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## 4770394521: MAJOR NUCLEAR TECHNOLOGY
KEY WORD: THERMOELECTRIC DEVICE/ POWER GENERATOR/ WASTE HEAT/
THERMAL CELL/ DIRECT CONVERSION
PAIBOON KOVITCHAROENKUL: DEVELOPMENT OF A WASTE HEAT
THERMOELECTRIC POWER GENERATOR. THESIS ADVISOR: ASST. PROF.
SUVIT PUNNACHAIYA, THESIS CO - ADVISOR: DECHO THONG - ARAM,
105 pp.

This research aims to develop a 50-watt thermoelectric power generator using low-grade
waste heat as a heat source, in order to recover and utilize the excess heat from cooling systems in
industries and high activity radioisotope sources. Electricity generation is based on the reverse
operation of a thermoelectric cooler (TEC) device. The TEC devices were modified and
assembled into a set of thermal cell modules operating at a temperature less than 100 °C. The
developed power generator consists of 4 modules, each generating 12.5 watts. Two adjacent
modules are connected in parallel. Each module comprises 96 TEC devices connected in series.
The hot side of each module is mounted on an aluminum heat transfer pipe with dimensions 12.2
% 12.2 x 50 cm’. Heat sinks are installed on the cold side with cooling fans to provide forced air
cooling.

To test electricity generation in the experiment, water steam was used as a heat source
instead of low-grade waste heat. An open-circuit direct current (DC) of 250 V and a short-circuit
current of 1.2 A were achieved with the following operating conditions: a hot side temperature of
96 °C and the temperature difference between the hot and cold sides of 24 — 25 °C. The DC
power output was inverted to an AC power source of 220 V with 50 Hz frequency, which can
continuously supply more than 50 watts of power to a resistive load as long as the heat source was
applied to the system. The system achieves an electrical conversion efficiency of about 0.418

percent with the capital cost of 2,500 Baht/W. Electricity generation costs between radioisotope
source and charcoal heat source was also compared.
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Type of device Temperature, °C Temperature, °F
Nickel refining furnace 1371 — 1649 2500 - 3000
Aluminum refining furnace 649 — 760 1200 - 1400
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Copper refining furnace 760 — 816 1400 - 1500
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Type of device Temperature, °C Temperature, °F
Steam boiler exhausts 123 — 482 450 —900
Gas turbine exhausts 371 - 538 700 — 1000
Reciprocating engine exhausts 316 — 593 600 -1100
Heat treating furnace 427 — 649 800 - 1200
Drying and backing ovens 232-593 450-1100
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Type of device Temperature, °C Temperature, °F

Process steam condensate 54 —-88 130 -190
Cooling water from :

Furnace 32-55 90 - 130
Bearing 32 -88 90 - 190
Welding machines 3288 90 -190
Injection molding machines 32-88 90 - 190
Air compressor 27-49 80—120
Internal combustion engines 66 — 121 150 - 250
Air-cond. and refrig. condensers 62 —43 90-110
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FB Thermoelectric
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aauzann leih

! Y

manudouudaveamsnanadule (L)=2.258 x 10° J/kg

k4
v o

Fariu wasnuaNuTeunoemmgaiadulu
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Q=mL
Q=(1kg) x (2.258 x 10° J/kg)

=2258x10°J

) (<] U 6
wazaailumdaanuld 2:298x10° o) ooy

! 9 g} 1 v 9 v 9 9 4 9 I
ﬂTﬁﬂ18L‘ﬂﬂ’3111'if]l.liﬂﬂul’f)u1@1941&\‘1@11!11!&@13W'LJQﬂWUi@H‘U@\‘]‘]ﬁLGBaﬁﬂ’NNi@u Sy

msmemanuioulugduuumainnudou deaums

(,-T.)
Quor = —kA2 1w A.1
conduction AX
~ A 1 ) 9 1 g
Taeh Quonduction o ANITUINNUITOUNIUITY (W)
k Ao thermal conductivity Yo d f (W/m-K)
A - I Y} A A P
A o NUNHUIDANANUTOULAADUNKNIU (M)
A 1 a 1 da' d‘d‘ 9 d‘
T,-T, o ANUUANANYUNNUTEHINNUNNANVUITDUIAADY
AU (K)
Ax Ao szezmanaMuewAanuN (m)

A A

o Aq Yo 1 A [ A
Jﬁﬂﬂi%%TﬂﬂﬂNﬂi%Dﬂﬂmaﬂu Wi oaillounay a1k = 120 W/m*K [21]

£

A A Y o Aa ' Y Yo s Y v '
‘WL!‘VI‘HL!W]ﬂ‘VliJﬂﬁﬂ'lfJ!,‘V]ﬂ’J'liJiE)uGlﬂﬂﬂL‘f]faﬂﬂ’ﬂiJiﬂu 4 ANUUBIND

A = %x%x4 = 01536 m’

Ax =  enumuwwuegiiflownay =  4mm = 0.004m
mm%’auﬁdwmmﬂ"laﬁyﬂﬂf‘]’qagﬁgﬁamau = 964.957 W uag T,=372.2K
unum luaums .1

964,957 - ~120 0.1536 x 1 —3722)
0.004
T, =371.99K
t =98.79 °C

2
v 9 Y

ad J
NUU Qmﬂguﬁw ﬁmuﬁaummwaamm%}au 98.79 °C



90

DARUIN 3.

M15199 9.1 wanadouguaviansteias lWihvewwad TEC 1-12710 1 AT iy 6 °C
Electrical testing data for TEC1-12710-U HL 03/20/06

The data is obtained at Th=36.8 °C and Tc=30.8 °C

Load resistance (2) Output voltage (V) Output current (A) Output power (W)
open circuit 0.292 short circuit 0.13 A -
0.25 0.03 0.133 0.00399
0.5 0.06 0.124 0.00744
0.75 0.08 0.11 0.0088
1 0.098 0.101 0.009898
2 0.15 0.078 0.0117
22 0.156 0.075 0.0117
2.5 0.166 0.07 0.01162
3 0.182 0.064 0.011648
33 0.19 0.061 0.01159
3.75 0.195 0.055 0.010725
4 0.2 0.055 0.011
4.3 0.207 0.052 0.010764
5 0.216 0.047 0.010152
5.3 0.218 0.045 0.00981
6 0.227 0.042 0.009534
6.3 0.23 0.04 0.0092
6.6 0.234 0.04 0.00936
7 0.236 0.037 0.008732
7.5 0.24 0.035 0.0084
8 0.242 0.034 0.008228
9.5 0.251 0.03 0.00753
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Load resistance (2) Output voltage (V) Output current (A) Output power (W)
10 0.258 0.029 0.007482
11 0.261 0.027 0.007047
12 0.263 0.026 0.006838
13 0.265 0.024 0.00636
15 0.272 0.022 0.005984
17 0.272 0.02 0.00544
18 0.272 0.019 0.005168
20 0.278 0.017 0.004726

3199 9.2 wanageuquavtianmsteids IWihvewuwad TEC 1-12710 7 AT iU 19 °C

The data is obtained at Th=52.2 °C and Tc=33.2 °C

Electrical testing data for TEC1-12710-U HL 03/20/06

Load resistance (€2) Output voltage (V) Output current (A) Output power (W)
open circuit 0.88 short circuit 0.34 A -
0.25 0.09 0.343 0.03087
0.5 0.165 0.314 0.05181
0.75 0.226 0.294 0.066444
1 0.27 0.27 0.0729
2 0.41 0.208 0.08528
2.2 0.426 0.198 0.084348
2.5 0.457 0.184 0.084088
3 0.5 0.169 0.0845
33 0.52 0.16 0.0832
3.75 0.537 0.145 0.077865
4 0.547 0.143 0.078221
4.3 0.568 0.135 0.07668
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Load resistance (2) Output voltage (V) Output current (A) Output power (W)
5 0.6 0.123 0.0738
5.3 0.61 0.119 0.07259
6 0.628 0.108 0.067824
6.3 0.635 0.104 0.06604
6.6 0.643 0.101 0.064943
7 0.651 0.096 0.062496
7.5 0.667 0.092 0.061364
8 0.673 0.088 0.059224
9.5 0.701 0.078 0.054678
10 0.71 0.075 0.05325
11 0.721 0.07 0.05047
12 0.731 0.065 0.047515
13 0.74 0.061 0.04514
15 0.749 0.055 0.041195
17 0.764 0.049 0.037436
18 0.767 0.047 0.036049
20 0.782 0.043 0.033626

M13197 4.3 manadeuguantianseiias lWihvessad TEC 1-12710 7| AT i 29 °C

Electrical testing data for TEC1-12710-U HL 03/20/06

The data is obtained at Th=65.3 °C and Tc=36.3 °C

Load resistance (Q2) Output voltage (V) Output current (A) Output power (W)
open circuit 1.24 short circuit 0.44 A -
0.25 0.118 0.436 0.05145
0.5 0.206 0.398 0.081988
0.75 0.281 0.37 0.10397
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Load resistance (2) Output voltage (V) Output current (A) Output power (W)
1 0.347 0.347 0.120409
2 0.538 0.273 0.146874

22 0.569 0.26 0.14794
2.5 0.607 0.244 0.148108
3 0.658 0.221 0.145418
33 0.683 0.208 0.142064
3.75 0.725 0.192 0.1392
4 0.73 0.19 0.1387
4.3 0.76 0.18 0.1368
5 0.804 0.163 0.131052
53 0.82 0.159 0.13038
6 0.855 0.145 0.123975
6.3 0.865 0.14 0.1211
6.6 0.877 0.136 0.119272
7 0.888 0.13 0.11544
7.5 0.902 0.122 0.110044
8 0.912 0.118 0.107616
9.5 0.952 0.104 0.099008
10 0.965 0.1 0.0965
11 0.982 0.093 0.091326
12 1 0.087 0.087
13 1.011 0.081 0.081891
15 1.033 0.074 0.076442
17 1.048 0.065 0.06812
18 1.051 0.06 0.06306
20 1.066 0.057 0.060762
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A1519% 2.1 ANUANNUTICHINGUN DY

NARNUIN 3.

[

v Y
lovihnnganaalotindrszuumadon

o 1 1 s [ A
mumuﬂ%uﬂqm%amammq 9 maﬂau

Toun

1 2 3 4 5 6

nan

(1) gangimisadauion (°c)
0 32.2 42 57 61.5 56.6 56
2 514 62.5 72 74.3 69.7 67.6
4 61.5 70.3 77.8 79.4 76.4 74.7
6 69 75.1 80.9 82.5 80 78.4
8 73.8 78.5 83.5 84.9 82.2 80.6
10 77.1 80.4 84.8 85.9 83.8 81.8
12 78.5 81.8 85.8 86.5 84.4 82.6
14 79.3 82.5 86.1 87.1 85 83.1
16 80 82.7 86.3 87.4 85.1 83.4
18 80.3 83 86.8 87.4 85.3 83.5
20 80.6 83.2 86.9 87.6 85.7 83.8
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A1519% 9.2 ﬂ’J"I‘JJﬁiJWL!‘ﬁﬁ$°H’JNQ’Q‘!WQ3Jﬂll@lTLLWHQTGBuﬂQNL“BaaﬁL'Jﬁ']@'N il Lﬁ@ﬂﬂu

Y Y
loshanganan lotiudszuudeania

Tayuii 1 2 3 4 5 6

na

(1) gamgimiusaasiudou (°C)
0 29.5 349 40.2 51.3 53.1 46.5
2 49.5 61.4 72.7 80 82.2 77.1
4 75.5 84.1 90.4 93.2 92.7 92.6
6 92.6 95.1 96.3 98.1 98.5 98
8 97.5 97.8 97.5 98.6 98.6 98.1
10 97.6 97.8 97.5 98.5 98.8 98.2
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anuduiusveusaiu lihuasmas ihdunszualilihve s Tugasadanuou

a3ei 2.1 Tugarraaanuieunnda I 1dadiga

anudumu Q) | usedulih vy | aszualih a) | sdelilih (w)
open circuit 120 short circuit 0.67 A

25 15 0.54 8.10
50 25 0.44 11

75 30 0.40 12

100 35 0.36 12.60
125 40 0.34 13.60
150 45 0.32 14.40
175 50 0.30 15

200 55 0.28 15.40
225 60 0.26 15.60
250 60 0.24 14.40
275 65 0.22 14.30
300 65 0.21 13.65
325 70 0.20 14

350 72 0.19 13.68
375 75 0.18 13.50
400 75 0.18 13.50
425 75 0.17 12.75




3197 2.2 Tugasadanudouiinga lilihldaqega

anudumu Q) | usesullih vy | aszualih @) | ddaldih ow)
open circuit 125 short circuit 0.64 A

25 10 0.55 5.50
50 20 0.44 8.80
75 30 0.40 12

100 35 0.36 12.60
125 40 0.36 14.40
150 45 0.33 14.85
175 50 0.30 15

200 55 0.27 14.85
225 57 0.26 14.82
250 63 0.25 15.75
275 65 0.23 14.95
300 70 0.21 14.70
325 71 0.20 14.20
350 72.5 0.20 14.50
375 75 0.19 14.25
400 77 0.18 13.86
425 78 0.17 13.26
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NARUIN ¥.

v Y
Uszaninmuesganan lotidiensduii

Y
o

A 9 Yo 9 dy a = 9 1 Yo
mam%uzmuuﬂmummmumm&vmwm UMIFaNANNIoULazaem 1Ny

v
a =

o oo a4 o 4 = o - o @
U AIUNTTNIUUADAN YUY 100 c vaznldsuanuzilulewn UNHU 100 °C LAY

QU Q

M 31N 9.1

A a B, v
B OINAS ANFOU Q ANNIOU Q,
1 MBUL Hag
s | neau Ann Torin |
Uszansmwn
MINan 1o

A a 9 dy a o 4 oy
?j‘]_]‘ﬂ %.1 !,mumwmiﬂ@uﬂimmmmmumﬂwmwawuﬂsgmllﬂ"1@u1eaﬂm

v

hiligargil 30 °C ALY

v
Tunsnaaeu WNU5ua 48 8as = 48,000 .
Y Y

995.7 kg/m’ [22] A9 vdithniin
m= pV
m=995.7x10"%g/cm?® x 48,000cm*
m = 47,793.6 g 1130 47.794 kg
n&amanagoy 1S 8.5 ans = 8,500 a1’ gty U5uani 48,000 — 8,500 =
39,500 .’ Wasuaamznandule agliguwrgil 100 °C A letihdt 100 °c

[

958.4 kg/m’ [22] A9tiu vz Himitin

m=958.4x10"°g/cm®x39,500cm®
m = 37,856.8 ¢ H30 37.857 kg

] Y
A )

Yo , A A a o < J o Y
§ V] u’lllﬂ'iﬂﬂ’ﬂuﬁ@u i]ULﬂ@ﬂ‘ﬂQﬂ!WﬂuiJ 100 °C ﬂa'lmﬂull’ﬂu'] 100 °C #NUU AU

Y AN Yo y 3
‘if]u‘l/lhlﬂi‘lﬁﬂﬂﬂT’IfUZﬂﬂJHW
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Q, =mC AT + mL

10 AN DUV (C,)=4.19 X 10’ J/kg'K
ag manuTouudaveamsnatedule (L) = 2.258 x 10° ke
unua luaums

Q =47.794x4.19x10° x (100 — 30) + (37.857 x 2.258 x10°)
Q, =99.499 MJ

Y

Fornaah 19 Wuau'lsd Ten Calorific value (C,) = 2.8 x 10" I/kg 1¥au 12 kg Tums1vau

k4
Y

o=

[

e

aU A1iY
Q=MC,
=12x28x 10’
Q=336MJ
widszansammsdinh = %xlOO%
- 92';59 <100%

= 29.61 %
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o [ 1 1 9 I'4 9 Ao 4
msfuua lihaenitedeya Tugaadanudounaaulasuninginsal

o ludiannin ulsdu lamuegmslFau

A ] s ] Ao /s ad a I Y
ﬂ']iNﬁ91]11/‘]'1?1']ﬂ'JEJLC]fﬂﬁﬂ'J'lﬂJﬁﬂumﬂﬂllﬂaﬂﬁ]?ﬂlﬂ@ijmﬂlaﬂ‘ﬂiﬂﬂﬁmﬂﬁ ﬁmqu

2,500 UM/Sad

4
aaumsnan Tl 1 kw desasu

3,000 X 1,000 = 2,500,000 VN

o1yl 30 I shawserilos waalaihla - 30 X365 X 24 = 262,800 T

: D cost

i lfhdonsing mawhn = coot = 2900000y 5w
time 262,800

o1gldau 25 1 ool maalavhld - 25X 365X 24 = 219,000 F2Tus

: C cost

i lnlfheoning @mawhy) = oot - 2900000y W
time 219,000

o1yl 20 1 shawserilos maalavhld - 20X 365X 24 = 175200 FTug

: C cost

a'lvlihaeniioeg (UMWM/kWhr)= —— = M = 1427 1N/kWhr
time 175,200

oyl 157 shawaeilos maa 'l ld - 15X 36524 = 131,400 F2Tug

: C cost

a'lvlihaeniioeg (UMWM/kWhr)= —— = M = 19.03 UIN/KkWhr
time 131,400

o1glHau 107 haouaetios waaliih1ld 10X 365X 24 = 87,600 F2Tug

: C cost

i llfhdonsiag mawhn = S0t = 2900000 e o W
time 87,600

100
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o1gldau 51 hruaeiios waa luih 18 5X365X24 = 43,800 ¥21u4

' lfhaeniiag (U m/kwhr) = cost _ 2500000  _ o0 g mkwWhe

time 43,800
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NANUIN A,

a 9 zﬂy a
ﬂ1§ﬂﬁ$iﬂﬂ@ﬂﬂﬂlsﬁﬂlwaﬂ

o Aa o 1 I~/ L) a 1 o Aa o
1. i 1FAuiuiiass@ wu Pu- 238 Wluuvasiuiiannudon Tashiimsdududuiiasiddie
3 a 1 I~ 1 o A o 1
miannan 15 ey AauMu 1w, (Pu — 238 Wuuwrasduiiasavh [23]) 1a 13 unsuzda

maleiiesn maleiivan
Y8
Pu -
wannaisasiy
238

d‘ a 9 o A v A 9 oy
JU% a1 vuafemIeaus e @ lumyuz A
o o ] i o o Y] <
Pu - 238 ameallisadsarh uaziieseddavhannsznudurduluveounannai'ls
a 1 [ J I ] @ ] [l ]
Ay szlimsmemannnasnueatiiundsauanuiou sounisdulu uazoiemoangwia
v Av vy J A v o & & ! ) Yo
aueniaensoudeit uaznlasuaoug Imhnaedule Wuuwaniuioulinuyges

Tugawadanudouiondn T amuwunin 307 a2
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v v v maalnih

ANNITOU Q ANNIOU Q, AU Q,

- - 60 W

Y o o d d
MBUSANUN RIIGE qﬂnimmﬂ ﬁgﬂiugawaa
Y o A w A Z Vv Y
HAZAUNUHATIA Jo1i INANNTOU ANNTOU
o Y a
T_ Uszansaw MIUINNNIBU szansaw
MInanlaiin 90 % 80 % 0.63 %

51 a2 uruamnstloudSnanwieugdszuunan luihdoge Tugaadanuion

v '
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Q, _ 80

Q100

_100xQ, 100952381 _,, g0y 76

< 80 80
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9
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Q 100
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doaldanudou 13,227.51 w, semlisuiiuaziliindeananailule 11n
un# 2 Tuans199 2.1 Pu - 238 13511 3,000 /W Tumsilsziiusianiiesdu a2'14 3,000 $ x
13,227.51 W, = 39,682,539.7 $ meudluEuum (1$=31umM) awld 39,682,539.7 $ x 31 UM

= 1.23 x 10’ v Uszidudniludunudmsuldou 30 Y vaznda 1ih'1d 6o w

9
v A

Audunmstszdiulunurendsau i azdlude

wan Il 60 W Hdunu 123 x 10’ UM
a ~ 9
maaldih 1000 w o Tduyu  1:23x10°x1,000
60
= 2.05% 10" UM
14911 303 AauiTu 30 x 365 x 24 = 262,800 3139
v 10
iU Aununasuaenue i = % = 78,006.09 UNN/KkWhr

J < § a o A [ A
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" oww y v Y fmaslvih
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J a a
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Tt 11 w1 wazldou 2 ke Sudhumsdszdinlumitendaan i 0214

SOW_ 11 _g 167 107 kWhr

1000w 60

falsziwdhy 1 kwhr 2218

waa Tvlih 9.167x10°  kWhr %o 2 kg

waa Tl 1 kwhe Mo 2L 018174k
9.167x107

FIMV0I01U 10 VW/nD. Aalusimeunarua = 218.174x10 = 2,181.74 U0

9
[ Y

Aty Aununasuaemieliih - = 2,181.74 UN/kWhr
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