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Conversion of Unused Heat Energy to Electricity by
Means of Thermoelectric Generation in Condenser

Takashi Kyono, Ryosuke O. Suzuki, and Katsutoshi Ono

Abstract—Thermoelectric power generation has the potential
to recover a large amount of energy loss at the vapor condensers
in the steam-based power plants. A suitable arrangement of ther-
moelectric modules was designed from the heat transfer theory in
the cylindrical heat exchanger. Even under the practical operation
limits, 150 kW can be generated by the thermoelectric conversion.

Index Terms—Steam-based power plants, surface condenser,
thermoelectric energy conversion.

|I. INTRODUCTION

AJOR part of electric energy demands are currently ful-
filled by steam-based power plants, such as thermal gg. 1. Schematic illustration of thermoelectric module.
nuclear power stations. The efficiency of these plants is at most

40% and obviously the rest of the energy is unused or lost. Tfgely. The properties of materials for the thermoelectric couples
greatest energy loss occurs in the plants’ condensers, as theyfg-generally evaluated by the figure of mefit
tent heat of condensation. However its retrieval is difficult since

the condensation of vapor takes place at low temperature and Aa® )

pressure. ( TpAp-l-\/pn—/\n)z

Thermoelectric power generation is adequate for utilizing
such low-grade heat and improving the total efficiency o¥herep, andp, are the resistivities and,,, and A,, are the
power plants. Thermoelectric generation is a direct and clefi}ermal conductivities.
heat-to-electricity conversion, and can be operated even if thel he output powel” becomes maximum when the inner elec-
temperature difference between the heat sources is small fiipal resistance of the module is equal to the Iéad’he output
The purpose of this work is to propose the utilization of unusd¥wer P is then represented by
energy in condensers by means of thermoelectric conversion Vo (nlp)?

and to calculate a theoretical amount of energy retrieval in a = IR inm 3)
heat exchanger.
whereV is the electromotive force of the whole module, and
Il. FUNDAMENTALS OF THERMOELECTRICCONVERSION is the number of thermoelectric couples.

It is known that the semiconductors such as BiTe or PbTe,

The principles on thermoelectrics are described in [2] and [%.r the compounds such as skutterudites have high efficiency to

Brief fundamental equations are shown to introduce the Valonvert heat to electricity. However, they are not appropriate in

ables used herg. . . .__alarge scale application because these alloys are composed with
Thermoelectric power is generated by cqmbmmg a Ser_'esicﬁnewhat uncommon materialsFeSp is also a well-known
p-type and n-type elements. An example is shown in Fig. ermoelement as a candidate for an environmentally friendly
faterial, but its performance declines at around room tempera-
ture due to its rather high resistivity. For these reasons, the au-
thors proposed to use Fe-12.8Wt%Al-12.7wt%Si as p-type el-
Vo = (ap — an)(0 — 0.) = Aa(6y, — 6,), 1) ements and Fe-12.3wt%Al as n-type elements listed in Table |
[4]. These Fe-based alloys possess abundant natural resources
wherea, and a,, are the Seebeck coefficients of p-type anénd better mechanical properties, which make this concept fea-
n-type elements, anéj, andé. are the hot and cold junction sible even if their performances are not as great as the above
temperatures, respectively. From here on, the properties wiigntioned semiconductors.
subindex andn represent p-type and n-type properties, respec-

tromotive force developed by one thermoelectric cougjas
given by
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THERMOELECTRIC PROPERTIES FORFEALSI
AND FEAL AT 300 K

TABLE | / Electrode Tube ™\
=

Seebeck Thermal Resistivity
coefficient  conductivity
(WV/K) _ (W/mK) (s m)
FeAlSi (p) 46 11+3 1.40
FeAl (n) -23 21 £ 3 1.01

Coolant -
Te(L), Gw R -
E AX Control volume
3
Thermoe\lcclnc moduleC = v
]c—
”@ = - (a) (b)
) i > T

-
Coolant i . ) )

1 =" 10), Gw Fig. 3. lllustration of (a) coolant tube. (b) Its cross-sectional view.

Water

whereC,, is the specific heat of the coolant and is the latent
heat of waterT,.(0) and7.(L) are the coolant temperatures at
the entrance and the exit of the tube, respectively.

which sea water is flowing as the coolant. The vapor volume Second, we will develop the local heat balance equations
decreases drastically in a condenser, resulting in a decreasgh@ugh the wall of the coolant tube. Fig. 3 shows the coolant
pressure down to 25-45 mmHg. The vapor temperature putifi@e and its cross-sectional view. Here, a thermoelectric
the condenser is 4C at the highest, and it is kept almost conmodule of thickness is attached to the coolant tube of radius
stant during condensation. The temperature of the coolant, seassuming that the thickness of the electrode and that of
water, is around 15-1€ in Japan. The temperature differencéhe coolant tube can be neglected. The hot and cold junction
between the vapor and the coolant can be converted to electrigéyhperatures of the module are expresse#,&s8) andf.(z),

Fig. 2. Model of surface condenser for calculation.

by thermoelectric generation. respectively. The thermal conduction toward the axial direction
of the module is neglected because it is much smaller than
[V. CALCULATION that toward the radial one. For the simplicity of the calculation

Fig. 2 shows the model of a surface condenser used for ¢&id low efficiency of the Fe-based alloy module, the Peltier
culation. Coolant flows through a winding tube inside the cor’?—ﬁeCt an.d Jule heat were nqt taken into account. From Sl_"Ch
denser with a mass flow rate 6f,,, exchanging heat with the assumptions, the heat input into the module from the ou_tS|de
vapor flow outside the tube (a mass flow ratey). This vapor of the tube becomes equal to _the heat output from the inner
is assumed to be saturated. The real condenser contains a | ce of the tube as shown in Fig. 3(b). The heat transfer
coolant tubes, but the number of tubes affects only the cooldi™ the vapor to the coolant through the annular module per
mass flow in terms of the condenser design. Hence, it is vahgt length can be written as follows [5]
and simple to consider one long coolant tube, except when de-
termininz the heat transfer coe?ficient of the coolantF.) The axial @ = k(T = Te(2)) )
length of the coolant tube from the entrance is expressed agnere
and the total length as. Considering ideal condensation for
vapor-to-water change, the vapor temperaflirgemains con- k= 2
stant, while the coolant temperatdrgbecomes a function af. 1 In( =) + L
Here, the coolant temperature distribution in the radial direction (r+Dh A rhe
in a narrow tube is neglected. h;, and h. are the heat transfer coefficients of the vapor and

The calculation scheme for the output power consists of tw@olant, respectively) is the thermal conductivity of the
heat balance equations. One is the total heat balance in the gaBadule, given by
denser, which gives the relation between the vapor mass flow
G, and the coolant mass flo@,,. The another is the local heat \ = ASp + AnSn )
balance in the coolant tube, which gives the relation between the Sp + Sn
i?,ifgiﬁf;gﬁﬁ;” :r:]:btlgi JSQigoenxﬁzsgetrﬁ;ugi&:ﬁ?gﬁ:\gvh?reSp ar:den are the areas of the thermoelements at the inner

. surface end.
with the vapor mass flow,. The following differential equation can be obtained from the

First, the total heat balance in the condenser can be Writterhaesat balance in the control volume shown in Fig. 3(a)

GsAh =CyGy(Te(L) — Te(0)) 4) dT.(z) &

=CywGuAT, (5) de C,Gow (Th - Tc(x))' (9)

()
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Integration of (9) gives the coolant temperature distribution

T.(x) and the coolant tube length

kx

Th — Te(x) =ATiq exp <_ Cu;gw> 4o
CwGw ATln

L= k n <ATout ) (11)

where AT,,(= T, — T.(0)) is the temperature difference
between the vapor and the coolant at the tube entrance,

AT, (= Ty, — T.(L)) is that at the exit. Substituting (6) and
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TABLE I
CHARACTERISTICS OF THECONDENSER IN700-MW THERMAL POWER PLANT

G, (kg/s) 4.17 x 10?

Ah (J/kg) 2.42 x 10°

Cw (J/kg - K) 4.18 x 103

T, (°C) 33

T.(0) (°C) 17

T.(L) (°C) 24

r (m) 0.02

and
and (8) is rewritten by introducing (18) as

(10) into Fourier's law expressed in the cylindrical coordinates,

the junction temperature difference can be written as

In (£
On(z) — 0.(2) :%Q (12)
kAT, In (L k:

)\ _ /\p V pp/\n + /\n Vv pn/\p
PpAn + vV Pnp
Becaus® < ¢ < 1, the output poweP becomes the maximum

when¢ = 1. In anideal case thgtequals to 1, the output power
takes the ideal valu®,qca;

(21)

The two relations, (5) and (13), are used for the calculation of 2GsARAT,

the output power. By neglecting the cross-sectional area of the 41n (AATL)
insulator, the number of the thermoelectric couples per unit area o
n can be expressed as ¢ becomes the larger by adopting thermoelements with the
smaller thermal conductivity and the thicker modulg or by
increasing the heat transfer coefficiehisor h.. As shown in
(19) and (22)¢ is the ratio of P and P,4..;- Hence,£ can be
dlefined as dimensionless output power.

Pideal = (22)

1
Sp+Sn

(14)

n =

The electromotive forc& and the electrical resistance of th

moduleR is calculated as follows:
V. CALCULATION RESULTS

L
|4 :/ Aa(Oy(z) — 0.(2)) - 2mrnds (15) A. Application to Practical Limitations
0
L

o] (42 2)

Substituting (15) and (16) into (3), the output powviis derived
as

In this subsection, the output power and the condenser size
-2rrndz.(16) Will be analyzed as functions of the module thickness and the
heat transfer coefficients.

For concrete calculation, the numerical values are evaluated
as listed in Table Il. They were derived from the representative
values of a thermal power plant of 700 MW. The latent heat
Ah is the difference between the enthalpy of saturated vapor
T and that of saturated water at°®3 Considering environment,

ATout the coolant temperature incremen®,, (= T.(L) — T.(0)) is
regulated to be °CC in Japan.
' The heat transfer coefficient of vapéy, can be estimated
following: from the Nusselt number for film condensation on horizontal
tube bundles [6], and it would be 10-30 kW/rK.
— Pn)\p. Assuming that the number of coolant tubes is 10 000, the
PpAn Reynolds number becomes 1.240°, and the heat transfer
coefficient of coolanth,. can be determined from the Nusselt

The second term of (17), which also contaijsandsS,,, is al- -\ mber for turbulence flow in tubes. From the Petukov’s equa-
most constant at the peak of the first term. Therefore, the outpit, [7], h. was calculated to be 10 kWAn K.

power P is approximately optimized by (18) and expressed by rijrst the output poweP is shown in Fig. 4 as functions of

usingZ as the vapor heat transfer coefficignt and the module thickness
The output poweP becomes greater by increasitygand!, and
approache® ca) (= 201 kW). The increase of;, and! makes
the junction temperature difference bigger and then enhances
the output power”. However, the usage of the thick module
results in expansion of condenser size. This will be discussed
later.

Second, the total coolant tube lendtlis shown in Fig. 5. The
coolant tube lengtll, becomes larger as the module thickness

r41

r

T+l

rln(
S

P

Tln(
Shn

<

+ o

1
(Sp + Sn) (g— +

Aa?G,AhkAT, In ("T”)
) A 87 ln (A—)
17)
The first term of (17) is maximized whe$), and.S,, satisfy the

P =

P
S,

Sn

Sp

(18)

_ EZG,ARAT,

a 41n (—ATi“ )

(19)
AT,

out

where

1

(20)

1

(’l“—‘rl)hh

1

rh.

)

1+ —m(ﬁ) (
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Fig. 4. Output powei as functions of the vapor heat transfer coefficient  Fig. 6. Dimensionless condenser volumie as functions of the vapor heat
and the module thicknegs transfer coefficient:;, and the module thicknegs
~400— T T T 1 TABLE Il
g [ 1 RESULTS CALCULATED FOR FEALSI-FEAL MODULE
1200 | — A=10 kW/m*K =
L | == =30 kW/m*K 1 i I P L v* £
= 1000 ] (m)  (kW/m?K) (kW) (km) (-) (-)
ED I 1 0.005 10 126 318 34 063
2 800 . 0.010 10 154 472 7.3 0.76
(] I 1 0.005 30 141 279 4.4 0.70
-§ 600 7 0.010 30 164 443 101 0.82
g 400 y
© - T -
o o’ 7
3 200 7 - 4400 2
0 ! ! ! 1 3 ] =
0 0.01 002 0.03 0.04 0.05 & | =2
Module thickness / (m) o 300 £
[ (¢
S —_
Fig.5. Coolanttube length as functions of the vapor heat transfer coefficient  § 200 S
I, and the module thicknegs s REY
g 100 &
. = 0
increases, anfl becomes shorter as the vapor heat transfer coef-© ] ,.5\_
ficient by, increases. The thicker module hinders heat transporta 0 ) . ) o =
tion. As aresult, the coolant tube lengthas to be extended to 30 40 ' 50
absorb all of the latent heat. On the contrary, the increasg of Vapor temperature 7» (*C)

accelerates the heat transfer and diminishes
Let us compare the coolant tube lendttobtained here with Fig. 7. Output power” and coolant tube lengtli as a function of vapor
the actual copper tube. When the copper tube thickhgsss ~emPerature..
0.001 m, the copper tube lengih,, becomes 131 knh;, = . o
10 KW/m? - K) or 89 km(hy, = 30 KW/m? - K). to improve the output power, a gooc_j thermal conductivity of
The volume of condenser is here evaluated simply by tif&-based module makes it difficult to increase the output power.
coolant tube lengttl, and the module thicknegsas .
B. Possible Improvement
m(r+1)L. (23) Some improvements are available by introducing some as-
sumptions. For example, the output power can be improved if a
larger temperature difference is applied to the modules. Fig. 7
shows the output poweP and the coolant tube length as a
. w(r +1)2L function of the vapor temperatui,, which was fixed at 33C.
= m (24)  Here, the module lengthand the vapor heat transfer coefficient
¢ “ hy, are setat 0.005 m and 10 kW/rK, respectively. The latent
v* is shown in Fig. 6. In order to suppres$ under 10, for heatAh is assumed to be constant since it changes only by 2%
example, the module thicknesshould be lowered below 0.01in our temperature region @f,. When the vapor temperature
m. T}, rises up to 50C, the output poweP is almost tripled com-
Table Il summarizes the evaluations mentioned beforpared with that fof7;, = 30°C. At the same time, the coolant
Around 150 kW of electricity can be generated simply byube lengthL strikingly decreases, because the increase of the
attaching the module of a few millimeters. The dimensionlesspor temperaturd}, enhances the heat transfer between the
output poweré is 0.6-0.8. Although there is still a roomvapor and the coolant.

Dividing this by the copper tube volumgr + Iy, )? L, the
nondimensional condenser volumtis defined
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Second, the relationship between the output pa#and the
figure of meritZ is studied. The material parametg&ris ma-
nipulated by changing only the relative Seebeck coefficledt
as a matter of convenience. The thermal conductivitipand
A, are fixed at 5 W/m K, and the resistivitieg, andp,, are
fixed at 5u£2 - m. Calculation results are shown in Fig. 8. As ex
pected, materials with highef can produce larger electricity.
For comparison, the figure of metit for Bi, Te; module, about
2.6x 102 [8], and their other physical parameters [8] are use
for precise evaluation. BTe; can generate power of 5.5 MW,
11.7 MW, and 17.6 MW fofl}, = 30°C, 40°C and 50C, re-
spectively as shown in Fig. 8.

Our approach suggested here does not consider the Jule heat
and Peltier effect. These are vital for high performance materials
such as BiTe;. According to more detailed numerical solution,
as we will report separately, the real output power is about 25~
less than that calculated by this analytical method in the case
Bi, Te; module.

VI. CONCLUSION

Thermoelectric conversion can generate a great deal of el
tricity even from the minute temperature difference without al
unfavorable effect on the enviroment. The application of ther-
moelectric conversion to condensers in the steam-based power
plants was proposed and analyzed. Using the theoretical ap-
proach of heat conduction in the cylinder wall, the mathematical
function of thermoelectric output powédt could be deduced.
The module thickness, module thermal conductivity, and he
transfer coefficients affected the output poviemwhen the ther-
moelectric materials were fixed and their cross-section was of.
mized. These factors coming from the module design were su
matrized by introducing the nondimensional output pogvéihe
module construction using Fe-based alloys is much easier,
the usage of BiTe; generates a few times larger electricity.

York: CRC Press, 1995, p. 215.
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