to the heat sink| as, respectively,
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Nomenclature
F1 heat transfer surface area in the hot-side Ox heat transfer from the heat source
heatexchanger........................... m to the hot junction at temperature.......... W
F> heat transfer surface area in the cold-side oL heat transfer from cold junction
heatexchanger........................... m toheat SinK.........vvueieiiii, W
1 ?'ethiﬁfﬂ current gc]jenerating I A R total internal electrical resistance
rom the semiconductor couple ............ of the semiconductor couple............. Q
Ip ohpt|mal glect(jrlcal curren} generating from R. electrical resistance of the external load. . £.
:)oevvseerrgl)ciﬁ? uctor couple at maximum A T temperature of the heat source ............. K
In optimal electrical current generating ;" :empe:a:u:e OI :28 Ee?.t Snmi(i n """"""" +<
from the semiconductor couple at maximum TWH emperature Of he oldjq cuon. v )
efficiency point.................oooiin A Twe  temperature ofthe coldjunction............
K thermal conductance Greek symbols
; 1x-1
% ﬁzg‘t‘i;i';gfggs%tg;ﬁ?ple """ WK an Seebeck coefficient of the N-type
. A l
in the hot-side heat exchanger ... ..mr1.K1 Zirgtlgceocnkdsgé?fzcl:?egn.tléft.k;(.a.F.‘-.t. e v
K> heat transfer coefficient ap icond | yp R/
in the cold-side heat exchanger . . . - LK1 semicon u_cFor <o [ .
n number of the thermoelectric " thermal efficiency -
P elements power output. ................... W fmax  maximum thermal efficiency
Pmax ~ Maximum power output................... w P thermal efficiency at maximum power
P, power output at maximum efficiency point.. W point
O = [aTwLI +0.51°R + K (Twh — Twi)] On = K1F1(Tie — Th) = nQy ®3)
= (K2F2)i (TwL — T0) @) QL = K2F(TL — Tic) =nQ| (4)

wherea = ap — anOap anday are the Seebeck coefficients
of the P- and N-type semiconductor legs.
For a real thermoelectric generator composed a@fen-

where K1F; and Ky F» are the heat conductances (prod-
uct of heat transfer coefficient and heat transfer surface
. ; : area) of heat exchangers between the hot and cold junctions
tical thermoelectric elements, we have its rate of absorb- ot ye thermoelectric generator and their respective reser-
ing heat(Qy) and rate of releasing heép| ) as, respec- VOIrs.

tively: Combining Egs. (1)—(4) yields:

T. TwH = ((K1F1Tw/n + 0.51%R))(K2F2/n +al)

+ K (K1F1Tw/n + K2F2T /n + I°R)
Q'H %(KIFl)i x ((K1Fi/n+al)(K2Fa/n —al)
: (Hot junction) 1
+ K (K1F1+ K2F2)/n) (5)

TwH
T.| P N

(Col'(llunction) TwL = ((KZFZTL/n + 0.512R))(K1F1/n +ol)

' + K (K1FiTn/n + K2 F2TL /n + I%R)
QL' (KZFZ)i X ((K1F1/n+a1)(K2F2/n—a1)

+ K(K1F1+ KaF2)/n) (6)

To

On = K1F1{I*Ra/2— I?[Tha? + K2 F2R/(2n) + K R]
+ 1Ko FTHa/n + K Ko Fo(Ty — TL)/n}
L x ((K1F1/n+al)(K2F2/n — Ia)

Fig. 1. Thermoelectric generator element. + K(K1F1+ Kze)/n)_l (7)
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OL = K2F2{I®Ra/2+ I?[TLa® + K1FAR/(2n) + K R] Egs. (11) and (12) show that there exist two important
Y IKiFiTia/n + K K1Fi(Ty — TL)/n} _pomts:. amaximum power pqnﬁPmaX) Wlt_h the correspond-
ing efficiencynp and the optimal electrical currerip, and
x ((K1F1/n+aD)(K2F2/n — o) a maximum efficiency pointymax With the corresponding
+ K(K1F1+ K2F>) /n)—l (8) power output?, and .th.e optimal electrical currenf. From
o the point of view of finite time thermodynamic optimization
The total power outputP) and the efficiency) of the (the compromise optimization between power output and the
multi-element thermoelectric generator are as follows: efﬁciency), the design parameters 0pt|ma| region of the ther-
moelectric generator should be:
P =0n—-0L ©)
n=1-01./0n (20) Py < P < Pmax (15)
Combining Egs. (7)—(10) gives: 1P < 1 < Nimax (16)

For the case of infinite rate heat trans®t, Pmax. np, I,

_ (73 _
P = (1 (K1F1— K2F2)Ra/2 nmax and P, could be obtained analytically [11]. However,

— 12[(K1F1TH + KoFoT )a? + K1F1K>2F>R/n for the general case of finite rate heat transfer, they should
+ (K1Fy + Kze)KR] be obtained numerically.
+ IK1F1K2Foa (T — TL) /1)
x (K1F1/n+al)(K2F2/n —al) 3. Numerical examples
-1
+ K (K1F1+ K2F2)/n) (11) Taking Ty = 600 K, T, = 300 K, o = 2.3 x 104 V

n = (I%K1F1— K2F2)Ra /2 K1 R=14x103%Q, K =15x 102 W-K-1.m1,
— IP[(KyFrTw + K2FoTo)o® + K1 FLK2 PR/ KiFy =4 W-K™ and K2F, = 1 WK™, the power ver-
sus current and efficiency versus current characteristics are
+ (K1F1+ K2F2)K R] calculated as shown in Figs. 2 and 3. These parameters
+ IK1F1K2Foa(Ty — T|_)/n) are of a product, IEC1-039018 thermoelectric generator,
3 of Shanghai Jin Wei Thermo-electricity Co. Ltd. [15].The
x (KlFl{I Re/2 dashed lines represent the performance of infinite rate heat
— I’[Two® + K2F2R/(2n) + K R] transfer thermoelectric generator. Figs. 2 and 3 show that
+ I KaFoTua/n the heat tra_m_sfer irreversibility does affect the power o_utput
1 and the efficiency of the thermoelectric generator. This ef-
+ KKoFo(Ty — TL)/n}) (12) fect must be considered in the performance analysis. The
Egs. (11) and (12) are the major results of this paper. power output with considering the_heat transf_er t_affect is
They reflect the effects of heat transfefs; F1 and K2 F), about half of the power output without conS|der|_ng the
heat reservoir temperaturedyy and 7,), internal heat heat transfer effect in the case of= 10. Fo_r the fixed
conductanceék ), internal electrical resistanc®), Seebeck ~ N€at conductanceék F1 and K2F2), the maximum elec-
coefficient @), working electrical current/) and number trical current corresponding to zero power output and zero

of thermoelectric elementg) on the power outputP) and efficiency, the optimal curr_ent corresponding to the maxi-
efficiency () of a multi-element thermoelectric generator, ~ MUM power output, the optimal current corresponding to the
If n =1, Egs. (11) and (12) become the finite time maximum efficiency, and the efficiency decrease with the

analysis results of single-element thermoelectric generatorcr€ase of numbeg:) of thermoelectric elements. How-
[4,5,9,10]. ever, there eX|st_s power extremal Wlth respect tp nuniber .
of thermoelectric elements, that is, there exists an opti-
mal n corresponding to maximum power output. There-
fore, there exists a double maximum power with the opti-
mal current and the optimal number of thermoelectric ele-
P = [a(Ty — T — I?R]n (13)  ments.
2 In the conventional analysis without considering heat
a(Tq—TL)I — I°R . L
n = > (14) transfer effect, the power output is a monotonic (linear)
@il —O05I°R + K(Th — TL) increasing function ofr, and the efficiency is indepen-
In this case,P is dependent on n but is independent  dent of n. Hence, the effect of heat transfer irreversibil-
of n. If n =1, Eqgs. (13) and (14) become the results of ity increases whem increases for the fixed heat conduc-
references [11,12]. Howevewy = T4 andTwL = Ti. need tance.
infinite heat transfer surface area, its specific power output In order to analyze the effect of heat conductance on
P/(F1+ F) is zero [7]. the performance of thermoelectric generator, we calculate

If KiF1 = KoF» — oo, Twn = Ty and Ty, = 11,
Egs. (11) and (12) become theresults of conventional non-
equilibrium thermodynamic analysis
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Fig. 2. Power vs. current and number of elemefkg F1 = 4 W-K—1,

— K—1
KaFa=1W-K™). Fig. 4. Power vs. current and number of elemefkg F1 = 1 W-K~1,

KoFy =0.25 W-K™1),
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Fig. 3. Efficiency vs. current and number of elemefits F, =4 W-K—1,

. - _ 1
KoFp =1 W-K™1). Fig. 5. Efficiency vs. current and number of elemefitg F; =1 W-K™+,

KoFy =0.25 W-K™1),

the performance by takin1F1 = 1 W-K™1, KoFp = tor is a loop-shaped curve. This is consistent with those of a

0.25 W-K~! and as shown in Figs. 4 and 5 (the other generalized irreversible Carnot engine theoretical model es-

parameters are the same as those for Figs. 2 and 3)tablished by Chen et al. [13,14].

Comparing Figs. 2 and 4, and Figs. 3 and 5, we know that the

heat conductance affects the power and efficiency obviously.

With the decrease of heat exchanger performance, the4. Conclusion

maximum current, the optimal current corresponding to the

maximum power output, the optimal current corresponding  The results of this paper show that the heat transfer ir-

to the maximum efficiency and the optimal number of reversibility does affect the performance of thermoelectric

thermoelectric elements corresponding to the maximum generator. This effect must be considered in the analysis. For

power output decrease. the real generator composed of multi-element, the number
The numerical results show that the power vs. efficiency of thermoelectric elements affects the performance too. The

characteristics of real multi-element thermoelectric genera- optimal current and the optimal number of thermoelectric



L.Chenetal./Int. J. Ther

m. Sci. 41 (2002) 95-99 99

elements must be choose in the points of view of the com- [3] L. Chen, C. Wu, F. Sun, Finite time thermodynamic optimization or

promise optimization between power output and efficiency

in order to obtain the best performance.

The performance optimization of thermoelectric genera-

tor could be carried out further. The optimization includes

two aspects, i.e., the internal optimization and the external

optimization. The former is to optimize the thermoelectric
couple leg size of each element to minimi@éR). The lat-

ter is to optimize the distribution of heat transfer surface
areas or heat conductance for the two heat exchangers and

to optimize the external loadR| ) and internal resistance
(R) matching. Those will be the subjects of a future pa-
per.
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