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ABSTRACT

In this work, a waste-heat recovery (WHR) system was designed and implemented to
utilise the waste heat from a cooking stove. The WHR system was designed to preserve
maximum thermal energy efficiency, use passive cooling, and produce a system that did not
alter the body of the cooking stove. The thermal energy from the cooking stove was converted
into electrical energy by a thermoelectric generator (TEG) and used in a waste-heat hot water
boiler. The cold side of the TEG was cooled by heat pipes immersed in a water box that offers a
high heat transfer rate. The heated water can be used for domestic purposes. Dependent
variables were the heater temperature and the volume of water. The heater temperature was
varied between 130 and 271 °C, and 4.2-9.5 L of water was investigated. At equilibrium,
response surface methodology based on a central composite design was used to empirically
model the influence of the heater temperature and the volume of water on the electrical power
generation and the hot water temperature. Experimental results of the system efficiency showed
that the heater temperature was more influential than was the volume of water. The total
efficiency of the WHR system was more than 80%. Thermal contact resistance was analysed to
improve the WHR system performance. Finally, the thermal efficiency of a cooking stove, both
with and without the WHR system, was measured. Results showed that the thermal efficiency of

the cooking stove decreased by less than 5% when the WHR system was attached.

Keywords: Waste-heat recovery (WHR) system, Response surface methodology (RSM), Thermoelectric

generator, Cooking stove, Heat pipe
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Thermal Conductivity of Common Materials (at 25 °C)

Material Conductivity (Watts/meter-
°C)
Acrylic 0.200
Air 0.024
Aluminum 250.000
Copper 401.000
Carbon Steel 54.000
Concrete 1.050
Glass 1.050
Gold 310.000
Nickel 91.000
Paper 0.050
PTFE (Teflon) 0.250
PVC 0.190
Silver 429.000
Steel 46.000
Waier 0.580
Wood 0.130
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(Newton's law of cooling)

g =hT -T,) (2.5)

o - [ a af o d
logn h fa audsz@ndmawmenuiawawsi (W /m-K)
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MIUU ITATUITUDATINITHIANINUTAUNIVIUALUUNUAT A' N
Q.l'l)”} = Iq(”‘ﬂﬂ\ dA! = (T; 4 TITA )I hdA,f (2-6)
A,
Qo = 1, AT, =T, 2.7)

A - O [ aF v ﬂl @ b ° et [
lavi h, 8 FNUIETANTNIIWIANNIBULAREL  (Average Convection Coefficient) &1WILLUHW
UL (flat plate) 8717 L 9swuan

1 L
By ! hdx (2.8)
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2.2.3 nMuHTIRANTAR

MILHTIFANTEU [9] nuneds mm‘wumﬂﬂufam'mﬁw?'ma"lmﬁa‘lﬂgj&ﬁnﬂ’m"’mma
Mﬁa-ﬂuﬁqmmgﬂuﬁndwﬁu wa'iimwummmﬂi:ﬁgnahrhulugﬂmaqﬂﬁumjmﬁn'lwﬁﬂ (Electro
magnetic wave) n?alugﬂmaﬂvlnau‘iﬂu'h}ﬁ’aqmﬁ'ﬂfsqﬁ"mma MIURTIFANUTBUIIENID
ialugrygmealdwandgegarasnuififeanainiisinans

frurmanngred savu-luadaniud (Stefan-Boltzmann)  #1iu

gy =0T, (2.9)

aum3 (29)  ldiunadivasdiudivdlugaund (Ideal Radiator) w3adanea (Black Body)
A = J‘ - o 4 s Ly [ | \ " o o o o< J A’ gt
FMILNTWBBINUNITIN - (Real - Suiface) Nanmum:eaa:uaumwmmﬂaamqm YHWIETUNLU
[ | g ls 2 o - .‘o’ L o g P sl : - )
FanWILEITIF (Emissivity) TaIRUHTUR (&) dauWanTusTIFuURN UG398 WItkan

s = 3T, e

Gas 1 B
Tk

Surtoundings

N 7';\ //q \

i e A T
Surface of emissivity
£= @ dedA; and

temper ature ],
I

J (! A - 3 ! =3 J et ﬂ' b
zlhfl 25 ﬂ'l‘iLl.N‘Nf{l.taflL]JﬂUHHH?:'HTNW%N’W\%JT]'Llﬂ{ll.ﬂﬂﬁﬂlltﬂﬂiﬂll
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) e A et 3 J 1 s a ﬂ' A
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4 u
= a A a A

a d [y ‘e
Iﬂmauﬂaﬁqmm‘}umn T, 29T INMIUNTNFFNTUUNUET A @B

sur 4

9re =Q—4 =ar (T =T L) (2.11)
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wanimngduuusuns (2.11) udgluuuaumiaduisdamiudwimnaudFasdoulnale
o &
a7

Orsitna =h AT, ~T,,) 2.12)

sur

] A e a af 1o v a 3 P 1y
laen A, Ao sudszninsueifidanuden dwiodu wim? k& Fadmandlaan

h =eo(T, +T NT> +T2) (2.13)

Sur Sur

Ve

'lunln 2.5 mnizninduia A sufatesen s ssimimenusawiaiiniumutss
AT muv.am*mﬁmummm-mumuumqﬂnaanmnwum A fIuItan
O = Qoo 0ot e = MAT = L) + (T T H) (2.14)
2.3 Usangnisabimailudidnnin (Thermoelectric Effect)

Umngmytlimasludidnnin (Thermoelectric Effect) [10] Lﬂuﬂﬁngmstﬁmnﬂﬁ'uu
;iﬂ::niﬂmn?mum*lu%’auLm:wé’amu‘lﬂﬁ'm'nuflﬁmﬁ'uﬂﬂngmmfmaﬂuﬁtﬁnﬂ?n Sudu
iuluile.a.1821 Tan Thomas Johann Seebeck WNARNFTIBETI AUAL I WHaifnnTN
- uandrasamngiiuiinsasdaredaata (Conductor) Fosrieanfausieuiazfianseus lWwa
'1.wa'ifumulué’amtﬁ‘atﬂu’msﬂwﬁu"’mnﬁﬂﬂngmtrﬁ-ﬁmﬂ (Seebeck Effect) siaunluda.a.
1834 Jean Chales Athanase Peltier Wnilanduidiaae fuwuiniaieingassiaundanu
udhmsionTzualvnashudihflsasd asswisdatasese: inmuandrasningunni
m%wﬁmmﬂauum.awaaanmnu-uuaununﬁmamﬂnmaannua‘lﬂmﬂﬂﬂgmsmmmm'}

ﬂﬂngmsmtwamu (Peltier Effect)
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2.3.1 dsingnsai@iiia (Seebeck Effect)

4 - .
i 2.6 maiiadsingmsalfule [11]

'a'm'aj.lv'f 2.6 Asunialenzaasofia (Conducior 1 Wiz Conducior 2) gm-ﬂumiﬂ@mqw
(Fausa th‘fmﬁamwnﬁm (Th) Us=q@ Xﬁaﬂammﬁsﬁ (T wmelww (Carrier) ludashiazdivia
NMINTIUWT (Diffusuon) '[ﬂ'luﬂﬂmqLm.l'muﬂun’nmﬂmanmnu (Temperature Gradient) @1
firma x Ausn o TanwER: uwmmuaamwmmuuwﬂﬂmmumuumwmaaawmmv.
aam‘l.uwm:‘lﬂmag’lummauqaLuan'mmamﬂ1noaaatﬁulan:mwuanuammauﬂ::emﬁ
m':mﬁmm'lwﬁwiaqmuqﬁ (S) 'lu'Lﬁﬂﬁuua:ﬁﬂﬁtﬁﬂumﬁuﬂiauqﬂtﬁanﬁavﬁmm fuM3s 2.15
uammwé’uw"ufs:whaqmuqﬁﬁsmﬁ'mmqmiavﬁamﬁ'uunﬁuﬁtﬁﬂgu

V=(S, 48 AT (2.15)

o ¥ doa A ' ;= '
Vo fe unsanldehiifistiusnihsaedenssss dnihoiulad (V)
@ a a o'} & & d % (. a a
s A sulnanidulaniedimanisaiinwdesunniiveslanzriiasiag
iniaodn Lad (V) A9aRiu (K)
) Ad 1] “; -1 1] -
AT fa Namwaaqquuﬂqmamaawv&mmﬂummv@(K)
. J [ r et " -l = L - e A B G ' o
f1 S artusgnudadusdni gRegunpllnneinerestiazrilaveidnhdimnldanhdnria
[N Vo W AV ' '
wldi1 s luniiumld v aldasdanlidugud
a < - e ) d o , . .
gunialinasTudianninlugadagiuesldmsnadin (Semiconductor) unritunszuIum:
- A v 4 o a = A 4 o . dda =
16 (Doping) tWalvldiduamsniduziiaiau (Nype) fa ssneaniniaianaTan (Usz9au)
o a d o F) w
uwmztannuazoian (P-type) fassnaaawfilas (azuan) duwmztaan



13

Built-in Potential

e

™
® ® ®
L ® £ Vh
... ® Th
.- ®

2

.

Charge Diffusion
Temperature Gradient

Ve
Tc

J d :l L2 J @ g Ad, - 13 ] ' et
U 2.7mmmaadennvaswnstannluan sivdnhfidgunnisassulivinnu

WMETIN VBT T I IREI TR I RAN I TUNS (Diffusion) Lﬂu'lﬂmugx.lﬁ 2.6
ﬁamﬁ:ﬁmﬂmmuﬁﬁnumm"mmqmwgﬁmnqmnqﬁga‘lﬂu‘hqmmgﬁﬂ'ﬂm‘mwwmwm:
Tuniasfianswazedntzus niwansT R nidusianasaunssuaias nalufinaumanu
msuwﬂu‘:ﬂﬁ' 2.6 wasndglianuaziminwnzteuniiulaanszusiifaduas Inafiena
Lﬁmn"uﬁ'umauwﬂugﬂﬁ 2.7 3t Imannanlusouazusien (Builtin potential) MAadwszning
ﬂ"m'rfqﬂa-aﬁﬂqm‘nqﬁuﬂndwﬁummmafmmﬂummﬁnﬂ'uﬂﬁ'cﬁ{{

o\ %, 7.

AT _———(Tﬁ A TC) (2.16)

Vihaunaulwhiiialannedusoudmianduliad (v)
V. faussauliviiieldandnioun fwioiulad (V)
Tyf gounpdenuiauiiniiodu wnaiu (K )

TAa aunpidmibulniiodn madu (K)

S fg Seebeck Coefficient fimiasidu 1aad (V) /1aadu (K)

2.3.2 Usangmsalinanid (Peltier Effect)
a b1 e .~ A o S
Wudmngmsinmaudaswasnuliwduwnainuanuieudiassdauny
L ) L3 - - ; | -t 1 ] > e o o
dnngmisalddadningnmssinafidzfiatuiladniionszuawvnzussassinuaningas
a dae A ' 1 o o ” P odd - a i
'ﬂuﬂﬂﬂﬁlﬂjjt'ﬂﬂ'ﬂﬂ?J'rlri\‘l‘lﬂﬂ"l‘[ﬂ}'JW'TVI:.L“W'Iu"ﬁl:'fl"lﬂ"l'ﬁW]ﬂUuﬂ'ﬂﬂlu‘ﬂ'ﬂk:twU'J"uw']“ SATTIINNM
¥ A L O A o v e [}
wwinauTaulUdusiuaniluzin 2.8 DC Voltage Source viilwifia MIUKITEIWINZITINTG X,

e 1 3 AA " [} & ® v nJ . a' J ' et
ldse Xieamgiinge X dsaasariny T, wazvihlgangiinee X, dewindwriinu T,
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Conductor 2

Xh Xc

‘ Th Tc
Conductor 1

DCV e Source

o a a
31]" 2.8']\17ﬁﬂ’lﬂnﬂﬂﬂﬂgn'ﬁﬂmEimr_l [12]
4 ad 1 a 4 X P oa
ﬂqilﬂaﬂullﬂﬂqﬂﬂ{lﬂ‘m“qu'ﬂuﬂEnu“ﬂ“"!qn‘]{lﬂﬂﬂﬂ\)ﬂ'l_:uﬂ‘nﬂﬂ“ﬂgnu'ﬁuﬂmao“’l“:

o o 5 , w o - - & e * v oo
FUNT3 2,17 uaaImIuANR LS InIRANBRadun s wduiunsug i la aoil
Qabsorb=(TT, =TT, )x/ (2.17)

Qabsorb ' fia Arwmsauitwinedmamanow W ladwiaomiu Tad (W)
IT fe dﬂﬁ’uﬂizﬁﬂﬁwaﬁinvﬁawéiimumwfauﬁﬂi:ﬂvlﬁw 1153
aunrarile - dwiaodu las (V)
B fig n‘:‘:uﬂmuaaglnmlus'ﬁﬁwﬁaﬂamﬂu wanulT-(AH

= a 4 o o - - P - ' ) i o e o
fFmTua eI uTie e TRaNssiNa I NMstgimaIuTandsns a3l
A o o =3 -~ - e -l A A I
grienhaiadu (ntype) il Sldnasawdunmztaannilssaiiuay Wingn 2.9 Lilade
L] i bt v‘: J % ¥ a:f s LAY W é 1 v T
uuaamu‘lvlvhn‘::uaﬂnmaumagmumamﬁamﬁum'nwuwmmu’lunumanwsaunagmuma
a < - ' 4 g P A w . o
atanmauummuuﬁwmnuqma:a:wmmuuwﬂﬂmuumwa‘lnag’luama:auqaﬁ *PINN
a u; Lo -5' 3 w .ﬁl A - v = A‘ d
aLﬂnmauuwwu"lﬂmunuuum:mmm’msaungngm-n'lu'mmmﬂ'mwmu'lﬂﬂaauaan

USueuiau

Released Heal .

A
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2.5.2 TrAUgMMD AT DIURRIAMINTOUINE N[ 18]
anuFaumdanamundsiiasnuiouswaluglulsugasmnisulans
uazhatmwu:ﬁfmﬂuwdamw%’amnmga (High Grade Source) ﬁqmwn“ﬁmnn"h 650 °C &
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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 - 583 600 - 1100
Heat treating furnace 427 - 649 800 - 1200
Drying and backing ovens 232 - 593 450 - 1100
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A1TN 2.4 AL URNUYBIUNRIAIN YTBWNAENINIAY

Type of device Temperature (°C) Temperature (°F)

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

Furnace 32-55 90 - 130
Bearing 32 - 88 890 - 150
Welding machines 32- 88 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 refrlﬁ. condensers : 62 - 43 90 - 110

2.6 iamNTan ( Heat Pipe)
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A traditional heat pipe is a holiow

cylinder filled with a vapoerizable

liquid.

A. Heat is absorbed in the evaporating
section.

B. Fluid boils to vapor phaso.

C. Heat is released from the upper part
of cylinder to the savironment;
vapor condenses to liquid phase.

D. Liquid returns by gravity to tha

lower part of cylinder (evaporating
section).
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3.1.1 mailudianninluga
1unu"i€m‘f!.§anl’ﬁ'maﬂuﬁtﬁ‘nn?nluga-{'u TEHP1-24156-1.2uAa31nu580
Thermonamic ~ Electronics  (Jiangxi)  Corp., — Ltd. 93l 3.1 Suflulnuasmiinde
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o0 3.1 qaumnidveanailudiinvinluga TUTEHP1-24156-1.291n¢jH 0 [22]

Hot Side Temperature ('C) 300

Cold Side Temperature ('C) 30
Open Circuit Voltage (V) _ 14.4
Matched Load Resistance {ohms) 2.5
Matched load output voltage (V) 7.2
Matched load output current (A) 29
Matched load output power (W) 20.9
Heat flow across the moduie(W) 418
Heat flow density(Wcm-2) 3.3
3.1.2 dnludl

5 J -« 1 . & v
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3.1.4 aannawiCarbide Endmill
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sruuAundsnuanutewiuna swinruss I EAt T o U e T 4.7(n)-4.7(1)

o - O T )
AT 4.6”3n"l'l'ﬂﬂﬂﬂwﬂulﬂaﬂﬂuﬂﬂ“u@ 13 MINA[DI Iﬂﬂl’ﬁn'ﬁﬂﬂﬂllﬁuﬂ’]'f‘nﬂﬂﬂ\'iu-UUlh:au
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P 4 a a 1 P ]
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8 Q
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s anmndmashuian Ve Addlweh amuniih (°C)
naaay (°C) (Liter) (Walt)
1 150 5 1.02 : 55.92
2 250 5 3.83 69.74
-] 150 9 1.34 53.92
4 250 9 3.94 68.27
5 130 7 0.73 49.50
6 271 7 4,34 71.39
7 200 4.2 R 2.48 62.31
8 200 9.8 2.76 58.75
9 200 7 7 2:67 63.31
10 200 7 2.70 62.69
11 200 7 2.74 63.31
12 200 0 2.60 61.85
13 200 i 2.69 62.57
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a9 4.6namﬁ'mhﬁﬂé'a‘lﬂﬁwﬁuﬁﬂiﬂ'ua:qmuqﬁmaaﬁnﬂaqquﬁmwﬁm’au ua
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mmaaad xrulain Lﬁaqmmqﬁmoﬁﬁm‘buua:ﬂ?mm-uaaﬁﬁnwtﬂé‘uuuﬂmdquﬂlﬁ'
ﬁﬁo‘lﬂﬁﬂﬁuﬁﬂ‘lﬁua:qnmqﬁﬂmﬁwﬁmnﬂﬁiuuuﬂaamu"[ﬂﬁm

| a . & ®
MTHN 4.7(n)MTIeTEAINRLTUTIU (Anova) 2a3ras invh

Source Sum of df Mean
Squares Square
Model 14.05 3 2.81 652.94 < 0.0001 significant
Powei
Lack of Fit 0.02 3 6.51E-03 2.45 0.2029 not
significant
Standard deviation 0.066
Mean 26
R-Squared 7 0.9979
Adj R-Squared 0.9963
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P a
@YW 4.7(3) mItensianuudsliu (Anova) Tasgmnnii

Source Sum of F-Value
Squares
Model
Temperature 446.04 2 223.02 1555.99 < 0.0001  significant
water
not
Lack of Fit 12.82 6 2.14 5.80 0.0553 significant
Standard deviation 1.20
rMean 7 61.81
R-Squared 0.9689
Adj R-Squared 0.9627
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=3 :' g ° bt 0 A g
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> oo od f a ' y e
MUITEAWT LN UAEMTIeTIEW - Lack of fit e P-Value AT 0.2029 ua: 0.0553
T | ' i -y v _—r 5 Yo -
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= :’ . " - W L 1 ﬂl
amnnumﬁ'laagluama:auqa (@unpinduiauliuasuudadldauiam)

Power= -5.46918 + 0.043213" T, + 0.29069" V,, — 4.50E-04* T, * V,, -3.43E-05* T,
- 0.010781* V,, (4.6)
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T.= 35.9672 + 0.14782* T,~ 0.53154" V/,,
(4.7)
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Temp Water (deg C)
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Qw‘r’i duaa(w)
1 140.00 82.35
2 280.00 87.50
3 127.00 79.38
4 24(.62 85.40
5 104.00 80.00
8 316.75 891.80
7 226.00 90.40
8 196.85 78.74
9 196.10 81.70
10 196.30 81.80
11 192.44 83.67
12 186.18 80.95
13 195.64 81.52
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T2-Te=(R. + Ree + R.) Q;

(T2 - T3)/Qy = 2R, + Ry

(T, - T3)/Q, — Rye = 2R,

Rc= (T2 - T3)/Qp — Ryg )2 (4.10)

A - +*v L
\la T,As aunndnduiau(c)
T;fa gannilnsduiu (°C)
= b A A
Q,fie aaTnTInavaInnuTauitanluTEun (W)

g a2 & 3 l‘ a L ] et
Ricfd anusunuzasnasludidnnin s mualvivinnu1.s Cw [1]

‘l e 1] 9 - K [l " o - o -
FUNTN (4.10)FTUITAATATINEIUTIMTINNUTaUTE NI ITatdan aILasnUINas lusiannsn
: A ° 3 . 3 ' ] et
nInue 13nInasadinait Wlglummadinnudauniniiinusanszwinssasdanaduainy

- - a W o o
wmeTluBlannInladun? 13 N1TNasad Laad laa1a13am 4.10uaz3U" 4.14

A e = g L ) & a = 3 “:
fITNIN 4.109]1’]”@'1uﬂﬂul'ﬂdﬂ'l’]lﬁaui:“')’ld‘fﬂﬂﬂE]'VIF]-JI.I.GNI"IUI.YIﬂﬂllﬂlﬂﬂﬂ‘iﬂﬂd“ll@ 13 N3

UGELH
n1Inaaad ANHIM W BIAINSA AR (R)
4 0.50 £ 0.02
2 0.51 +0.02
3 0.48 £+ 0.02
4 052+ 0.02
S 0.48 £ 0.02
6 0.51 £ 0.02
T 0.50 £+ 0.02
8 0.50 £ 0.02
9 0.48 + 0.01
10 0.48 + 0.02
1 0.48 + 0.02
12 0.45 £ 0.02
i3 049 = 0.02
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In this work, a waste-heat recovery (WHR) system was designed and implemented to utilise the waste
heat from a cooking stove. The WHR system was designed to preserve maximum thermal energy effi-
ciency, use passive cooling, and produce a system that did not alter the body of the cooking stove. The
thermal energy from the cooking stove was converted into electrical energy by a thermoelectric gener-
ator (TEG) and used in a waste-heat hot water boiler. The cold side of the TEG was cooled by heat pipes
immersed in a water hox that offers a high heat fransfer rare. The heated water can he nsed for domestic
purposes, Dependent variables were the heater temperature and the volume of water. The heater temper-
ature was varied between 130 and 271°C, and 4.2-95 L of water was investigated. At equilibrium,
response surface methodology based on a central composite design was used te empirically model the
influence of the heater temperature and the volume of water on the electrical power generation and
the hot water temperature, Experimental results of the system efficiency showed that the heater temper-
ature was more influential than was the volume of water. The total efficiency of the WHR system was
more than 80% Thermal contact resistance was analysed to improve the WHR system performance.
Finally, the thermal efficiency of a cooking stove, both with and without the WHR systein, was imeasured.
Results showed that the thermal efficiency of the cooking stove decreased by less than 5% when the WHR
systemwas attached:

Keywords:

Waste-heat recovery (WHR) system
Response surface methodology (RSM)
Thermoelectric generator

Cooking stove

Heat pipe

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

A serious problem for people in the rural areas of developing
countries is a lack of reliable access to electricity. A sustainable
solution to this problem is the ability to independently generate
electrical power, preferably from routine activities, such as using
a cooking stove. Vaiious types of cooking stove have been widely
used, and 90% of peopie in rural areas of developing countries
use a biomass cooking stove [1]. Several countiies in Southeast
Asia, such as Thailand, Lao, Cambeodia, Malaysia, the Philippines,
and Vietnam, use a similar mechanical form of the cooking stove
[2]. For example, the Thai cooking stove comprises a galvanised
iron bucket and an inner ceramic firebox. The bucket has an open-
Ing cut into its side from the borrom and an integrated grate with
equally distributed holes 15-20 mm in diameter [2]. Wood or
charcoa! can be burned on the grate. Thermal energy trom the
cooking stove can be converted to electricity by the thermoelectric

* Corresponding authar.
E-mail address: aparpornsa@kimitl.acth {A. Sakulkalavek).

http://dx.dpi.org/10.1016/).enconman.2017.02.057
0196-8904/© 2017 Elsevier Ltd. All nghts reserved.

module contained in a thermoelectric generator (TEG). Thermo-
electric has long been too inefficient to be cost effective in energy
conversion application compared with solar cells and wind tur-
bines, The application is not currently available for people in devel-
oping country. However, theoretical predictions suggested that
thermoelectric efficiency could be greatly enhanced through
nano-structural engineering and low-dimensional system [3,4].
Thermoelectric generator looks very promising and can contribute
to applying the application. Energy conversion of a part of waste
heat from stoves using TEG system has been developed. Efforts
are already underway to combine a thermoelectric generator on
various types of stove in many countries. The TEG has the advan-
tages of being a maintenance-free system, containing no moving
or compiex parts, and being compact in size [1,5-11]. Aithough
photovoltaic solar and wind systems are more efficient than TEGs,
they depend on tavourable natura! conditions. Lertsatitthanakom
[10] analysed the electrical performance of the Thai cooking stove
with an integrated TEG system. The side wall of the cooking
stove was removed and a TEG system was installed. The system
had a power output of 24 W at a temperature difference of
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Nomenclature

WHR waste-heat recovery

TEG thermoelectric generator

RSM response surface methodolngy

ccb central composite design

T heater temperature (°C)

Vi water volume (L)

Paug average electrical power generation from the TEG (W)

P maximum electrical power generation from the TEG
(W)

Tia hot water temperature (°C)

Twi initial hot water temperature (°C)

Toe boiling water temperature (°C)

Twmax) maximum hot water temperature at equilibrium (°C)

Tyand T, temperatures inside the copper block (=

T3 cold side temperature of the thermoelectric module (°C)

T, albient temperature

q; heat rate into the waste-hcat recavery system (W)

ar hcat rate lcaving the themmoelectiic module (W)

(148 heat rate leaving the heat pipes and transferring to the

water in the box (W)

q; heat loss rate from the water box (W)

qe heat rate leaving the thermoelectric module and trans-
ferring to the aluminium block (W)

Keu thermal conductivity of copper (W/mK)

Kay thermal canductivity of alumininm (W/m K)

Acu surface area of the copper block (m?)

An surface area of the aluminium block (m?)

X distance between the T, and T, measurements (m)

Myi initial mass of water (kg)

) specific heat capacity of water

R: thermal contact resistance between the thermoelectric
module and apparatus (°C/W)

Renp thermal contact resistance between the heat pipe and
aluminium block (°C/W)

Rre thermal resistance of the thermoelectric module (°C/W)

Rnp thernal resistaince of the heat pipe ("C/W)

Rai thermal resistance of the aluminium block (°C/W)

UAg ficat loss rate from the water box per unit of tempera-

ture difference (W/°C)

approximately 150°C. However, the best system design was
achieved when the TEG was integrated with the cooking stoye
without changing or damaging the stove body.

The clectric power gencrated by a TEG coupled to a cooking
stove depends on the efficiency of the cooling system at the cool
side of the TEG, and it has been shown that forced air/water-
cooling systems are more efficient than free air/water-cooling sys-
temis [1.9]. However, forced cooling systenis need electiicity to
operate and cause some electricity loss from the TEG. All previous
applications of conpling the TEG to a steve depended on inefficient
natural cooling of the cold side of the TEG. A solution to overcome
the low efficiency was introduced by Min and Rowe [12]. - who
combined the generation of heat and power into a symbiotic sys-
tem, in which the heat released to the cold side is used to heat
water for househoid purposes. The efficiency of the TEG system
is equal to that of a conventional heating system, but the TEG sys-
tem offers the advantage that both electricity and hat water are
produced. Similar symbiatic systems were developed by Chen
ct al. [13] and Goudarzi ct al. [14].

Date et al. [15] used concentrated solar energy as a heat source
for a thermoelectric power generation system, in which the cooling
system was a heat pipe. One end of the heat pipe was embedded
inside an aluminium block and installed at the cold side of the
thermoelectiic module. The condenser of the heat pipe was
immersed in a water tank. This technique offers a high heat trans-
fer coefficient for cooling the TEG as well as a way o scavenge heat
through water that can then be used for industrial or domestic pur-
poses. Mathematical modelling was used to predict the transient
behavior of the water temperature.

In this work, a waste-heat recovery (WHR) system was
designed for a traditional cooking stove to preserve maximum
thermal energy efficiency, use passive cooling, and produce a sys-
tem that did not alter the body of the cooking stove, The TEG SVs-
tem, as shown in Fig. 1, consists of a thermoelectric module
sandwiched between two heat exchangers; the hot side of the
thermoelectric module is installed under the grate. The perfor-
mance of the cooling system of the TEG was enhanced by using a
tieat pipe with a water-filled box. The system is used to genevate
electricity and hot water as a by-product for domestic applications.

The amount of electrical power generated and the hat water
temperature depend on both the hot-side temperature and the

volume of water being heated. Data acquisition, such as generated
electrical power and hot water temperatures a function of time,
were analysed for studying the stability and thermal efficiency of
the designied system. In addition, we used the response suiface
methodology (RSM) technique to study the influence of the heater
temperature and volume of water on the electrical power genera-
tion and the maximum hot water temperature at steadystate. RSM
i$ @ statistical method based on a niultivariate non-linear model
that defines the relationship between parameters and responses
and is used to estimate ihe effect of individuat parameters and
interactions of parameters on each of the response variables
[ 16,17 This approach results in improved statistical interpretation
of the results, requires less time for analysis, and requires fewer
experiments, all of which reduce the cost of system development
[18]. The thermai to electrical energy conversion efficiency and
hot water production efficiency were calculated. Then, the contact
resistances at typical positions were evaluated to improve the
WIIR performance. Finally, the WHR system was then combined
with the ceeking stave and tested in realistic opcrating conditions.
The thermal efficiency of the cooking stove, hoth with and without
the WHR system, was determined.

2. Materials and methods

The WHR systeimn consiructed for this study is shown in Fig. 2
Three cartridge heaters are embedded in an aluminium block to
simulate the waste heat that would be produced by the cooking
stove. A copper plate with a thickness of 20 mm is installed under
the heater. To calculate the rate of energy (g;) into the system, K-
type thermocouples (accuracy +0.5 °C) with 1 mm diameter tips
are used to monitor the temperatures. NI 9211 (accuracy +0.05%),
NI 9201 (accuracy +0.04%), and N1 9227 (accuracy +0.1%) were used
s automatic simultaneous data collectors tor temperature, electric
current, and voltage across match load, respectively. This system
was controlled by Labvicw. T, and T; arc the temperatures at the
upper and lower portions of the copper plate. The TEHP12656-
0.3 thermoelectric module (Thermonamic, China) was used in this
study. This module can work at a temperature as high as 330 °C
continuously and up to 400 °C intermittently, The cooling system
was designed to use four heat pipes. each with a diameter of
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Fig 2. Component setup and data acquisition measurement of the waste-heat recovery system.

8 mm and length of 300 mm. An aluminium biock was drilled to Afuminmum was selected because of the case of machining, and
create four 9-mm-diameter holes to hold the heat pipes in place. its reduced weight compared with copper. To enhance the perfor-
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mance of the cooling sysiem and decrease ihe temperaiure of the
cool side of the module, the acrylic water box was filled to the
height of the evaporator of the heat pipe to accelerate heat dis-
charge to the environment. To reduce thermal contact resistance,
thermal grease was used for each contact. The heat from the con-
denser of the heat pipe is dissipated by the water to ensure a tem-
perature differential between the hot and cold sides of the TEG.

In this work, Design-Expert 9.0.3 was used to analyse the exper-
imental design and perform statistical analysis. The effects of the
heater temperature, Ty, and the volume of water, Vi, on the system
responses (electrical power generation, Pivg. and the maximuimn hot
water temperature at steadystate, Twimax)) were studied under the
given conditions. All combinations of input parameter conditions
and the corresponding experimental response values obtained
are shown in Table 1. In the cential composite design (CCD)
method, only 13 experiments, including five experiment replica-
tions, are required The total efficiency of the WHR sysiemvand con-
tact resistances at typical positions were calculated. Finally, the
thermal efficiency of the cooking stove, both with and without
the WHR system, was determined.

3. Results and discussion
3.1. Empirical modelling and statistical analysis by RSM

The experimental design of the WHR system was tested by RSM
to determine its response characteristics. The evolution of electri-

Table 1
Experimental conditions and response measurements.

Experiment Experimental Respnnse measurements
conditions
T (°C) Vi (1) Paue (W) Twimax) (°C)
1 150 5 1.02 559
2 250 5 383 69.7
3 150 9 13 53.9
4 250 9 394 682
5 130 7 0.73 495
6 271 7 434 71.4
7 200 4.2 248 623
3 200 98 276 58.8
9 200 7 267 633
10 200 7 2.70 62.7
11 200 7 274 63.3
12 200 7 260 61.9
13 200 7 2,69 62.6
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cal power (P] and waier iemperaiure (Tw) resuliing from a range
of heater temperatures (Ty) and volumes of water (Vi) is shown
in Fig. 3(a) and [b), respectively. As shown in Fig. 3(a), the power
gencrated initially increases as Ty, increases above room tempera-
ture. The power then slightly decreases until reaching a constant
power after approximately 2000s. Constant power generation
indicates a constant temperature difference between the hot and
cold sides. In general, the generated electric power is proportional
to the square of the temperature difference. This result indicates
that the cooling system maintained a nearly constant temperature
difference, especially at a heater temperature of 130 °C (experi-
ment #5). For experiments #1, 5, 6, 9, and 13, the average temper-
ature differences are 76, 63, 162, 121, and 119 °C, respectively. For
experiment #6, the average and maximum generated power are
approximately 4.34 and 5.0 W, respectively. The increase of Ty
causes a larger temperature difference between the junctions of
the thermaelectric module This characterisiic is consisient with
the studies of Chen et-al. [19]. Fig. 3(b) shows the hot water tem-
perature as a function of time. The maximum water temperature
(Tw(max)) was obtained in experiment #6, in which Ty and Vi were
71 °C and 7 L, respectively. It is Interesting to note that the thermal
mass of the water in the system is significantly higher than the
thermal mass of the thermoelectric module. Therefore, the gener-
ated power reaches steady state (2000 s) niore quickly than the
hot water temperature (8000 5). Finally, the responses of experi-
ments #9 and #13, which have the same input parameters, were
nearly the same. This indicates that the results are reproducible.
Both F-test and P-value were used to determine a suitable
model (linear, two factorial, quadratic, or cubic). Results indicated
that a quadratic model most suitably deseribed the relationship
between T, Vi, and P.y,, and a linear model was established for
Twimax. The analysis of variance (ANOVA) of the model for the Payq
is shown in Table 2. The model F-value of 652.94 implies that the
model is significant. There is only a 0.01% chance that an F-value
this large could be caused by noise. Values of “Prob > F” less than
0.0500 indicate model terms that are significant. In this case,
parameters A (heater temperature, Ty), B (water volume, Vi)
and A are significant model terms. Model terms AB and B? were
not significant. The efficiency of the model was investigated by
comparing the performance ‘of lack of fit. The lack of fit F-value
0f 2.45 implies the lack of fit is not significant relative to pure error.
There is a 20.29% chance that an F-value this large could be caused
by noise. A non-significant lack of fit is desirable. R? and the
adjusted determination ceefficient of R? are both greater than
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Fig. 3. Temporal distribution of (a) output power (P) and (b) water temperature (Tw) for experiments 1.5, 6, 9, and 13,
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0.5, indicating that this is a good statistical model [20]. Thiee-
dimensional and contour plots showing the effects of the Ty and
Viy on the Pavg are shown in Fig 4(a} and {h), respectively, It
was found that the T had a larger effect on the P, than the Vi,.

Table 2
ANGVA of the model ior the average ouipui power (Paugl
Source Sum of squares F-value Prob>F
Muoded 14.05 65254  <0.0601 siguificant
A-Hot side temperature 13,90 323088 <0.0001
B-Water volume 0.079 18.41 0.0036
AB 8.100E-003 1.88 0.2124
A? 0.051 11.85 0.0108
B? 09012 3.01 0.1265
Lack of fit 0.020 245 0.2029 not significant

R? = 0.9979, adjusted R? = 00963,

& DesSigngeints abave peediciBd valse
[~} y P "

Power (Watt)

Water Volume (L)
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The regiession equation for the Pavg Was fit using a second oider
polynomial model, as shown in Eq. (1):

Pavg = (=5.47) + (0.1432)T; + (0.291)Vy — (4.50 x 107 *)T,Vyy
- (343 x 107%)T} - (0.0108)V2, n

The ANOVA for the model of maximum water temperature
{Twimaxy) is shown in Table 3. The model F-valuc of 155.99 implics
that the model is significant. Moreover, the lack of fit F-value
was 5.80, implying that the lack of fit is not significant velative to
pure error. The adjusted determination coefficient (adjusted
R? = 09627) was also high, implying that the model has high signif-
icance. The regression model developed for the Ty .y can be plot-
ted as response surface and contour plots, as shown in Fig. 5. It is
clear thai the Twimay) increases with increasing Ty. These resuits
indicate that Twmax is almost independent of the Vyy. Note that

Tviman) Vaiues will always stay under 100 °C because the water
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Fig. 4. (a) Surface curve and (b) contour plot of the output power of the WHR system.
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box system is open (o (he aimosphere, in addiiion, a TWimax; value of
80 °C is normally used for domestic applications [15]. To maintain
the Twiuax at 80 °C, the hot side temperature of the TEG should
be at 340 °C, using a water volume of 7 L Based on the experimental
results of CCD (Table 1) and regression analysis, a linear equation

Table 3
ANOVA of the model for the maximum water temperature ( Ty ax))-
Source Sum of squares F-value Prob>F
Madel 446 04 15509 <00001 significant
A-Temperature 437.00 305.66 <0.0001
B-Volume 9.04 6.32 0.0307
Lack of fit 12.82 5.80 0.0553 not significant

R* = 0.9689, adjusted R* = 0.9627.

@ LBsion pants above fredcted vals

Water temperature (°C)

vek/Energy Conversion and Management 139 (20i7) [82-193
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was used (0 capiure the relationship between Lhe Twimax) and sys-
tem parameters, as shown in Eq. (2):

Twiman = (35.9) + (0.148)Ty — (0.531)Vy (2)

3.2. Rate of heat input to the system (q;) and heat loss (UAs)

Accurate measurement of the heat rate input to the system and
heat loss is required to quantify system performance, Date et al,
[15] used a variable voltage transformer with a digitai voltmeter
and an ammeter to measure the rate of energy input to the heater
block, and they assumed thar ail the electrical energy was con-
verted to thermal energy. Champier et al. [1] used a commercial
finite element modelling software package to calculate the thermal
conductivity of the thermoelectric module. The heat rate input to
the thermoelectric module was calculated by measuring the
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Fig. 5. (a) Surface curve and (b) contour plot of the maximum water temperature of the WHR systen,



Fig. 6. Temporal distribution of the heat rate into the WHR system for experiments
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temperature difference and thermal conductivity of the theinio-
electric module, In our work, the heat flow through the WHR sys-
fem was determined by measuring the temperatures at Ty and T,
using type K thermocouples with diameters of 1 mm placed in
holes in the copper block (Fig. 2). Assuming no heat loss from
the copper block and heat transfer by conduction only, we can
write the one-dimensional heat rate input equation as

kA (T—TF
PR

; (3)

where ki, is the thermal conductivity of copper (401 W/(m K)[21]).
A is the thermoelectric module area {3136 cm?), and x is the dis-
tance between the T; and T, measurements (12.0 mm),

Using Eq. (3), the rate of heat input to the system {g;) was
obtained for each initial system condition. (gr varies with the Ty,
as seen in Fig. 6. The graph is similar to the output power shown
in Fig. 3. The maximum value is reached at_about 1000-2000 s,
and it stabilises during the experimental process. Values of (g; in
expeniments #1, 5, 6, Y, and 13 were 148, 110, 340, 225, and
225 W, respectively.
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Fig. 8. Rate of heat loss from the warer box {UA,)for all experiments as a function of
the maximum water temperature.

Power (P) <=

Daie et al. [15] used the solution of a first-order nomn-
homogeneous linear differential equation to predict the transient
charactesistics of the water temperature, given by Eq. (4)

7. lp _GAHUAT [ UA ] [q+UAT,
" LTM UA; je‘(ptinxc,rj_{-{ UA, ]

(4)

where g; is the heat rate into the system, T is the hot water tem-
perature, T,,; is the initial water temperature, T, is the air tempera-
ture, m is the mass of water, C,, is the heat capacity of water, and UA,
is tihe rate of heat loss from the warter box Per unit temperature dif-
ference (W/°C). By fitting our experimental data to the theoretical
medel of Eq. (4), UA, vaiues were adjusted to get matching results,
In each experiment, UA, is different and depends on g; and T, Fig. 7
shows the comparison between the transient characteristics of the
water temperature predicted by the model (red line) and experi-
mental data for experiments #1, 6. 9, and 13 (black line). All the
graphs illustrate agreement between the experimental data and
the theoretical model, especially at steady state. Heat loss due to
evapuration in the water bux is neglected in the theoretical model,
therefore UAs depends only on the water temperature [15].

The UAs vaives of ail experiments are shown in Fig. 8. Results
indicate that the heat loss increases with the temperature of the
heating surface, and this result is consistent with Date et al. [15].
However, estimated UA, values are about four to seven times
higher than those reported by Date et al. [15] because the surface
area of water box (A;) in our work is about five to six times higher
than is that of Date et al. [15]. This led ta an increase in the heat
1055 into the environment. Note that we can reduce the loss by cov-
ering the box; however, that would increase the cald side temper-
atuie of the thermoelectric miodule and decrease the generating
power,

3.3. Efficiency of the WHR system

Fig. 9 shows the energy balance model and thermal resistance
circuit for the WHR system. The resistance circuit consists of the
thermal contact resistance between the junctions (Re and Reyp)
and the thermal resistance of the thermoelectric module (R1g), alu-
minium block {Ray). and heat pipe {Ryup). The conservation of energy
principle is applied to calculate the efficiency of the WHR system.
We assume that the heat lass from the section of heat pipes nutside
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Fig. 9. Energy balance and thermal resistance model of the WHR system.
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the aluminium block and water box are negligible. The energy bal-
ance equation can be written as

G=P+q (5)
with
qe=q,+4q +q5 (6)

where P and g; are the generating power and heat rate out of the
thermoelectric module, respectively, q;, is the heat rate leaving
the heat pipes and transferring to the water in the box, g; is the heat
loss rate from the water box, and gz, is the heat rate leaving the
thermoeiectric module and transferring to the aiuminium biock.

Based on the above definitions, we can calculate the thermo-
clectric conversion efficiency (#,1) by using the generating power
(P) and heat rate into the WHR system (g;) data shown in Figs. 3
{a) and 6. The equation is given by #: = P/g;. and the vesults ave
shown in Fig. 10. The trend of the graph is approximately the same
as in Fig. 3(a). The average generating powers for all experiments
are shown in Table 1. 1, is between 1% and 2%, which is similar
to values reported by Date et al. [ 15].

The heat rate absorbed by the water in the box can be calcuiated
by using the mass of water (m), the specific heat capacity of water

R. Sakdanuphab, A. Sakulkalavek | Energy Conversion and Management 139 (2017) 182-193

{Co= 4200 Jfkg K [ 15]), and the rate of water teimperatuie (T,,) rise.
The relation is shown in Eq. (7).

dT
—dfﬁ (7)

When steady state has been reached, the water temperature is
approximately constant and Eg. (7) cannot be used to calculate q;,
However, we can estimate gy, by assuming that the heat transier
from the hot water to the surroundings is approximately equal to
the heat transferred from the heat pipe to the hot water, as shown
in Eq. (8)

gy, = Mgy

a=q= UAS[Tw(max! —Ta) (8)

The efficiency of hot water heating (#,,) can be calculated from
the ratio of g;, and g;. The total efficiency is over 80% for all of the
experiments, indicating a high efficiency WHR system under all
operating conditions tested in this study (see Table 4)

3.4. Thermal resistance circuit

When two materiais contact each other, thermai resistance
occurs at the interface. The objective of this section is to calculate
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Fig. 10. Temporal distribution of the TEG efficiency for experiments #1, 5, 6, 9, and 13.
Table 4
Efficiency of hot water heating, thermoelectric generator, and total efficiency of the WHR system at steady state.
Exp. g5, (W) UA; (W/[-C) g, (W) Hw e Hiorat
1 148 4.5 116 0.78 0.012 0.80
2 185 4.9 170 0.92 0.020 0.94
3 145 48 115 0.79 0.015 0.81
4 255 5.8 222 0.87 0.016 0.87
5 110 4.7 92 0.83 0.010 0.84
6 340 73 302 0.89 0.013 0.90
7 230 0.4 207 0.50 0.010 0.9i
8 222 6.0 175 079 0011 _oso
g 225 54 180 080 0011 0.81
10 225 3.9 180 0.80 0.011 0.81
11 220 53 177 0.80 0.012 0.81
12 220 5.5 175 0.80 0011 0.81
13 225 55 180 0.80 0012 0.:81
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the thermal coniaci resisiances, which will be used (o improve ihe
performance of the WHR system. These values are important indi-
cators that quantify the behavior of 2 good contact [22]. Using the
thermal resistance circuit shown in Fig. 9, the contact resistances
between the thermoelectric module and apparatus occur at the
copper block-module interface and the aiuminium biock-moduie
interface. To calculate the contact resistance (R.) at both interfaces,
W& mceasure the temperatures at the copper and aluminium blocks
(Ty and T3), as seen in Fig. 2. Based on Fourier's law, the relationship
between T, and Ty can be derived as follows:

T, =T+ @ 2R + Ryx) 9)

where Ry is the thermal resistance of the thermoelectric module
(1.5 °C/W [15,22]). The calculated contact resistance values for all
experiments are showi in Fig. 11(a). The results show that R is
aimost independent of Ty, and small variations of R in the range
of 0.45-0.51 *C/W are observed,

Assuming lumped capacitance for the aluminium block, g, can
be written in terms of T;, as follows:

T3 - Ta
g% = (10)
Z Ra
6.51 T T T TN Ny e ]
050.] t .
=
x i
0.49 4
oy a
g 0.48 | x 3 g
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“u I X
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Fig. 11. (a) R, as a funcrion of the hearer temperature and (b) Ky, as a function of
the aluminium block temperature.

witli
Rar = dar/KnAy (11)

where dy and Ay, are the thickness and area of the aluminium block,
respectively, K, is the thermal conductivity of aluminium (237 w/
mK [21]), and T, is the air temperature. Substituting g in Eq.
(6), the value of g3, + g; is obtained. The thermal contact resistance
between the heat pipe and aluminium block {Renp) can be caiculated
from:

Ty —T., \
R[.hpz4(m) " (12)

where T, is the hot water temperature, Ry is the thermal contact
resistance between individual heat pipes and the aluminium block,
and Ry is the thermal resistance of individual heat pipes. Ry, is
much smaller than are R, and Ry and can therefore be neglected
in this analysis [22 23]. Renp values are shown in Fig, 1 1{b).

As seen in Fig. 11(b), Re,,, decreases with increasing aluminium
block temperature. In addition, the relationship between Repp and
T5 is quadratic, As the interface temperature increased from 70 “C
to 1108 °C, the interface thennal contact resistance decreased f o
1.4 0.8 °C/W to 0.77 £0.15 °C/W because of the decrease of gap
thermal interface from a thermal expansion of heat pipe and alu-
minium block, which in turn leads to the increase of thermal con-
ductivity. From the theoretical works of Zhu and Ertekin [24.25].
they suggested that the effect of interfaces are sources of inelastic
scattering and introduce harmonic modulation. The increasing
interface density should result in reduced thermal conductivity.
The highest value of Repp was about five times higher than Re. This
result indicated imperfect contact between the two surfaces. In
this work, the aluminium block was drilled with holes with a diam-
eter 1 mm larger than the heat pipe diameter. Although thermal
grease was used to reduce the thermal contact resistance between
the aluminium block and the heat pipe, the small gap increased the
theral resistance between the hieat pipes and the aluminiuim
block: To solve this problem, the heat pipes should be embedded
into an aluminium mould casting. Although the manufacturing
cost of this method is relatively high, it would break even for mass
production. The heat sink design is one of the key factors affecting
the performance of the TEG. It is desirable to design a thermoelec-
tric module with a minimum heat sink resistance in order to max-
Imise the system efficiency.

3.5. Measuring the thermal efficiency of a combined WHR-cooking
stove system

In this wark, one disadvantage of the design was that the WHR
system obstructed airflow into the cooking stove, potentially
resulting in decreased combustion efficiency. Thermal efficiency,
or an ernission test. is commonly employed to quantify combustion
efficiency [2]. The thermal etficiency of the cooking stove, 1, 15
given by the ratio of the thermal energy gained by the water in
the pot to the energy content of the fuel consumed. The CIEigy
entering the poi raises the temperature of the water (o the boiling
poini and then evaporates the water, as described by Eq. (13) [2],

mw,—Cp(T..vg - Tw:] + mi‘empr
Hoo=—
HigHy

(13)

where m,,, is the initial mass of the water in the pot, My, ..., is the
mass of the evaporated water, myis the total mass of fuel used, L
the temperature of boiling water, T, is the initial temperature of
the water in the pot, H; is the iatent heat of vaporisation at 373 K
and 10° Pa, and Hy is the calorific value of the fuel (kl kg™").
Schematics of the experimental setup of the cooking stove, both
with and without the WHR system, are shown in Fig. 12(a) and (b),
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the system underrealistic operating conditions.

respectively. Fig. 12(c) shows both the WHR system installed in the
cooking stove and the data acquisition system used in the tests.
Four litres of water and 400 g of charcoal were used in this exper-
iment. The lemperaiure profiie of ihe setup was capiured by an
infrared radiation (IR) camera. The maximum hot side temperature
of the TEG was in the range of 300-350 °C, while the combustion
time was 1 h.

The mass of the water in the pot before and after the combus-
tion process was measured. In Table 5, My evap from the cooking
stove with the WHR system slightly decreased, compared with
the cooking stove without the WHR system, in all three experi-
ments. The ratio of the thermal efficiency of the cooking stove,
both with and without the WHR systein, was then calculated,
The efficiency of the cooking stove with the WHR system
decreased by less than 5%. The results indicate high performance
of the WHR system when applied underrealistic operating
conditions,

Table 6 shows a comparison of generated TEG power using var-
ious cooling systems reported in the literature [1,7-11,26,27]. The
output power is strongly dependent on the cooling system. Water-
cooled forced convection is the most effective cooling method for
the TEG system, followed by air-cooled forced convection. Our
WHR system is compared with the water-cooled natural convec-

Table 5
Mass of evaporated water and ratio of thermal efficiency of the cooking stove, both
with and without the WHR system.

Exp. Cooking stove without Cooking stove with the Tigg with WHR
the WHR system m,, .q, WHR system My evap Tles o
(kg) (kg)

1 236 230 97.84%

2 236 2.26 96.30%

3 2.40 2.30 96.50%

Average 237 2.29 96.88%

©

Fig. 12. Experimental setup of the cooking stove: (a) without the WHR system, {b) with the WHR system, and (c) with the WHR systemn installed in the cooking stove to test

Table &
Summary of the reported generating power as a function of cooling type.
Cooling type Power Cooling type Power
(W) jmoduie (W)fmoduie
Air natural 104 7] Water natural 231}
convection 4.2 |8] convection 3.4 [27]
3.4 {9} 8.0 (this work)
24410} Water force 57 [11]
A furee 5.3 [26] cunvedtion 79 [14]
convection

tion method. In this work, the maximum TEG power (B.OW at a
temperature difference of 320-330 °C) is similar to that of water
forced convection coaling systems. The maximum TEG power pre-
dicted from Eq. (1) 15 only 8.38% higher, at 8.7 W: therefore the
model is acceptable for predicting the TEG power. However, the
model of the water temperature is not consistent with the mea-
sured water temperature. The maximum measured water temper-
ature of the WHR system is 58 °C, whereas the maximum predicted
temperature trom Eq. (2) is more than 80 °C. This is because the
characteristics of the electrical heater and charcoal combustion
heat sources are significantly different. The electrical heater pro-
vides a constant temperature and allows for a steady-state water
temperature to be reached, while the charcoal combustion pro-
duces a short period of constant heating temperature (10 min),
during which the water temperature cannot reach steady state.

4. Conclusions

We successfully designed a WHR system using a TEG with pas-
sive water cooling. The total conversion efficiency was more than
80%, producing both thermoelectric power and hot water for
domestic applications. The system can be directly installed in a tra-
ditional cooking stove, and the thermal efficicndy of the cooking
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stove decreased by less than 5%. The empiiical modelling by RSM is
reliable, validates the experimental results, and can be effectively
used to predict the generated TFG power The efficiency of the
WHR system can be improved by reducing the thermal contact
resistance between the heat pipe and aluminium block. The results
presented in this work can be applied to households in developing
countries.
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