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Abstract

Project Code : TRG5280024

Project Title : Performance analysis and improvement of solid oxide fuel cells integrated with
hydrogen production process

Investigator : Assistant Professor Amornchai Arpornwichanop
Department of Chemical Engineering, Faculty of Engineering,
Chulalongkorn University

E-mail Address : Amornchai.A@chula.ac.th

Project Period : 16 March 2009 — 15 March 2011

A solid oxide fuel cell (SOFC) has been accepted to be a clean technology for power generation.
It can directly convert chemical energy into electricity via an electrochemical process, resulting in high
efficiency and low emission of pollutants to the environment. Many previous investigations concentrated
on the high-temperature operation of SOFC (1000 oC) as it offers a high electrochemical reaction rate
and the flexibility of using various fuel types. However, a number of researches are presently directed to
SOFC under an intermediate-temperature operation (600-800 0C) due to several potential benefits, e.g.,
the possibility of using a wider range of materials and the promise of low-cost fabrication.

The objectives of this study are to analysis and improve the performance of a planar SOFC
operated under intermediate temperatures. The study is divided into three parts. The first part involves
investigation of the electrical characteristics of SOFCs with different electrolyte types and support
structures. An actual performance of SOFCs under direct internal reforming of methane is evaluated
based on detailed fuel cell and electrochemical models taking into account all voltage losses in real fuel
cell operation. A new concept of a hybrid SOFC system integrating oxygen-ion and proton conducting
SOFCs is proposed to improve the performance of a single SOFC.

Considering the fuel types of fuel cells, methane is a widely used hydrocarbon fuel. However,
methane is mostly derived from fossil fuel, which is a limited resource. Alternatively, ethanol is an
attractive green fuel for use in fuel cells as it can be produced renewably from a fermentation of biomass
and agricultural products. Thus, the second part of this study focuses on the real performance analysis of
an anode-supported SOFC with direct internal reforming operation. In general, SOFC can be operated
under a direct internal reforming of fuel. However, this may lead to the possibility of carbon formation and
in this case, an external reformer is required to generate H,-rich gas for SOFC. Typically, H, is produced
from natural gas which is a nonrenewable energy source. The use of glycerol, which is a renewable
resource derived from biodiesel production process, for H, production is an attractive approach. In this
study, a thermodynamic analysis of autothermal reforming of crude glycerol is investigated as a basic
tool of process development for H, production from a renewable resource.

In general, an electrochemical model is required to predict the electrical characteristics of fuel
cells. However, obtaining the electrochemical model is quite a difficult and complicated task as it involves
various operational, structural and electrochemical reaction parameters. Thus, the third part of this study
is to develop a neural network (NN) hybrid model of a solid oxide fuel cell (SOFC). In such a modeling
approach, a NN model is first developed to predict the electrochemical characteristics of the SOFC and
then incorporated with a SOFC governing model to describe the axial distribution of gaseous
components in fuel and air channels. The developed NN hybrid model is employed to analysis the
performance of the SOFC in terms of power density and fuel cell efficiency with respect to various key
parameters.

Keywords : Solid Oxide Fuel Cell; Hydrogen Production; Neural Network Model; Performance Analysis
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Electrolyte External load Exhaust gases
And Heat
Air Cathode < ©

a' I3 o o ¢ & a
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3.1.2 dsziAnvosLaalBalnae
e & A Ada o X Y ' o A9 v a &
iRt zanandnawamdnanludagiusansnudseanidu 5 dszian enudagnldidudiining
&4 e o ew P o A e & a o ¢ & a & X
ladgazaunusnugunndlunsduivausasaadizands ldun imadizaiwduuuuaaa o (Alkaline
Fuel Cell: AFC) laatiainasuuunsanaawa3n (Phosphoric Acid Fuel Cell: PAFC) LlasLiTalwasiuuLiie

waniaoulisaan (Proton Exchange Membrane Fuel Cell: PEMFC) LIARLTBLNAILULANTU LA
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WRBULAAD (Molten Carbonate Fuel Cell: MCFC) uaziwasiainasuuvaan loauds (Solid Oxide Fuel
Cell: SOFC) @314 1 meﬂﬂa:ﬁmﬂ}’agmlmma&%mwﬁ\‘lu@ia:ﬂi:mﬂ

NA1390 1 ldRwINshavesrasiTaindsangis v ﬁ‘*ﬁaaqm%gﬁlumi@mﬁmm
A' ¢§/ v ‘SI a z:l' 6 d? a a 4' d' ) a v
Windundesfigalddinnnige laswadidamdriiabauanioullinanazaunnduiivnudis
qm%nﬂﬁ@hﬁq@ﬂizmm 80 @IFLTALTUH 1wum:ﬁuna§l,%aLwﬁwﬁmaanvl,sﬁ@i’l,l,ﬁaﬁmuqm%gﬁlums
dfinnuginigadszana 1000 asrusadus lasgganpdlumiduiivnuazaaninvenissfiavas
o o . a o ° v A & A & & o o [
@1341132q (charge  carrier) 8ndae dmTuBianinyladniasddsznavvasin drhdizgazdznaudis
lihsaau (H) wialaasanlodleasu (OH) ilunan Sazmuznbisasifoindsndinnudisgmnnie
(PEMFC, AFC uaz PAFC) IummzﬁLfma‘l,%aLwﬁ{lﬁﬁnﬁumuﬁqmﬂgﬁga (MCFC uaz SOFC) azlgansly

2- A 2- @ o

waloaau (CO, ) uazaandianlaau (0°) ludridszgunu

uaﬂmnﬁmaqmvxgﬁlumseﬁ’ﬂLﬁmmsﬁmmmﬂa%mﬁmmﬁ"wm%aLwﬁqﬁmmmlﬂumaﬁ
LDaLNRY ﬁ‘iws%'uLfﬁaaﬁ%aLwﬁaﬁ@iuﬁmmﬁwqmwgﬁﬁw (PEMFC, AFC uaz PAFC) sniiudadltlalasian
Wufmdawdariu lususiisadiionionduiiunudingunnlgs (MCFC  waz SOFC) a1a13n
Urzgndldfmdandslalasanivan 1w fosswma Sinu wmueauaziamuenidugandsled lay
¥ oA X r . e & A
dawdaunafazaunsnasugidulalesauldmolumadizomnds

Lﬁaamﬂmwmmn@hwaaqm%gﬁ1un15ﬁwLﬁumuuazﬂi:ﬁﬂ%mwmadma&%mwﬁadwﬂﬁmaﬁ
dawmdsmansni i ldnuethanaonann wadiianiendniunudingunnidn laud PEMFC uaz
AFC  lirdaslwnrdeutsdndalSouifisunuirasibanissiadw 3santi lddwidusuaiaes
z%m%’uiﬁ@qﬂ Insanvidanauaziadasld WM IaNANT 4ana Nt PEMFC S91ANIZE1AIUNITITIN b
muwmu:me:msﬁ'}Lﬁuaﬂuﬁqmmgﬁ@‘iﬁﬁﬂﬁawuﬁnL’%mé‘mm%aﬂﬁﬁa Tuvmeh PAFC ﬁqmvxgmu
msﬁ’muﬁgaﬂ'jﬂ d’sumaa‘ﬁaLwﬁdﬁ@‘i’nﬁmmﬁmqmﬁgﬁgjaamd MCFC uay SOFC 3zLRaNZ&INRTY

a '

a M ' v e & a Ao A v A % ' a ' ) :
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aﬂ"mvlﬁﬁmmLsrjaa’l,%aLwﬁmﬂmﬁ@ﬁﬁaﬁﬁﬂmmmﬁu Ao lﬁﬂizﬁwﬁqua laiAauaNENIIo1NIALAZNN

[ A

LR wazdnadan1saanuuy audaLFanda fe dﬂfﬁimluﬂ']saﬁ”ﬁoqﬂmrﬁﬁaui’mgq LaEINUATY

2
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v o oA

naasldanuianiznednain ilwdegtudadnisugsdunmenisdndosliann dadidneg vesoad
DalNRINT ez due At
(1) Usz@nSnwgs (high efficiency) thasannimasiiaiwdsmunnfdsuudaindsnuadved
dawmasldidunszualnvhlasass amudsldifamsgyifondinuiiodesiunafoungamwiniu
WRIITHAMNTOW WaIIInANTowduwadsiuns waznadnwna bidunwasonwliny aseguln
ATUIRAIHRANAII W LT IaNUTouLULAGAN Y lvdszanTainmisilaswaainas lidunszusinmn
dni wadieundslidszinSnwlunandalwrgluss 45 fa 60 wWasiaud wenaniidszinininas
C&/ a n' 13 di k% d' v C&/ a ) di
L‘ﬁﬂﬂL‘liElLWﬂ\‘lmﬁlLW&I“U%L&laﬂ’J'llliE]uﬂvL@ﬁ]’mL‘ﬁaaL‘liElLWﬂdQﬂu’liJ’ld’luluiz‘]_mau5]
' A o L. A A o ¢ @ & & a A v ey
2) mIUsesvadiadi (low  emission) WadnuARAMNRANVRIL TSI TAINR LN B AN
d? a A : a af 1 a K 6 . . ‘ﬁ v A it n:i o
lalavamdwsamdaududeinignd maldesvesfviadugud (zero emission) Tailudadnanilan
& & a o, & & a a o & a A a =
imasizanda Il lusuwmus widimafizamdinnisiiaansazlfizamaslalanauniiunandfouglf
@ wANINAR WD Bt aLWEY lddaddwnzuInns el Selinnsddesiannaliifead g
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unfl 3 nou

BRAVDILH AR LT DLNAS

Polymer Electrolyte

Membrane (PEMFC)

Alkaline (AFC)

Phosphoric acid (PAFC)

Molten Carbonate (MCFC)

Solid Oxide (SOFC)

Temperature (OC)

50-85 50-250 160-220 630-650 800-1000

Electrolyte lon exchange membrane Alkaline Phosphoric acid Alkaline Carbonate mixtures Stabilized zirconia (ZrO,)
Charge carrier H' OH H' (oloN o~
Fuel H, H, H, Synthesis gas, CH, Synthesis gas, CH,
Contaminant <50 ppm No CO, CO, <1-2% CO

< ppm Sulfur < 10-100 ppm Sulfur
tolerance No Sulfur No Sulfur <50 ppm Sulfur
Corrosion None None High High No
Size (MW) 0.25 Very small 11 2 1-2

Transportation, small Small power in
Application Power generation, CHP Power generation, CHP Power generation, CHP
appliances aerospace

Efficiency (%) <40 >60 40-45 50-60 50-60

lasinTdnisaamaTienziuaznsdsudyeaussnuzisadiiangs
sfinaan lraudisiununizuInmInINae balasian (TRG5280024)
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' @ e @ . . 6 4‘( a A P A A o A v =S AL
3) anvldaaugugan (simplicity) Lrasidalwdslaiuniafani beined lingiu Jaduszuunde
uaz liTusan ﬁﬂﬁﬁmmmL%aﬁaagdl,l,a:ﬁmqmﬂ“ﬁmumu
a . & & Aa ° a A A = ' o
(4) ATV (silence) LUABLTBINRILYINNWIIDUNNN 1HaINTFIUUTZNOLINES 3 &% UAZHI
A A A A K A < A, v a A o A o A & A o afa o o
lifgnwnindoun elddnaunnaldifadasaaniannuinisssuaauandniely Seadiinnuden

mﬂiuﬂﬁiﬁwvlﬂlﬁawuiuqﬂmm“[ﬂﬁ’mmﬂ‘wmm wazldauluiuison

o’d" a a ¢ ®
3.2 |EAALT AN RITRAD AN LA WD
Y o 649’ a a & ®
3.2.1 anvmzdIAaILTAA T INRIT AN [BALTDI
& & A . a ¢ i ) ¢ & A Aa o
LraslTalwRITaaan loduds (Solid oxide fuel cell: SOFC) iwmasiTaindsndlassanain
209ud9NIWUa (all-solid-state) anaIuMIEUAWUNAMANTFY Fanaliimadizanissiiaoanlodudedl
TAANINNINTARTOLNRITAAD Y 954
aaa Aa & a & o = o & = ' o o v Aaa AA
- Ujfsendianinsaiatnlesiaiss asnudsbidudndudasldanss jisoalanzidsna
WA
6 2( a a 6 & ° a U v A 49( a
- wasrawssriesanlodudiarvisodniniwlalasltiialalasiannIoiTainas
1alasasuauNrnunzay 1% 1WAk ANTTINIS WAFITAK LaNIkDE LS TTITNTIALI®
awdald asnnnisdufinnudisgmnndgadawiaganislalasaivounaii
sansndougtidulalanauldnolwaadizomds dlwlddududadldiaTasinesumed
n1guan (external reformer)
¢ & a PN ¢ & A o = A A & o
- wwadgamdsrfieean lodudiniamofsgunpigaiidudezlomd sansasanlslunuly
naztumIkiaanuiaudinuazin lulddelugdniniong lasdszdninulassinvesszuy
a X A o o = o ' D)
AT WNTUL T MRIaIna I kU sz Temd
A ¢ & a a ¢ = 9 va &a = = a o )
- dssnnuasiaawassiasan lodudilsdidnnyladnidusesuds 3eladddamludunsna

U s :’ { a &/
NIDWUDILDA a{LLﬂzﬂ’]i‘ﬂ@ﬂ’ﬁuﬂﬁLﬂ AV

o A s a a & &

3.2.2 MIAURWITHVDILBARIBOINAIT AN [BALDY
o ¥ a a I3 A ' . Y &
lassavadioasiTaindsriaaan toaudiniianiig (single  SOFC  cell) Usznaudladd
duanlninfifiannunin (porous electrode) 2 17 leuri ualuauszualna usnaanannulasdiininglad

2p3udauuuLiy (dense) lasuUnduadianintladnainnsalslaluaasitoiwiesiiasan loaudsd 2 wuy

A A

fadianlnsladndanuausalunsiieandianloaan (Oxygen ion conducting) wazdianlnyladng
. . ' mam A oa X ¥ .
anumuIalunsilysaau (Proton conducting) 3U71 2 uaz 3 wsasdfAsenfifiadulusasioings
Fhaoan e udnuuninnuaNisalunisineangianlasaunasnuundanyainisalunisinllsaan
ANNFIAU AMVLANAIIRANTERINIBLANINT LA NIRDITRAA DG ILAUIVITNTILAAINLTRALTOLNGIR
o @ A & dld o a :’ a &/ U qul dlﬁ =3
fnsudianinyladnianuannsnlwniineandianlosaninaziiadulududnalue luwmenaianing
(A.d ° 3" a &' v & a Y A & {Ad
ladndanusiuisnlwnisinldsaaninazinedulumutouang lagUndudr8ianIng ladninnuaInsn
1umsﬁwaaﬂﬁ'ﬁwuvl,aaamzﬁwgﬂﬁwuﬂ‘*ﬁ'lmﬁnaﬁl,%aLw§0°ﬁﬁ@aaﬂvl,sn@1(|,ﬁaomﬂﬁﬂ'nuLaﬁmmwmamﬁ

uazianumunmuen

e &

L aNINTINAN BT NI RV ILTASLTOLNEITRAAD BN L wT 9N IFBLENINT LaANUAMVFINITD

=

lunssheandiaulesau azwuirigesnduauiigndaumdsiaualnasziial fismianduldaandian
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loaau (07) Auntualne losaudldazinfoufitinudianinsladludanuiaseninstvaluanudidaning
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a6l (anodelelectrolyte interface) m USImsttaanGranloasuazviufisonnulalasion landanmaiidn
Imaqammﬁmazﬁlﬁﬂmau (e) aanan I@USLﬁﬂmam:gﬂdWiavlﬂﬂ'a’;ammﬂuan LRIBNALLTINNTN
Ujfisonnuasndiannvaualne m Audrsenintawalnanudianlnslad (cathodelelectrolyte  interface)

o v A a & A o {
lifiaeandiaulasaudnaianii (a93U7 2)

aaa M { a & 3 a a = 4 va & {
Uisenlwwainfedulurssisowdississn loaudadalddidnins ladndanusuisnle

o

mMyineangiLanaaan Jask

faaualua H, + 00 <>  H0+2¢ 3.1)
faunlua 120,+2¢8 <> 0O (3.2)
Upnisensw H, +1/20, > H,O (3.3)

aaa v Y & & a A 2’ A a X e & a A v 1A
nnUfisndrduiomsamasazgnidandesinfiiieduiazausinuzsasaadiiaindsazifanaaii lid
M3 ldahasamiadaiaaiainanesn’y
= ¢ & a a & & A 9 ua & £aa o o
lunsdivasmasisanissiasan loauduialddianinsladndanusasalunisiilsean fa
lalasaundowdnsdutaneluasziiadjisonssndiasulasandoaanssdjisonlaidudidnasauuas
ldsaau (H) I@mﬁﬁnmam:gﬂm@iﬂﬂﬂ'a’maimUuaﬂl,l,ﬁ';aa:';uﬂé'umﬂ”a“u”'al,mim ardunszualnn
luwmadvanuldsnanazinfoundiudidningladlddstaualne usrazviljAsenueanfianidendn
% & a < { Aa =4 o {
innudunalnauazdiinaseuiinanuaimenen eduluansvasiduen qiguf 3
aaa o { a l&/ ¥ a a I 4 va & {
Uit lWweinfetulusssisoiwdssiaan lodudaialididnins ladndanusuisnle

o a { & g 10 v a 6V ¥ a 1 g/ ] v
M3 ldIaen LaaIadaunIn (3.4)-3.5) Tsluntdiilisrdudasslodamodainds iwmziniilale

a &/ v

Lﬂ@l%%ﬁ’ld@’l%LLﬂI%@

f1aualue H, & 2H 42 (3.4)
fraualua 1720, + 2H" + 2¢° & HO (3.5)
Upnisensw H, + 1/20, > H,O (3.6)

3.2.3 snrarmaia i zensadidaiwdizinaenloduds
susTnuzTaLgadaasman oI ldnnuaasnuau RS szR i dnd Wiy
fnszualvin (voltage-current curve) @ngﬂﬁ 4 mﬁ'nu“lwqﬁ']q@ma%%aﬁhﬁ'ﬂﬂﬂﬂﬁmmqwﬁ@um
indluvhgefigafimadidamaezminsondald Tasddndlishmimaugaansaswmlessumsves
diss adnelsfanudafinszuslwidiwmdandisadidonds ardndlnwnildacidranasaindn
andluvinogud Vlg\‘iﬁt,ﬁa\‘l‘ﬂﬁﬂLﬁ@ﬂ’)’]wgtylLﬁilﬁ'ﬂEﬂWﬁ’]ﬂﬁUluL‘HﬂﬁL%ﬂLWﬁd ﬁmmqﬁﬁdﬁﬂﬁm
dndlwvhilddeniosniadndlwnmenuiiauediusadlugui 4 Tasanugyidodndlismand
\Aadwlwrasizowded 3 18 fo (1) ﬁ'ﬂﬁ"lwﬁﬁgtyLﬁ'mﬁa\‘lmmnﬂﬁﬁ?m‘lﬂﬂwmﬁ (activation loss) (2)
sndndlvhgaidoitasananusiumulivi ohmic loss) uaz (3) MdnglnvhguiFuiissnnuavas
matinglauaan (concentration loss) lasnalnuasendnglivhgafousdafiafazdanuddnlugioei
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— Load ‘l
H,O
(——] o
(—

o*
o (4

0= 0

o

Anode | Electrolyte | Cathode

&D

511 3.2 nanmIwvedTasiTanaIThasan loaudalalediannsladndnnuanisalunisin

aanGLan lasan

© » [Load il
H,O
H
Hl —
H. H
— H
U 0,

Anode | Electrolyte | Cathode

35U 3.3 wanmsrnuseswaairaissiiasen lodudaulalddidning ladndanusmunsnlunsin

Tisaan

- A - " 2
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1.2+ Ideal voltage .

1.07 Region of Activation loss

0.8

Region of
Concentration loss

0.6+

Cell voltage, V

Region of Ohmic loss
0.4+

0.2+ cell voltage—"

0 i i i i
0 0.4 0.8 1.2 1.6

Current density, mA/cm’

A v o ¢ ' ' y o o e & a
Ell‘n 3.4 ﬂ?ﬁ&la&lwuﬁﬁﬁ’ndﬂﬂﬂ’)’m%u’]LLuuﬂizLLaLLaZﬂﬂEﬂ‘i/\i“l/\i’]"ﬂa\‘ll,sﬁam“}jmwa\“l

% H & a a [=3
3.2.4 Yaaildlwradianassiaaanladuds
o e & a & ¢ A& &, . e & a v . & &
lumsanaTasidai R naNLTasnient daulsznauend guadTasiTalwie laun 2ualua 99
& A= & v A a a% o o A o A A a_ A

ualne uazsudlaninslad dasdsudszindinmsanuaineanusawmniannwNeNaznanifssnisuen
NIDMIUANVDILTAR IBIZRIINMTEINAT M TG LABI U Taa T aINRd lastualuanazialnadasd
anwuzidugngu (porous) thanaulifiaauniniwaruludarunifadjisoniWwadld luvmendian
Insladaasdanumsuuuuin  (dense) tWadadnumInauITINAUIEHINIA DI TaINEILaza NNA
futlsznavudazdinvadimasiiaindsiidudaslizfosmuiinanzauninsswadl s lassass uas
PINA woNINKEIRIRANUTNALlaNRnUFIBUIznauan g uazidnnmai lWrnsansinlesauwn
LANIZRNA L

Uatuiagnivuianaiadudiuelua  ualna wazBidinlnsladndanuauinlunisi
aandianlaaan Laun nickel/zirconia cermet (Ni-YSZ), strontium doped lanthanum manganite (LSM) Lag
yttria-stabilised zirconia (YSZ) @nW&1aU wanandianinslaanianusuialunmsiesndianloaan

v & a a = @ e a o a & & o ) & & a

warnisudnsdneinsldeanloanianusuisaluvnmsildsaewdudianinsladansuirasidaina
TN (Demin and Tsiakaras, 2001; Assabumrungrat Wasatue, 2004; Taherparvar Lazatwe, 2003;
Fukada wazatwe, 2006; Potter and Baker, 2006; Pekridis azatuwe, 2007; Suksamai lacatwe, 2007)
pnaatn9Tu B1inInTladfThain Yb-doped SrCeO, (SrCeqesYbyesOsq #3a SCYb) iilunitsluingnd
anumusnlunsthldiaeulasffifwiumsdisloulusaougs (wahara, 1996) dwmiumslddiining
ladndanuzusalunmsilysaan a”a@gﬁﬁwﬁwmsi,%l,ﬂum"”;&ﬁnim@ﬁauwa@ﬁuu lasunaafinuiif
anuwguaansnianlfiduiiueluauazdiualne innzhunsafivuddeadialunmasajisongs
wazdadisfiosnwlunafed jisoeendiatuuasiantunsldaniizusssime uananiiduduiagh

il ldasnee (Sasaki uazame, 2001; Feng uazame, 2007)
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o o X A A o & \ o &, Y @ ' ¢ & N A
AngWWININTH ezl Tunmsiaasundasununuilin stack luﬂaquugﬂﬁwaamaaLmaLwawu@
aan"[mﬂﬁaﬁagjﬁ'mﬂ”u 4 'léun Sealless Tubular, Segmented-Cell-in-Series, Monolithic) Wae Flat-Plate
A 1 Y v 1 o 6 a z:l' 1
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TRAMTOONUWULLTASLTIWAIN basUaNNAeNd 2 siafauuuyie (tubular design) WASWULLKY (planar

design)

3.2.5.1 iaaBanas U3 9uULTIa (Sealless tubular design)
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°1Jadﬂ’]iaammmsﬁaaLLi_I‘J_J‘YIE]ﬂaVLaJsJﬂ’lﬁﬁ‘ﬁa (ﬂduuﬂty‘lﬁ’]Lﬂtl’m‘U‘Ym’l‘ﬁN”luL"ﬂ’leszL@ ﬁ’]ﬂjﬂlfﬁi’]“ﬂﬂqm%ﬂu

U

gamminﬁﬁ@aanvlﬂvlﬁ

3.2.5.2 1@ a1 BBINRIFLITIIWLILKEY (Planar design)
¢ & a \ \ % & ed o . @ A
wasiFainisgUisuuuuiulsznaudisasddsznauvasmadiainadunduu as3uf 3.6
suTum ldvesuduazdumimisuniaanauild sasnenisivasasisansoudadu 3 uuy da nn3
Tnauuunadsinys (co-flow) MIMBLLLEIUNIINY (counter-flow) KATANT MABLULTNY (cross-flow) lag
813 1931A Ina (cathode-support) #3897ualua (anode-support) LIulATIFI9T095L NUITBRa8aL
waaslAAwInmseanuuuimasiTainadlasltuanaluaidulassasesessuazvinlilaaussousaasoas
fnimseenuuuisasiTainaslasltvinalnaidulaseainesesst (Kim uazane, 1999; Yakabe uaame,
2000; Chan uazame, 2001) dadivainiairagadizaiwiuuuunudadanudangulunnlivuien
UM TITARUAzTRINIMT Inatesfie udatslsiananisaaasluansuzituiaziidednalunns
6 &/ a va |¢§/ J 6 ,§’ a 1 &/a v Y v = A
vensLaasibanasliiawmalnadn wananinseanuuuisasiiaiwiaguidindudaslsfodannu

qm%gﬁgﬂﬁlﬁaﬂ 29INUMI WA avaInnD
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A13191 3.2 ANWUSLANIZVDINTDONUULLTARLTALWAILLLEA9 ) (Minh and Takahashi, 1995)

Cell Designs
Feature Segmented-Cell-
Sealless Tubular Monolithic Flat-Plate
in-Series

Structural support Yes Yes No No
Internal electrical resistance High High Low Medium
Gas sealing No Yes No Yes
Power density Low Low High Medium

Cathode interconnaction

. Electrolyte
Air
electrode
fcathode)

Alr flowy Fuel electrode (anode)

[

3171 3.5 nMganuuLITARITaLNAILLLYIE (http:/www.mech.gla.ac.uk)

gﬂﬁ 3.6 NI0ANUUULTARLTOLNRILLLLHY (http://lwww.msm.cam.ac.uk/doitpoms/tiplib/fuel-

cells/printall.php)
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ANCDE

ANODE

ELECTROLYTE

ELECTROLYTE

ANODE

ELECTROLYTE

CATHODE

©)
3Uf 3.7 Uenaadisandisfiaeen loduduunilassainerasiuidu (a) Bidnlnslad, (o)

2ualne uaz (c) Bualna

iilesananuuandrslunisesnuuuiaadifoinas mmﬁ”nLsnaﬁl,%al,wﬁﬂw,wia:;sﬂmefm:v‘h
TAdunamsinazainTsuruanaIn uanmﬂﬁeluﬂ}a;u”uvlﬁﬁmsﬁwLauamm%”w,snaa” 2 3uuufe uuy
lgsisnInyladmdulassa193095u (electrolyte-supported) wazlddianInsaidulaseairesasiy
(electrode-supported) @Tagﬂﬁl 3.7 dwsumsahamasidamdsuuilslesianinsladidulaseairosassu

azaanuuuliTudiininladdanunwniniga @inni 150 lulaswas) lusmendididniniaiiany

o
a &

awrlainnn (Uszunm 50 tulaswas) agralsianunsanaaasidaindalddoudianinsladnuwias
nalfifaddndinwhguiFoifiasnnanudunmulnwiidwinanlidin dmuwdeaadianugyis
o ' 6 dql’ a Al va & 6 v e <& o a v a

aana1 iasisandnlgaianintladidulassaieressuisasduiivnuneldgunnfigs Uszanm 1000
adealdas suaasitalndanndianintaidulasiasresessu Tualuansetiualnaazianunm

A a A A& a«x 6 6 P A o v '

anfige (Uszanm 2 fafiwas) Tusnzfitudidnintladwziduasdszneuiivniiga vldaunnandd
andhgnidntiasananudumulnwagld laswsdizamdmliiadidniniadulasiaiimesivee

mmzﬁm%’umwﬁLﬁumulumaaqmﬁn“ﬁﬂmﬂma 15zan4 800 BIALTALTOR

o A ¢ & a a ¢ & A a . .
3.2.6 ﬂ’liﬁ’ll%%\‘l’]%ﬂa\‘ll‘iﬁaa!,"I.iE]Lwa\‘l?i%ﬂElaﬂv[,“ﬁﬂtl’il\‘lﬂqmﬁ{ll&ﬂ']%ﬂa’ld (intermediate-
temperature operation)
o A ¢ & a _a ¢ & o P o
msmmumwuawﬁaamamawu@aaﬂvl,smLmeUaM%nuaaTmm‘lﬂ inmm 1000 23¢N
L‘Iial,‘ﬁﬁlﬁ) ﬂalﬁLﬂ@]ﬂmmmsmama@mmmsmuam%nwmma SHINATLLNI L'Jaﬂuﬂmﬁmﬂul,maal,l,m

ﬂmmaamu LRSS E]']EIT‘I']?I‘EG’]%‘IIENLTE‘]GL‘I?E]LWG%] auaa ﬂ'lia(ﬂam%ﬂllﬂ’ﬁ@]'lL%%GW%%SGL‘TE‘]GL‘EQLW@G
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%

whaeanlodudsaslasvrulutisgmnglthunattszano 600 fis 800 aseiaaifog  axlidadnig
a9t
v ar 2 6 dql’ a v =
- mwallaglunssiamadizamaslanannaisuazinangnag
a a A A = &

- nalumaSudwaiasuazdainiaai i

- dgdanisaanuuy

- ARIATININANTW

athilafianadyminulumadufiunungungiidrfesursnuzra s sasizoniazanaaauns
aaasrasgmnndais nafiiliasannnisinloaau (onic conductivity) sesdiininsladddanas dsnarinlw
A o ¥ A X 4 ~ [ ' ° [ ad A o &
iannudumMuliwngaiu Sauwimilunisaadymainan sansavild 2 3% fa (1) nnalgldan
duininsadulasiainesasst (electrode support) naAemsltaudianinsladndowiauiiad uaz/msa

va a ] { 1 o t§/
(2) milgaidninsladofialninddmainlosaugedu

a 4” a a 6
3.2.7 TRHAVDILBANAILAZDDNTUANT
TauUnARaIM DT oL NRILAT I TN TUARTN LA 1R TULTaR L TaNE IR0 balaTiauuazoandian
o L v 23 a Qy Aq/ a d’dd‘ 1 6V (23 dl L a 1
auday wihmalalenauuigniidwdamdmings wifslalasawduionduanomnzialnie
Jelidawiludrunisifusneiuaznisauds lasvialudolalasiansiuisanialaainisainas
lalaseansuauniesddsznavvaslalasian (13u MosITNE uialafn dudn waztiidudios) w380
ﬁ”ﬂsnéﬁ‘iLmﬂ:ﬁﬁvlﬁmimmimﬁﬂugﬂ wAsITaINRIANTUaR (Euhn) IWidufs udedrelsAauiTaings
1alasansu au@”ana'n'q‘ﬁLﬂuﬁaagﬂLﬂﬁ'ﬂugﬂlﬁlﬂmﬂuﬁwvlaimmuﬁauﬂaumﬁajl,ﬁnaﬁl,%al,wﬁu Tazandy
a & a . A a ) o X
AszUIBMIINDTURS (reforming) §44 3 Usztnnwan g aadh
- myesudedaeletin (steam reforming, SR)
- MILONTLATUUNIEIU (partial Oxidation, POX)
- myesudwuvealamasna (autothermal reforming, ATR)
A A g P’ ' & A o o v |a & A
Fanszuauwmadisuziamdudazuuuiuazaunonfamssuesd lddinaesialalasaud
LANANINY WAzHINTaALATaLRILANA1INUENGI 915197 3.3 LEAINTUSO UL UAN M DI
N3UIBMSRIUILNG 3 LUY §1UaNT19N 3.4 uaastoduasdaiFoeInszuIBMIABUIUNG 3 Uy
P “ ae o g, ¥ oA A X 4 a
WaNaNIINIIL AN 1 Ta o NTFUALTRUNU I W IIRNITDUSVBILTANLTALNGIDZ DA NNV WL 0 1T

&V a ~a é‘ a ' o a a a v a 4 v
nesa E]ﬂ‘HL‘ﬂ%U'EEE‘Y]ﬁLﬂ waanaLla ‘Hf]? LL@lluﬂ’]i@]’] Lummﬁauﬂl“ﬁmmmﬂua E]ﬂ‘IiLLﬂ%‘ELﬁEN"D’]ﬂ‘HWVL@IG'] H|
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@391 3.3 MalIsuisuansazyesljisoieiivasntzuiumnufouztiiewdang 3 uy (O'Hayre WazADiz, 2006)

unfl 3 noef

, - asAlsznavvaInIBUIBenN A8ANNTAN
aaa ~ %'J\jaqmﬁﬂu o 26y ac & a ~
Uszian Unsaad R (Haldmasssunaidwmsaina) #“0
("C) a 9
H, CcO Co, N, aneg AAAINIDW?
1
CH, +xH,0(g) <> xCO +(-y+x)H, Trace NH,, .
Steam reforming 2 700-1000 76% 9% 15% 0% AANNUIDU
— CO, CO,, H,, H,0 CHa, SO,
1 1 Some NH,, .
Partial oxidation CH, + -x0, <> xCO+ —yH, >1000 41%  19% 1%  39% ANLANNIDW
2 2 CH,, SO,, HC
1
CH, +zH,0(9) + (X—EZ)OZ
. 1 o o o o Trace NH;, 3
Autothermal reforming 600-900 47% 3% 15% 34% LWNAT
< XCO+(z +Ey)H2 CH,, SO,, HC
= CO, CO,, H,,H,0
Iﬂi\‘lﬂ’ﬁ’j’ﬁlﬂLéadﬂ?i’imi’]zﬁuaZﬂ’]iﬂ%ﬁﬂ?dﬁﬂiiﬂ%zlﬁﬂﬂi&%ﬁ]Lwax‘] 28
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unfl 3 noef

@139 3.4 TaduazdaiForasitmmnfaiislalasauinnnizuiuntafsugdng 3 uy (O'Hayre uazAnL, 2006)

szinn 296 HRIGE

Steam reforming - wabaasinelalasiaw (H, yield) ganiga - @aamImIsamIanNTauig ialianuseuinsunssuduns
ALIUIN (start-up)

Partial oxidation - ;T udum i laiia - ualdwasialalasiaudfiga

- INTAAURUDINHNAIANITIALT
) U = Qs U dld
- Lisududasinmsaansanusonna

- N0 Mpanwas ldnanu e

- iauaingINga (HCs, CO)

Autothermal reforming - $1damIsamIausanlagnsunuuasljisenaseny
JauuazgaaMuiaulunzuIuNIALINY

- RINNIDS YR b5

- waldvasmealalasiand
- daImIniIeenuuUITULNIAILANAA ialWnszuaumInisaa
JouuazganuTouauganuiznitef naailfsuulasuazisudunis

AL

Imamﬁf{i’uL’%mmﬁLmﬂ:vﬂm:miﬂ%“uﬂyﬁmmuu%ﬁt%Lwﬁa
sRaaan lodudisinnunszuiunsnisuaa balasian (TRG5280024)
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Aa a ¢ a Aa (3 .
3.2.8 msinaInasusaaluisasdizanassinaanloduds (Internal reforming SOFC)
nnmsAnsmMRsuILizaIwang 3 ﬂitﬁwud'}mimﬁmugﬂL%aLwﬁaaﬁuﬁnﬁwvl@ﬂmﬂlil,ﬂ%aa
FWasuiwasn1ouen (external reformer: ER-SOFC) w3alwufjiseninasuilafadumeluimasisainds
(internal reforming: IR-SOFC) tasnnlaslnfd jATeninesudvaagainisdasdnuiunslugisgmnnd
=2 a 2 ) P o o A ¢ & a . a ¢ &
600 fis 1000 aseuzaifoy  Tadutrgunnlidernunisdifivnuseassdidoinisiasonloduds
1 Y 1 aaa a 6 A a ¢§/ v 6 &/ a 1o v ¥ A a 6 6
ganalwjasesvesuiivarnrsaifiatwlanielwoasimondsuaz lidndudasldiaiasinasuines
a_a & A e & A Av A A ' v A& A & & o &
meuan lasmsifiainesudimelwmasidafiitadinianiinsldiatasinesumainmeuan aad
- enwseuindsasandfison iWwedngluassisamdsaansoi llsluwd §igonswesud
2 aaa % X aca a & a @ % a 2 A % A
sadudjifongaanuieu Nl fiseninesudaazltanuiaudvinimisnainnuioun
HAA |
v a 1 o (2 o A = [ [ 4
- dununkdasaaswnzlidududasldinTasinesuimainmouan
- - X 4 n - Y A acs 4, qa
- duEninmseszuugadwiiasnnmufieinesuiiinslumadiionisezivunounrl
ErasBaindaduad lagazaaanudasmslunstenarmensduualnaldunnifivwe
a A & a ¢ & a ) A a_ a & a ¢ & a
mafasesudinmelmoasiToiniutiseanidu 2 Uszan de mafainesuismeluiasibandslas
884 (indirect internal  reforming:  IR-SOFC) waznsiiaswasudineluwadiboindslasas (direct
. . A o a a ¥ a ' o &
internal reforming: DIR-SOFC) @danuucaadnmIiiaiwasuismeluisasitaindsudaziuy Jai

3.2.8.1 manasasuRsnelwsadmamalaadas
dmsumsduiiunuuuumaiaiwasadsnmelusssisondlasdan vSmpssnmsiial iz

TN TNTITLINIINLTARLTLNE LL@iﬁ]:aglnﬁﬁum‘“ﬁLLaTu@ a43UN 3.8 TaAvaInsdLlininudiunsiies

Wasufonreluiasibandslavdanda sruvasnisiidiseriwesuiiouszaosaadisaindslad

NANITNUGanwNIINIaNINlasasd srudatdedaansdsznaulalasasuanazilfowldidulalasianle

v 1 o aaa a 6 A

dasnimimsiiljiseivesaismealulasase

[

3.2.8.2 nanasnasuisneluigasizanasiagase
A a ¢ A ¢ & A Aaa A & A X A& &
mafesnesudsnmeluaadisamislasass Ufnseninasuusazifedundiwaluansluiaad
& P P v A o A o A a & A e & A A A '
\aiwds 993U 3.9 Tefvaamsduiiunudismufeiweuiiimolusssgamislasasifiadnisie
Tananusauind wazshmiaandfisonldwuaisunsailuldluy jAseswesuiisle wanaini
A A ' oA Aaa A e A A A o ° [y
asnndniltlalasauatvdaifias augavasdjiteoinesudgnidenldmanianmsilalasian vy

' A ) & A £ @ o Aaaa A & a
ﬂ']rnil,ﬂﬂﬂu (COﬂVGrSIOﬂ) °l|a\1ﬁ’]s‘].]i:ﬂaﬂvl,ai@]iﬂ’ﬁﬂauLWNTu I@] U%ﬂﬂﬂ'ﬁLLﬂ?ﬂgﬂiﬂ'ﬁw INNIRINNID

@
o

ihanlfineauguamnpiinelusadifowmds adilifiaufiesandanmufadjisensasuandt
Q/ o v a lﬂq/ a a 1 QI lé -~ I3 a $ § o R

i vhldgampdnmolussdirawiafannuuandwiudadudymnmsduiivnunisndan
IﬂiamﬁﬁuLéaamﬁLmﬂ:ﬁummiﬂ?ﬂﬂ?aammuwﬁaﬁﬁaLwﬁa 30

sfinaanlaudisiununizuinmInnae balasian (TRG5280024)
108 NE.QT. BNTTY 81NTHRTIWN MAdTIAINTINeD amsdanssuaaas ﬁ;wmdﬂitﬁumf’mmﬁv



MNemauauysal

unit 3 nowe

CH, _

H,0 e Reformer
Anode l — H;
exhaust ]
+
CO, +H0 Anode

O>  Electrolyte 1 o

Cathode

Air —>

L Cathode
— exhaust

317 3.8 unnunmaasmafininesufisnmeoluaasizainisladaw

CH, ]
H,0 2>

Anode

—» exhaust
CO, + H,O

Anode

0> Electrolyte 0*

Cathode

Air —

o

I Cathode
- >
— exhaust

e &

q' a A & A A a
E‘]J‘YI 3.9 LLNuﬂWW"HQ\Tﬂ'ﬁl.ﬂﬂswE]i&lll\'ifﬂUI%L‘HQNLTQLW@GI@U@?{I

lasanTdisaamaTianziuaznsdsudeaassnuziradiiangs
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MNemauauysal U7 4 UUaeInIadiamaa Tl T mainaITiaaan loaud

unn 4

'

[J a a a [~3
LUUINIRDINIAMAFAIFAIVDILB ARG D LNRITRAD DN LA LDI

o PN & A A o o P & & & a

wuuassniadmamaaiiduaiosasmenuazddszlomidonseanuuuszuuaasasiToInas
1 o Qq: o a ¥ a & 1 U o a 1
FIIAATTHZLINILRZINIUIRATI LU I AUINUNAB DIV TRA LT BN AITIT A M8 T wnITa LRI wueas
assgs myhuuudseadianldlunmsdnsazilifienudilafonunzuiumsdslewsasisiuiy
matialisen e dngugennisluaasifoiwds unadilansvesan1izmsdiiiniin (operating
condition) LazWITHLABSEIRTUNTEENWUL (design parameter) NildaUszAnTnnaadTasLTaINES

13403 LN BT RWALULIIRAINIA AN RASVBIL TR T LN RITRAaan lodudsnlTaLanIng

Ao ° A 2- Aa o +

ladndanuausalumsieandiauleaau (SOFC-0") uaziianuaunsalunisilusaau (SOFC-H')
wwpdaasdigninanldifedraesnszuinmavesaadiseinisriiaoanlodudiuasdnmansinuzvooas
& A o o A4 L ¢ & A A = ) a P o a
\Tainas Watafl 4.1 azusasglinavesadizamdafillunsfnen daunsazBoaioanusundziuua:
gunInbazatuns I3 lunadan 4.2 uaz 4.3 §1uraT87N 4.4 220508 TMILAFNMIEIANAVN PELNT
o ' & & ™ Ao o A A A o ¥ o 4 =
FUIUFRNIIOUSVDILTRRTOLNGY IV NRITON 4.5 azaFunsinuInulatunldlunsusTausTany

¢ & Aa o o A o a a a 1Y ° A o
VoLTARITOINAS WaziaTeN 4.6 IdusasnamudTaniSanifisuanugndasasmamaswimildan
ANIIRBINTTUIRNIINUNANITNARDIN LAANITUWITDNHIBNV D ILTRRLTALNAITRA DN e kT INIFD I
780
4.1 3s9v0aaITaINaIN 1T Twns@nm

nuwitpildvindnsusadizeiniisiinean lodudniiniinnizUsawuounu Tagfins
& a A & k1 a ) ¢ & A o ' o ' o
anduazeanfuaudgnianlulumaidonu (co-flow) imasiaiwisasnanndsznanean 3 dauldun
F8INT MARVBILTBLNRY (fuel channel) T893 ARUBIBINNA (air channel) LazEIUVBIVBILTINUT=NOY
ludratiualne sianlnslad waztaualua (lasUndaziSunin Positive-electrode/Electrolyte/Negative-
electrode %38 PEN) T,@ﬂﬁ”m%aLwﬁaLLa:ﬁwaanS’ELmusﬁa:gﬂﬂamﬁwajwmﬁl,%al,wﬁmaaml,mLmu X @9
U 4.1

' ' & & A A ¢ & A va & e a °

AMULANANITEAINIL DA TOLNRITRA N MA T ILUUN IEBLENINT Laa N UaNuaI N1 len1Tin
sandlanlasauuazuuufdanuaunialunmsildsaeu fs Taqilivdidninsladuazdianinga dndd
irasaiwisriaean loaudsuuundanuaiunsalunisieendianaziionld yitria-stabilized  zirconia
(YSZ) Wudianlnslad strontium-doped lanthanum manganite (LSM) Wuaaualne waz nickel/YSZ 1iu
Jualug  InvmeaasiTeinasriaaan Mdudiuuunianua n1salunisinldsaen TRQ&INIU
a & Aa & ° A o . 3+ . .
dudnInsauazdidninsladasyinannunaafity (platinum) uazY, -doped ceramic strontium  cerate
strontium  (SrCeye5YDy 005, SCYb) MWAAL 013197 4.1 ugasizafilsrindudiualua Bidnlnslad
LRTLAINATDILTASLTOLNAITRAB DN LTALTILUUNTANNFINITD AT 00N TN Lo o aULAT LN

ANNRINID NI YT an

Ao A a I3 o ¢ & a
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3UN 4.1 ununwisadizanieziiaeanlodudsunuunulasfifarainduazisaanfuaudyn

= [

1 a%Lﬁ’]EﬁL‘ﬁﬂ Alufianadenn

A15191 4.1 i’a@;ﬁwﬁ‘h%%‘umaﬁvﬁmwﬁwﬁﬂaaﬂ"lﬁwﬁlfﬁaLL‘uuﬁﬁmﬂuawmsniumsﬁman%mﬂaaamm:

P o
LUUNUAINURN NWSQI%T]’]S‘W]I?J?@] au

SOFC Type Anode Electrolyte Cathode
SOFC-0” Ni-YSZ YSz LaSrMnO,
SOFC-H Pt SrCeg 95Ybg 05056, Pt

4.2 auuag'mﬁslﬁumsa%ﬁau,umi”lam

a &V o &

A AN ve % & & a A% v e & Y
un'ﬁlqulﬂﬂ']sﬁﬁﬂLﬂi']zﬁLﬂ%L"ﬁaL‘Wﬂ\‘ﬁ’l'ﬂQ%LT']E‘JTLTE‘]QL"E@LWQG I@] HNITRI Lmﬁ:%ﬂi‘f’[ﬂmﬁl’mmi

aaa

Wmonausznisdmunazinnaangivlogluawiing 2 vl iserIwesuiisunsaan (partial
: A aa & & o a a & a A & & o a P
reforming) luta3asn3snasuiuas (pre-reformer) lusammsiiasvasuisfia 10 Wasioudvasmoiinui
dawdn ) Tusaenfoeanduaudnltlawdnioasidalnasfaann1d MUFIAIIEHN laa1NLATaINIS
wWasuwasusznavlddromalalasiau (H,) uaztih (H,0) Wunan wananidafimodinudlidiuiss
Wasuils Mo suauvauuanlos (CO) waziaasuanlasanlesd (CO,) aRNaNTIINITALARINUES
e & a A ¢ & A a a & a a e & a A o & a o v
wassaindssiasan lodudsuuuniiansinesudeasdimwaeluoasitoind o mTaiwiednadu
k1 o ¢ & a \ & A o A a a & e & a
andawdgimadizaindimieteinsinazrendomds fafinuwaziiansiveiunmolusadizondmi

Unseiwasuisdnlashunmualuavesaasiionds (UJATe0N 4.1)

CH, + H,0 —> 3H, + CO @.1)

Ao A a I3 o ¢ & a
IﬂsamsmULsmmsaL@m:vﬁLm:msﬂsuﬂ;mmmuwﬁaaLmame 33
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Ufisenadulfjisegaanuioulasdansdjisoninesufis (R,  uutiualuafivinain Ni-ysz

FINNIDURAIAIFUNIT (Achenbach and Riensche, 1994)

E
Ret =Ko Peh, eXp(_ ‘.R:al' ] (4.2)

A A A . L e o A o 4 2 4
LD ky and E, ABANAIY pre-exponential LASATWRNIIUNIZGH TINAININY 4274 mol s m bar U\ 82
-1 o
kJ mol anuay
A o & e A o & o Aaaa A & a o ¥ o
wannimaarsuenueuwsan loasndundanusinaas laandfAsarinesuiiedas ez
Uisenuinmwie rudfiseniaieasuiaTn (water gas shift reaction) leiduiwaiueanlasonlad
wazierlalasian (@9aunsn 4.3)
CO + H,0 €> H, + CO, (4.3)
aaa 6 oA aaa 3 a aaa a &/ 3 =
Ujisenaiaesufaividudjitoasanaiaulassundid jisonfedunmoldanizanqand lay
A [ a aaa &€ o _Aa Al oY) X
sumsnuaasaanmMaialjisenioinasufsn (Ryss) NlTIuuiWamIuananeuses Herberman
LR Young (2004)

Pco, P
Rwes = Kwes X 7an X| Peo Pr,o — - (4.4)
Keq
Kwes = 0.0171exp[—%j (4.5)
3 2 1000
K,y =exp(—0.2935Z° +0.6351Z° +4.1788Z +0.3169), Z =m—1 (4.6)

A A . -3 2 A1 A, a o o Aaa &
kA kwes AIB pre-exponential factor (mol m Pa s ) WAz K ﬂamm‘n"uaoau@laﬁ’lﬂiuﬂgﬂim’mmm
WARTNW
a o :Q/ v Al @ ar d' v ¥ =} 6 €A 1 v

Twaudpilazundlnaannisdasuitasmesninniedvesasuanusenan brauatauuin
WallSpuiisunusasnmsnisifsuudaspesialalasian asunaziiiissiielalasiauiiiadl fAsen
TWwadinufoeandian Malalasauindaldaandjisesnesuiisuazdfiso1narnasuiadnn
m”aLLaIum:Lﬁﬂﬂﬁﬁ%maan%m‘*ﬁ’u (oxidation) uazdaasdlanasan (electron) §2993018%aN Tu

= o 23 a =) A U 23 a ¥ U )

yuidnwinTaanduansnisamaddznay lUdafisaandian (0,) Qﬂﬂammmwaamﬂmmm
91n1@ Mreandlanazsudianasanainisasniguanuaziiad fise13anadu (reduction) N1y brauas
ddnasauluinrsmenenaniualuagiiualnaaznia wwnszuaase

L 099INANVLANAIITERINILTARLTaLNFITRAB N bd uTILUUNT A NRINIT I UN1T1N
sandanlasauuszuuunfianumuinlunmaillineufediunizaslaingnuiaany fisenlnnn

A o & aaa ¥ Ad a & o A e & A A & & < A &a
wfl asund asen ldwadnnedulumsdiiinvnusesmsssaniiriiessn lodudsnssossfiandain
LANAIINUAE @T\‘iLLamlugﬂﬁ 4.2 ATV TOLNRITRA0 N keI UUNTaNNsIN1T 13N
a o A a & P ¢ a aaa & o A A &

pandLanlonan mﬂaimwwnwamummﬂﬂgmmsﬂammLLa:'ﬂgmmaama‘nma%Wa:gnaanSﬁvl@m
lavaandianlosauiiNuidrszninstualua|BlanInslad (anodelelectrolyte interface) WaTIZNAR Lo LaY
fildnavaueani (AIRNMIN (4.7a)) fuimaeandlawnlewdiniitainis nazadsannAIzILBLANATEY
nvasmeuentaziiaidueendianlessuniuilsznitstiualnadianlnylad (cathodelelectrolyte
. o A = ¢ & a a ¢ & aAa o
interface) A9FNANIN (4.7b)  lunsdweswasiiaiwasriasen lodudinuunidanuainnsalunisin
lhnaunuu alalasanazgneandladnaoidulisaenuazBifnaseuntuiiszninsmiualua Bidnlns

a6 (@agumIn (4.8a)) lwwmeildsnauafeufitnudianinslasanviueluallgiiiualne sandiauay
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. aa e Yo e A man ¥ oada X ¥ A oA
i fnsonnulusaounssldlainl @ssunsh (4.8b)  UfAsenlWdeinfedulumasizanisriia

[ I3 dld o a dld o
ﬂE]ﬂVL‘]j@]LL“]J\‘ILLUUV]%Jﬂ’J']Nﬁ’]N’Tiﬂl%ﬂ’]S%’]E]E]ﬂ"’IiL?ﬂuVLE]E]E]uLLNzLL‘U‘U‘V]&Iﬂ’]’]&lﬁ’]&ﬂiﬂl%ﬂ’]’i%WIﬂ’i@lau

[

sansnagdlaaadt

SOFC-0”
Anode: H, + O - H,0 + 2¢ (4.7a)
Cathode: 120, + 2¢ — 0" (4.7b)
Overall H, +1/20, — H,0 anoce) @.7)

SOFC-H'
Anode: H, — 2H" + 2¢ (4.8a)
Cathode: 1/20, + 2H" + 2¢’ — H,0 (4.8b)
Overall: H, + 1/20, —> H,0 cathode) (4.8)

ngrasILag (Faraday's law) seflanuauRBERUNANTY I TAITULAZNAA A W FO N THER
nzualrnud§asenIwwuad aanngaesdisied (nadidfifosfalalaniauiifad §Asen
aandLaTH) ﬂ'%mrumadﬁwsnvlaimmuua:ﬁwaaﬂs'ﬁmuﬁgnsbﬁ“l,umiﬁ@ﬂﬁﬁ%mLLaziJ'%mmmaaﬁﬂﬁwﬁm%u
maa@nmﬁ@ﬂﬁﬁ?m‘lWﬂuﬂﬁ (awmiﬁ (4.7) uaz qUN37 (4.8)) arFuwHEnUANuRILuNIzus I

) o4 a X ¢ & A o & o a aaa aaa ¥
(current density, i) ﬂgﬂNﬂ@ﬂluI@ﬂLeﬁﬂﬂL"ﬁﬂLWfﬂﬂ ﬂﬂuuﬁllﬂ'ﬁl.laﬁ@]\'iE](ﬂi']ﬂ'ﬁl.ﬂﬂﬂi]ﬂiﬂqilE]Gﬂg;]ﬂ'if_l']v[wwq

v
v o A

108 (Rye) 2N I0LTnlan I

R —_" (4.9)

4.3 NNTVDILULINADY
LLum‘haaa‘maﬂtﬁ@@maﬁmaaLﬁnaa‘ﬁaLwﬁwﬁ@aaﬂvlﬁn@ivﬁaﬂi:nauﬁayaumsauqamamnm
y & a ' A A % % ° it ad
FaINIT LAY ILTALNRILAZTAINITLAAVDIAINIA WRFNNIINLNLITRINUUUUI1R09N19 TN AT D
v o o & o & A A da . @ o ' ' o
suWusiuasdlsznauasi T e AIuATa AL WA ARdaddng W dranuwinnTzutinn
@ 2 Aa A o ) o o & & a a & = . A
wazaaulsau g Ndanuinetaany lunsnamuuuiiassasasisanasriasan lodudiuuuununi
mylwszasmalufianisdeiny ussiiiansujaserswesuiivsasiadinunislu agldsuadgiudisg
197
e & A o A P o a A .
- RS TANEIE L ERIIUNRN1IZAIN (steady-state) UAzgMWNIAIN (isothermal)
- uuudaesnldisnwme 1 48  (one-dimension) Aadndrudsanusinsifsuulasana
LRUNIINT ARV BIAN T IIILAK X LNEILNLAEN
- ﬁ"ﬂsﬁnﬂ"ﬁﬁﬂﬁé’ﬂwmuﬂuﬁﬁﬁnq@mﬁ
6V a U d‘i’ a o v a = €A 6 d‘i/ a
- mfmnmugn’LmﬂumamaaLLa:m‘muﬂIv&m@mssﬂasmmUluLmaaLwaLwaa
- dwualdfsdmusnninudsugdiduiiolalasaw foarfvenseuanloduazis
& & 1 < A A & d a aaa a @
asueulasanloaviiny waziipsmolalasauniiadjisoneondiasi

e & a o A = Aa o S A
- L"ﬁaaL‘D‘SLWGGQT}@]’]L%%x‘i’l%‘ﬂﬁﬂ’]’JZﬂwﬂ’]ﬂﬂEﬂWW’lﬂ\‘m
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CH4 + H,O «» CO + 3H
CH41 HZO! CO4 + Hio o C02 + H22 Unused Hz,
CO, Hy— H,+ O o H,0+2e — CO,CO,,
COZ Hzo
\ HZ Hzo
N
=
H Tan
l Enode Tel | 0% | O%
recroe Tea | !
and
=
?‘2’ e 0 —-Unused air
2
4W v /{ 0502 +2¢ (—)027
‘y/!x —
i
(a)
CH,, H20, CH4; + H,O < CO + 3H
CO, Ha, CO + H;0 <> CO, + Hy Unused H,,
co, Hy <> 2H +2¢¢  — CO,CO,
\ 2 H, H,0
[ =
=
H Tan
l Anode Tel : H* : H*
‘E\e(l“ow"e Tca
Z000e
=
I 0 H,0 Unused air,
N, H,0
W /’{ 0.50, + 2H" + 2¢” ~H,O
v
A 4/
X
"z

(b)

P e & a A ¢ \ Ada o a a 9
Eﬂﬂ 4.2 LLN%ﬂ']W“I]9\1LsﬁaﬂL‘?jaL‘Wﬂ\?“ﬁuG]f’]aﬂvLsﬁﬂLLTGLLUULLNuﬂNﬂ']ivLWaT@ﬂﬂqsﬁluﬂﬂﬂqﬂL@]U'Jﬂu: (a)
¢ & a . a & & Aa o a A a
LsﬁaﬂLTaLWﬂﬁ"ﬁ%@]aaﬂvlsﬁ@]LL°1|\1LLUUWN@?WN@'\N’]TQI%T]’]?%']QaﬂsﬁLfﬂuvLﬂaau 153 p+ (b) LUUNY

ANNRINID NI U T an

Ao A a I3 o ¢ & a
IﬂiamsmmsmmﬁL@mwLLa:msﬂsuﬂEmmmu:wnaaLmame 36
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4.3.1 dun1ydanadna (Mass balance equation)

WatrasiBalwairiasanloaudsdiininulasiianisswasuisvasmamsawdinioly asd
aaa Ad a & & & a & aaa A P ¢ a aaa € o a

Uisenedmiatunsluaasioiwdnsnue 3 UfAsen fe Unseninesads Ufnseneinesudadu
wazd JAsen lnwiedl wamdsndewdngranslnasesganismolussdidanisriaoanlodudmg
Aa o a o v a ¥ & &
RUUNTAMNENNID A TneanGianlosaniazinlUsaen azUsznaudisdinyg 11 a1suawyanan ke
lalasian wazansvanlasantod  lupaeAN19T0InIT AAVBIBNNANY TTNNAINTMIABDONTIINLAE
Tulasianlunsdiniduioasi ol nasriaean ke g UUATANUEINITa I WA1THI08nTIan laaan ey
aangLan uwlasauwazinlunsaindueraditoinasshasan kuaudinuundanysivisalunsinldsaen
MnaundIuidumanIndousunssugaailfeiuismundasuudatenudntuvasiiaens g lu

(2
v o A

‘?j@\‘iﬂ’]ﬁvl‘ﬁﬂ?ladL%aL‘WﬁﬂLLﬂ:@’m’]ﬂ@]ﬂ@@]ﬂ'l"lﬁJEl']’J‘ll?NL‘ﬁﬂﬂcL%ﬂLwad VLGIGN%

® TaINT AL TBLNES

dCey, 1
Sk -R. 4.10
dx uehy ( f) (410)
dCy 0@ 1 _
s " (—Reer = Rues + Rye ) (for SOFC-0) (4.11)
dC an 1 +
;2;( ) = h (=Ryef = Rwes ) (for SOFC-H") 4.12)
dc., 1
— = R.—-R .
X uh ( ref WGS) (4.13)
dC, 1
£ = (3R, + Rucs — Rue 414
dx uh, ( f WGS | ) (4.14)
dCeo 1
Z¥co, __ - (R 4.1
dx uh, ( WGS) (4.15)
o ‘X:O = Cff (4.16)
° ﬁaﬂﬂqivlflﬁa"llﬂda']ﬂ']ﬂ
dC, 1
——2=——+(-0.5R 4.17
dX uaha ( ele) ( )
dC
—_p (4.18)
dx
dCH O(ca) 1
2 — R ot
" Uaha( se) (for SOFC-H) (4.19)
Ci,a x=0 = Ci(?a (4.20)

lapfl “an” uaz “ca” ugasiisauualuauszualng awsau C, uaz C,, wxasnNuntusasfasia i lu
TaIN1TIATITALWEILAZEIMA ANEIaL
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4.3.2 sumanstnad)nsen lWieil (Electrochemical model)
mMydnfininusassasisaindsriasan kodudsazineatasnud Jisusantuaesinseanduaud
nualne waznstialjisereendiatusossoindsnuanelue anunanagszningadng iwwinig
wmaslalawdnduaslgisornvidianiniaazvilwifaadnd IWWfidunaule (reversible voltage) w3e
o & . . ocv ' & @ % ¥ Aa A
dndlWnvmuea9asida (open-circuit voltage, E ) atndlsAanuddne lWnvasioadiaindsn bl
JLHININIALARIUATI (operating  cell  voltage, V) azliddauninendng inwvmeisasidaiane
4 . N o N cd -
asnnaanudumumeluuszdndnd g oiiiadunoluadizoinds

4.3.2.1. dndliframez9sitlandunavla (Reversible open-circuit voltage)
@ x { o o o . . . ocv @ ¥
andndinwmzasasidandunay’le (reversible open-circuit voltage, £ ) iilueeng lnnigs
a

ﬁq@]‘ﬂL%ﬂﬁL%aLWﬁd’ﬂ:ﬁ’]&l']iﬂwﬁ@lqﬁ fMIUszUUradTasiTaiwiirhaaan loaudsnuaunsasiwinle

3%

De

—Ad
ocv _ “091 (4.21)
nF

A o a = A ' . & a A A el A \
1ag n AadNwInVaIBLaNATaUN IRaNIBIATABlUATEITINGS F AadiadnWsadsedaiyinny
96485.34 C/mol uaz AF, fAomsttfsuulssvasenwasaudasziuil (Gibbs free energy)

A a aana d? o a GAW a a ' 23 A
WaRvandfAsorvugudrnsuirasisoinaslalasiaunazaandian wudrmalalasiauniis
Tuaaziimstaaddssdianasen 2 a1 RAEIWINITAEREN IUUENANTA (4.21) Fananadu
EocV _ _Agf
2F
madfsuudasaasarwasnudasziulluaunisi (4.22) sansadwimana1uanfiia (activity)

(4.22)

YDIRNTAITULRZNRAN T AT
1/2
HZ OZ

AG, =Ag) -RTIn (4.23)

8,0

P o 4 a 0 Al vo = an o
Lha331n SOFC “ﬂ’]d’]%ﬁ@qmﬁﬂwqxﬁ ('ﬂifz&lﬂm 1000 C) ?j@ﬁuu@l%ﬂqsﬁluizuﬂuqmawuﬂLﬂuﬂqsﬁ

o v
o o, '

oEHET JUUANAILENNAIAVBIFNTAIFULAZNRAA UM AR A FUNUTA LA AN NAUUBITNT a9f

_ Py, _ P, _ Puo
aH2 - Po ao2 - Po aHZO - Po
imualianuauTInvesszuyagluniinng (bar) uaz P°= 1 aanusun1sn (4.23) aznaudu
1/2

Py, Do,

Ph,0

AJ; =AG; -RTIn (4.24)

WNUHANRNANITHAURINTFNNTN (4.22) 32le

— /
goov _ AT RT Py, Po;
2F " 2F | Puo

/
goov _ g0 4 Ry | PrcPo, Po,
2F

(4.25)
Ph,0

' : a . 0 o ¥ 9
auUNIN (4.25) azgnisndiaumaiiad (Nemst equation) lan E fasdndlnwhfisniizanueu
2 ' Y e o A o a i
a3 % Feazdandunsidunugumnilunisdudinau (Ni uazame, 2007):

Ao A a I3 o ¢ & a
Iﬂidﬂ”ﬁ’l’%EJLia\‘]ﬂ’ﬁ’sLﬂi’]:‘vﬁLLa:ﬂ’]iﬂiUﬂEdﬁ&liiﬂuzL‘ﬁaaL°HE]LWQ\‘] 38
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E® =1.253-2.4516x10"*T (4.26)
A \ o ¢ A a X ¢ & a a ¢ & Aa
LB INANLANAIIVDIG IR UIB NI ATl nLTas L Ta I NEITRA 00N lTAwTILUUN T
AMNFINITR NI aaNFaw o aauazin lU TR AIRUAIANNAREBLVDI LEUNVDILTASLTALNEITHA
sanboaudsnuundanusmaisalunsheandianlassunssilysaawndnnglusunisn 4.25) @l

ANULANGIINUAE AIFNNNT

0.5
! RT
SOFC-0” ESY =E° +5=In Prsin Po, 9 (4.27)
pHZO(an)
+ ocv 0 ERT pH (an) pg'B(ca)
SOFC-H : Esoreny =E + In| ———— (4.28)

2F Ph,0(ca)

4.3.2.2 And W NunNaevasasLzalnas (Actual fuel cell voltage)
WaRsanrasiiawasmednislsnu Waiianszua v Inaruiaadi@aings aene lwwn

Murasmsoadndlunisnisdiinein (operating voltage) azdidndndnendndinwinengufisue a9

uaasluauniIn (4.29) niitiasannmsifanszua i lwsasidaindsazvinldiiannudunmuaiely

a

\TALTBINEY (internal  resistance) uazAnAnd W gREsLAETasAUMIAaU fATe IWradnwuA-

szniedndidninsauazdiininlad (overpotential  losses) YagtufinalnnafiaddndiWwgnyfe
muluaaaizainda 3 siia laud (1) dndlWvhgydnfiesnand o lnwiad (activation loss) (2) ¢
andlwhgmiFoiiiasnnanudumulnwi (ohmic loss) waz (3) ddndInwhgmiFoiiasannazasms
felanuig (concentration loss)
ocv
V=E _(nact + Mopm + 77conc) (4.29)
I@:J@hﬁ'ﬂﬂWngzyL§ﬂLwiaz"}jﬁmzﬁﬂ’nuﬁ’m”zyﬁam’szmwwmLLmLuﬂszLLaVLWWWﬁLL@m@mﬂ”u AILEAI L%
a AKX . = o ¥ A a v = . & 4 &
3UN 4.3 lunflenunwiuiunszuaiiananansirdnszua i infa lddenmisAunvesaad
LBLWEY
A o o a e & a a a o &
mufadndlwvhguonelusadizainidnazdoadiil
(1) endlnvgiFofiosnnanujisunlnwiiad (activation  overpotential: 17, ) 1luaAw
giRpdndlwvhiiisadasnuninfad fiso IWdeinwuiavesdidnina ldun n1sifiad fATen
sandiatuaasielalasiawuaznisiialgisonsandusesasndlaunvine luauazaiualng ausiau
1 s ¥ a 0/ tﬂl aaa t dtﬂl a l&‘ tdl Qq; a o v 1
lagardng lunwiiuaiiasunand jisen Iwweinfetsunidiannsasmansadiwisldanaunsla

o

\udusedyiaai-aaaiua’ (Butler-Volmer) aad

o anF (1-a)nF
1= g glectroce | EXP RT Tact electrode —€Xp| — RT Tact electrode (4.30)
electrode e {anode,cathode}

Iﬂiamﬁﬁ'ﬂL%Ia\‘m’]ﬁLﬂi’]:ﬁua:miﬂ%‘uﬂﬁémmmuzLSﬁaﬁL%aLW§0 39

sfinaanlaudisiununizuinmInnae balasian (TRG5280024)

108 NE.QT. BNTTY 81NTHRTIWN MAdTIAINTINeD amsdanssuaaas ﬁ;wmdﬂitﬁumf’mmﬁv



¥

MNemauauysal U7 4 UUaeInIadiamaa Tl T mainaITiaaan loaud

Theoretical EMF or |deal Voltage —\
Region of Activation Polarization
/ (Reaction Rate Loss)
1.01 Total Loss
@
[=7]
=
S Region of
ul Concentration Polarization
D (Gas Transport Loss)
© Region of Ohmic Polarization
05T (Resistance Loss)
Operation Yoltage, V, Curve
0

Current Density (mA/cm2)
s 43 nndusasddnd I fiurials drdndinwhngauad wazdrdndlnrgyionanuga

NITLREANS 9 (Hirschenhofer wazatsy, 1998)

a A o a af% : . A o a A <&
laofl o AedudszAnfmadnomniazy (transfer coefficient) n Aadrwinvesdiinaseuncolonludu
° Aaaa . A ' A . 2 =
m%u@ﬂgmm WRE i electrode ADAINNNAWLUWNIZUFUANLUAYW (exchange-current density, A/m’) &9

% A a & a e & a aaa ) )

Wunszualdwhmifeduainmslnsvasdidnasanluaasiaindsasaaan (andfisenlddrmiiuas
fauna) o an1zaNgs lasdranunwuiunszusuanuisuiienuddyluninivguansinuzaes
iR TaInGs fdanunmusunszusuanildsugiandunmtdwenhdanmafad fisu Inwiaiiaed
1 v A g a <3 = v 1 1 a a Q€ ' o '
Agedieds ausInuzsaasifainainzdannldin sudrdudszininadomszgandudadiuves

s & d‘ a dl a a aaa o = a ! s aaa o =
wassw W iAanmsdfouudssdanmafad fise IWwiad Tagasfiddunud jAselanued
wazdaqAldviidinine lapazdidn 0 G911 dmsbaiueluafidiszanm 0.5 (Chan wazAmz, 2000;
Aguiar UAzATMT, 2004; Ni wazAm, 2007) larhnualidn a= 05 drdndlnguidnfiasnan

s Wsiadl (sun3f (4.30) sssansadonlalnad aak

i =2i,sinh L/ (4.31)
2RT
R
n = 2T Ginht| L (4.32)
act
nFﬂact I0

ed o o

Tuanuiduaousrdanunmusunszusuanidsuwdunniiaasiddgannlumfansaned
ﬁ"ﬂﬁ"l,wqﬁﬂqruuLﬁmﬁaammnﬂﬁﬁ%m"lw#ﬁwmﬁ Frazfierduiudisowmpainefiinnannudaan sawali
fuinasumansrhuldiasesumslumameianunmuinnzuawanidoulidoudrmannans lung
swdspldtmualddianunuuinnszuauanidaoududrn e (Chan uwaz@@my, 2001, Li and Chyu,

' . d - a [ @
2003; Burt wazake, 2004) 'V\%aﬂqﬂ']']llv\uﬂLLuuﬂizLLaLLﬂﬂLﬂaﬂuﬁﬂqmuﬂquﬁgu ﬂﬂwa\‘l\‘i’mﬂ‘i:@lu (153}

Ao A a I3 o ¢ & a
IﬂsamsmULsmmﬁwmwLm:miﬂiuﬂ@mmmuwﬁaaL°na|:wm 40
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ﬁ’]ﬂ’]’m@wuiiaU‘Il’e]{lmi@%ﬁmmzwﬁﬂﬂumsﬁ (Zhu e Kee, 2003; Camparani L8z lora, 2004; Costamagna
wazAwe, 2004; Hernandez-Pacheco Laz@te, 2004; Qi wazamwe, 2005; Ni wazame, 2007) Tasolu
nisuitldlgenusunusuunismmenas (semi-empirical correlation) ﬁvlﬁmmﬂﬁagamomsmaaam
ﬁwmmmmmmwmLLﬂumzLLmLaﬂLﬂﬁﬂufﬁaazﬁmﬁuﬁuqmﬁﬁﬁ aougadlugumsn (4.33)

a397 4.2 UEAIAN pre-exponential factor (Kyectode) LLaf:wé'Nmﬂs:@jumawz’;LLaIu@LLazLLﬂIm
(Estectroge) Manllumswmmeanunmnuiunszuauaniaom (Aguiar Lazanse, 2004)

RT

. E
IO,ele(:trode = F kelectrode expﬂ_wJ (4.33)

A1919% 4.2 Pre-exponential factor and activation energy for computing the exchange-current density

- - -1
Keanots  2.35%x10" " Q" m?  Eunose 137 kJ mol

- - -1
Kooe  6.54x10" Q' m?  Eaoe 140 kJ mol

(2) AndlnwhgnFoifiasainanuduniulnm (ohmic overpotential: 774, ) AaanugmyiFe
A o ¥ A& o A& & 2
1340991INANNAIBWNI PN IBLENINTA waZANNAIBNIBINT avadlasanludlaninslad Tsaua
pa3And whgivasdudadiulasasinuanuidunszuaumh

Monm = Ropm (4.34)

A o A A & o . 2, A =2

lag Ry, fannudmumunsluanziuinadiaas (area-specific resistance: Q-cm?) §533ufi9nanu
o & A a & A & & A ¥ A a & & Y '
FUNIIRNIZARAVBIBLENINTALRBLENINT bad titasannTzus W NHEa lasLradiTalNRId 0 e HI1
NN g @uITNaUVBILTAILULOUNTH A9tk A1 Ry, a’mmelv‘faglugﬂwasmaﬂ"md’mmamam
FIUNIUBILGARTRIAUTINOUVBILTAR LNIINITIAAIANNAIUNIUAN Y I UL TRFLTBLNRINNNITNARS
Wuldldonn agnslsnauaunsadszaimaranuduwniuna i sasiTanwa baanTeusnana Ui
(effective)  TzminvasnlsznavvamassiunuaM i Innvesudazesddsznaunuy lununisohle
AuwrmniaIa NG gl e TasL TaINEINAIAMNNFINIT LN TN Wt a Judaza IR Usnay

LIRS AIRNANT

T T, T
Rohm —_an ele 4L (4.35)
an o-ele Uca

lag 7 Aaanunmvastutiuelua Bianinslad wazaaunlne o, sz o, AaANIi

s Tele WAE T,

ca

W (electronic conductivity) vastaualuauaztaualne &1 o, Aasiniasiilaawn (ionic conductivity)

29981 nINT lad

Lﬂuﬁmmﬂ“’uﬁi'}mﬁ'ﬂﬂWWWamLﬁﬂLﬁadmnﬂ'smﬁ'mmuvlwmﬁmmvlwiaqm%gﬁ AITIAT

Y
o a s AL | o a v .
ﬂ'ﬁu’lvl,aaa‘WlJa\‘iaLaﬂIYlivLa@rﬁdLﬂuﬂ’lﬁﬂluaQﬂuqm%n‘]w@nﬂ (FUI"gUSOﬂ WRzAY, 1996; Agwar LR TS,

o

2004; Ni uazams, 2007) luvaenaunsnlslunsdiwimainsilnvvesdidnlnsanulainnise

Ce

o

mmua%%mn%ms;smmu BNE8LNTY Furguson WazAmhe (1996) sintauainennsii lWwiueans

A&

a & e A { . a ' A o A
aLaﬂImmLa:aLﬁﬂiﬂsvlaﬁﬁﬂwmuagﬂuqn)‘,%n“u luanedt Ni uaz  (2007)  afunsilasdndusinan

©

€

ddnlnimazfianumaninlunmsh Wwgesnhdmailwvhvesdidninsladinn g amuismannasis
nam 3 v ludianInsale a15199 4.3 usasdinmisinlesaunazdinisin lnwhvesrndidnInsauazd

z:’ & e & A . a & « Aa o A
BN INTladua I rasi Tl WaITRA N A LTILUUNTANNRINITD bsNITH0anTLanlooan

Ao A a I3 o ¢ & a
Iﬂidﬂ”ﬁ’l’%EJLia\‘]ﬂ’ﬁ’sLﬂi’]:‘vﬁLLa:ﬂ’]iﬂiUﬂEdﬁ&liiﬂuzL‘ﬁaaL°HE]LWQ\‘] 41
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v

A e A A A ¢ & Aa ° ' °
lunstivadirasiTawdsriaaan lodudsuuundanuaunsalumyinldsaan drnsinldsaan
°naa'ﬁLﬁﬂiwivlaﬁaaxLﬂquﬁﬁ'uﬁ'uqmﬂgﬁduﬁ'u Tasluswispilaldainisinlusaanvesdianingladn
Idinandayaniinanasvas Potter uaz Baker (2006) AIaUNNIN (4.36)

6300
O oy =225.92eXp (—?j (4.36)

(2

A13799 4.3 dmsiin huazlessnvetesdUsznaundazdinaul i aaa B oL waIN b NI TA U BAAN

anumumMunels (Furguson uazame, 1996)

Parameter Anode Electrolyte Cathode
Conductivity 4.2x107 1200 10300 9.5x10’ 1150
- —— exp(——— 33.4><103 exp(—— . exp(—
Q') T p( = ) p( T ) T p( = )

(3) ﬁ'ﬂﬂWV\hgﬁyLﬁmﬁadﬁ]’mﬂﬁmEJIauma (concentration  overpotential: 77, ) Wuanw
a A4 0% ) ' ' & ax o % o ' a & 4

gFsiipdasnumtsloumdiudadidnine lasanugydsdndinwhdinariiadwiesainns
saad109AN N NTR s FaINaIN U RSN I whiedl e uSmRuRIsEnITBEnInsauazd
= & o o a & a a, X A4 o & a a e ¥ v ¢ & a
winintlad dndlnwhgmdieziidduniudefodoinauazeanduaudiaudrgisadizoindgn
Wodudrofnoriiadu wianandniuniefdanisnarsasduuniidinnind jisentindigasinig
WaUfAsonNenaanszus lWwh

@hﬁ'ﬂﬁvlwmqtyLﬁmﬁmmﬂmiﬂwmﬂiauuaa F1UNT0EIWIB AN ULANAITZRIN96

anglnnramesandalutosnisinanazardng Iniv e 99 da NN kAT I I wazBLan InT bad

| e % { X a ' < M a = % @ o
lagardandliwvmervandannuidrszninea WvuazdianInsladdunuarosyauansal E°V'
sUupuRNMT a9k

AT [ P (o)
2- H (6]
SOFC-0” EQOVI = B0 42— |n| &2 (4.37)
2F pHZO(an)
AT [ Pl (P )
+ b H ( o )
SOFC-H: ESV! = E® +——In| =& | (@) (4.38)
2F pHZO(ca)

[

aanueAnd IlwhgiFoiiasnnmamatslauuissesssdiiawisfiaeanlosduduuuniany
susnlumsihaandianlasaunsslliaauielen ask

I
. RT p Y RT P
SOFC-0" " = |n| —kO@) TH@ | T | 20 (4.39)
conc,SOFC-O oF [ 4F [
pHZO(an) sz (an) pO2 (ca)
05 |
+ RT pH 2 (an) RT po2 (ca) pHZO(ca)
SOFC-H : Mleonc, SOFC-H =Eln + In (4.40)

| |

pH2 (an) 2 F pO2 (ca) pH ,0(ca)

laswasiusnuasaunsn (4.39) uas (4.40) maﬁmmwﬁaﬁa@hﬁ'ﬂﬁ"l,wwﬂzgzyl,ﬁmﬁaamﬂmimimUIau
Y & P & a A @ o a A '

NIANWEUTIUOIUA (Fogpeamoce) WMV TAETIWARATRIRDFAN S I gayLfniiiasninmamatalauaia

NUNAUDINAING (Foonc cathoge )

a oA

Tum s i enen yﬂlwmgmLamuaamﬂmimitﬁ alauuIa ﬁ‘]’ﬁLﬂmTadg’@hmm@”miaw 04

]
o

lalasian 11 wazeIna NAWAITEAINIIBLENINTALALBLANINT G Wb laFNNATIDATIVoINITENE

Ao A a I3 o ¢ & a
Iﬂidﬂ”ﬁ’l’%EJLia\‘]ﬂ’ﬁ’sLﬂi’]:‘vﬁLLa:ﬂ’]iﬂiUﬂEdﬁ&liiﬂuzL‘ﬁaaL°HE]LWQ\‘] 42
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lawwrsvasfwlusididninsaszsmuisnefusldlasnisunivasialugniulasnmsldnguesilar

. 4 o ans ¥ aa X4 o & a A -
(Fick's law) Garhwualilisen lWwedifiadunvuiaszninsidianinauss8idninglad uazannms
uwspaIasasawllgswudaainandanriinuaasmsialjiteon IWwued anfieruasnaasansn
- : o v A a  Ea g p
dausunsugasaianuandasaadlalasian ¥ uazena NWuAIszRIIBEN InsauazBianInglad
(Chan uwazatwy, 2001; Suwanwarangkul LLaz@athe, 2003; Hernandez-Pacheco LLazathe, 2005b; Bird Wae
fAtuz, 2006) laasi

2- | . ERTTan
SOFC-0 Pryen = Pran 5™ !
an,eff
| ERTTan .
pHZO(an) = pHZO(an) +F' (4.41)
an,eff
| _ ERTZ'CE1 .
Po, @ =P _(P ~ Po, ca) )EXp 4FD, P I
. RTr, .
. | _ an
SOFC-H : P, ) = P —(P - sz(an))exp m|
| Rz, .
Po, ) = Po, () _W' (4.42)
ca,eff
| mcha |

p =p +
H,0(ca) H,0(ca) 4 FD

ca,eff

ool Daner W82 Degett faudszAninisunidszindus (effective diffusivity coefficient) TasfaiaIn
daueluauaziaualnadsmunsasmaldanengulszansnsunsuuy ordinary W&z Knudsen diffusions
(Chan uaz@mse, 2001; Bird WazADsy, 2006) fmsuasgondiriiaaenlodudauufidanusunsale
myheandanlessen msulssanssmiunidsantuameduue luaduimandadsuossulssang
msunsdszaninavosmalalasauuazin lusneiddudsansnisunsnmediuiaua Inadiuimanain
AnaulszAnTnsunsUseAnsnavesmmeandanuazlulasian lunsdivesisadidondssiinoan loduds
wuundenusansalumsinlysaou draulseansinmsunidszantnansainue luadwimwinainen
sutlsAnsmsunsUssansnavesmolalasian lusaefiandulssansnsunsmasnudaunlnaduw san
MneaulsanEnsunsUTEAnsuavasmmoandantazin lasdadsvesdussantmsuniaziuiy

saawlasluauasmonigasnle

4.4 NMIVIAIADULBIAILAY (Numerical solutions)
4.4.1 gansmaiadnsenvilued

gﬂﬁ 4.4 UFAIUNUMNTBIMIMEABULTITILRTF IR LM IS W AN Bz W ve s s
dawdsriaeenloduds lasnmsmdasusumsmafialfaseTwiadezfansanmdrdndlnw (v)
Warnuaaiaurwwiunszua v (i fFwmsunsuiaunisasnasidudosnuaiwindinesi
Lﬁsaﬂ°u3ﬂ§10°uaaL5ﬁa§ AmaulAvasizg Mudanzlunsduinanu (g aefUsznavve eI Inas
2IMA gUNNHA WATANGL) NABIAUTZNaVVRIM TN gUNATLAZANGL FTAATRMIWITAN
drenslnviumersandald (aumiﬁ (4.27) fmsuirasitandsriinoenladuduuuiinaendion
Tosan uazaumfi (4.28) dwsuimaddandsriasenladuduuufiillsaan (Hermuadiaiy

AW ILUUNTZUF INAINA1619 9 ERINNTDAIWITRIANEN ﬂwwquy L§oLa991naua wnIw levn

Ao A a I3 o ¢ & a
Iﬂidﬂ”ﬁ’l’%EJLia\‘]ﬂ’ﬁ’sLﬂi’]:‘vﬁLLa:ﬂ’]iﬂiUﬂEdﬁ&liiﬂuzL‘ﬁaaL°HE]LWQ\‘] 43
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(FUMIN (4.34)) Lm:@hﬁ'ﬂﬁ"[%lﬂﬂzgzyl,ﬁmﬁaamﬂﬂﬁmUIauma (FUNNTT (4.39) FMIULTaSITaINE DA
sonlodudsnuuiinoandionleson uazaunsfi 4.40) dmsuaadiFanassiasanladudoyndii
Tusnan) Gadunantulastauss (explicit  function) fuaMurwILswNszua W ldlugdudann ua
Lﬁmﬁﬂﬂ@hﬁhﬂﬂﬂﬁgmﬁﬂLﬁad&l’lﬁﬂﬂﬂﬁﬁ%mvmﬂ’lLﬂﬁLﬂuWiﬁﬁ“ﬁﬁI@ﬂﬂ%m{l (implicit function) NUAY
wnusnszua i 63rius s dudosmenasnanlagisnnsving (iterative procedure) Warnuas
ananwuiunszua i uanidsuiitane Tuauaztaualnaus Titanendn g foifiasinann
ﬂg’jﬁ%mvlw“ﬁwLﬂﬁﬁm%uaiumm:mzaLLﬂImLLa:'ih"hJLLﬁquaunﬁsmaayﬁLaa?—aaamm‘ (M7 (4.30))
@hgruuL?mLﬁaommnﬂﬁﬁ%mVM%mﬁﬁmuaﬂﬂﬁﬂﬁaumsﬁ (4.30) tIua39ugasIAfitansiwnen
G| WLﬁslLﬁﬂd&l’]‘ﬂ’mﬂﬁﬁ%ﬂﬂﬂﬁ’]mﬁ s fhanumusunszua i finvue
nmyfwnadianunwniwnszug il ladmisuazmssumendn gl mzasanda
LLa:mﬁ'ﬂﬂwﬂwgzyLﬁmm 9 azmansndmmmaand I finis e saamdomacld lunmadow
nrnuaassussauzneiWivesadfifaindoniansiszninsdrdndlavuazdnszualavi oz

@‘hLﬁum?ﬁwLﬁuﬁvl,ﬂ@mammmzﬁa@hﬁﬂﬂwlwwwaaLﬁnaﬁl,%al,wﬁoﬁmwhn”uguﬁ (V=0)

4.4.2 LUUIRDIEARITOINAINANIZAIG

Lfial,mm‘hammavlw%mﬁgnﬁnmmuﬂ”uaumsauqama LUUS8090IL TR L WAITRA
aan"[meﬁvﬁwzﬂs:nauvl,ﬂ@hm:uuaumsag&w”uﬁ‘é’uﬂ”uﬁ%ﬁd (FEWNIN (4.10) §9 (4.20) URZENNIT
REadia (FUMIN (4.27) 59 (4.42)) MIRIEIAOULEIRIIEIVITTULFNMIGINEIzd w3 lasnld
Tusunsuuunuat (Matlab) 55U IMAAauIEIeaLaUUeIaINSULULINa 898 TadisaInasfianizag
@ wannazdasimuasmiauazlinsedsad Tayaquatidvesizg Awindinesudn (qunnd
LRZAINUAK) WLaz09F1TNOL BT ANAILAZ NI ALE AT S9dparnmuaaene Wy lun1TE RN
YOI TARLTOINAITI gﬂﬁ' 45 UWERAILNBAIWAITAIAAULTIALAYEWILNIAIANFNTIOUVDILTAR
\Hornasriaean ladudsfianizase I@Uaummu@;amaa:ﬁwm‘[ﬁﬁ"amemﬂmmmwaaauﬁﬂi:ﬂau
yosmafiAadwmelutasmsinavesing lesanmaddsuwulasesdlsznavvesisaasatasnising
Yoafaiwiiazomazaunsavaan gl asasdauazanunswiun sz I i aswuag
anaaszoznslaanuuudiaasnalniied wsrarnnisdswudaswasananuinsunizusalnvines
gu13nsImImrnatanunuuinnszua Wi uadeld e lUltlunsviunsdnsussonsa s mas
Batnwasnanazaserlunisnnunwutuinas lWwn Ussansan uazsasnslsieiwisvomad
Hawdsld lagenaussauzassimadizonasasnadldasunelluiaded 4.5

4.5 MINATNTRENTIONL IR T O INAIT A BN ladLf
TosUndufaussousvoaimasisonaimunsndszinlas R sanana1nnunmLeines I
(power density) wazUszAnSaw  (efficiency) lusuilidamnuadenglruomadidaindouda 2z
fusnfwImmIAIanunu LN szug i ad s laannssniinsadiananuusnnszus I g
AL RINRDANNNENIVBILTRRLTOLNES @hﬁ'ﬂﬂWﬂwLmzmmwwmLmummavl,w&wﬁﬁwmm"l,@i’i]zgﬂ
iUl mmaenunmnuinings Wvnazdssansnmaasaasisowndeld wananitaussausvos

6 d}’ a e a v 1 3 v ::‘i/ a e . v
L‘ﬁﬂﬂL‘E@L‘Wﬂ\‘i&Ix‘]ﬁ']ﬂJ']iﬂ‘]Jilel%vL@m'mﬂ']a@ﬁﬂﬂﬁil‘lﬂ“ﬁal,wa{l (fuel utilization) a38

Iﬂmmﬁﬁi’mL’%mmﬁme:vﬂm:miﬂ%“uﬂ@mmmuu%&%@Lwﬁa 44
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Input cell geometry and material properties

'

Input operating conditions: fuel and air
compositions, temperature and pressur:

l

Setn=0,i=0

<
v

OCV
CaICU1ate E > Mohm s Uconc,anode and Uconc,cathode

¢

l Iy =it Al
Guess 7actanode AN 7act cathode aNd solve Butler-
Volmer equation

'

Calculate V

'

NO

YES
End

gﬂﬁ 4.4 LNBAIWVBINITRIAIABULTINILAVYDIRNAITHUUIN809 WAL AT IR ITUNTAIWI RN

anuaenI NN Ta TR Ta N ITRA 00N Lo g9

Iﬂidmﬁfﬁ'ﬂﬁaams’ime:vﬁm:msﬂ%“uﬂyammu:ma&%aLwaa 45
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Input cell geometry and material
properties

'

Input operating temperature, pressure
and cell voltage

'

Inlet fuel and air composition

Electrochemical

Mass balance
model

Solution

End

317 4.5 ununmIAaeLIBIdasIsNMIL D AsTasiTa N RN A aNTIn Uz IR

e & a _a ¢ & @
LsﬁaﬂLT@L‘Wfﬂﬂ"ﬁ%(ﬂaaﬂvl,“]j(ﬂl,l,"llﬂﬂﬁﬂ’]"lzﬂﬂ(ﬂj

4.5.1 masiinlaaniasizanas

fas Wi ledannimagitoLwas (power output) mmsnﬁwmmvlﬁmﬂwaqmszmwﬁ'ﬂﬁvlwﬂmaz
nszualnwh dssuns

Psorc =1V (4.43)

o @ 3 & A & A X ' o '
108 Pgorc ABAMUAMILBUAET AN TI9LLANTUAN UM TIANTBUBIANURBILUBNTEULRIBNTZNIDIA

'
A

mmv\mLLuuﬁﬂé’o"LWWWﬁgwaﬂ ANUUAMVAWILUUIIRI ANz A1a0ad twzanSIWNWIvaLTas

q

& a a3
LTALANRINATIAR

4.5.2 U3 ANSNINVDILBARIBDINGS

Aeu209U T ANTN NV UTARLTDINGY (Egpr ) AOTAFINVBINAINWATNINNG UL TINE

ngniddsuliidunssnulnw Haslu)

Ao A a I3 o ¢ & a
Iﬂidﬂ”ﬁ’:’%EJLia\‘]ﬂ’ﬁ’sLﬂi’]:‘vﬁLLa:ﬂ’]iﬂiUﬂEdﬁ&liiﬂuzL‘ﬁaaL°HE]LWR\‘] 46
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Esorc = Zsﬁrc x100% (4.44)
f

A 1 uz A uz v & a ., v e & a
I(ﬂﬂ AHf ﬂamwmd’mmuma'ﬁ (enthalpy) WiaWﬂGd"]uﬂT‘]NiaWﬂaﬂL"ﬁaLWﬂG‘Y]ﬁ]’]EIsL‘Iﬁﬂ'LILG]JﬂﬂL?jaLWGG 1%

ada o A & & o A v e & a
NIWMNANINITUIINNITULNG ﬂ'ﬁﬂauuauaﬂ‘l‘ﬁ@ LLavaaIﬂiLi]% Lﬂuﬂqsﬁﬂﬂa%Lmﬁqu‘ﬂaﬂL%aLW@GLL@za’]ﬂquﬂ

{ o o A a aaa o @ o o v o &
anudsulldnmoduinslalasaudaziiod fiso e dlinaodundsnulnwle danu Ax,
1) &’ a A% CZ) 6&‘ a A
vasmadawiandawdngisadizoinasie
_rCin in in
AH, = F, LHV,,, +FLHV , + FILHV,, (4.46)
Wa LHV, Aestausiaiiiennisianlnden (lower heating value) usz F" foaasmslnalasluavasiie
wfi@ i (CH,, CO uaz H,) lasldataumadasndnasimanzdamnsurzuui landanmsinidule uazifiosan
AANUAMUUBIRI NI Poore Snthnaiduiadaanun asunaunsn (4.45) Jsmansaidonlnale
o ¥
It
& _ PSOFC LW
SOFC — in in in
FCHA LHVCH4 + FooLHV o + FH2 LHVH2

x100% (4.47)

4.5.3 8@ BTN (fuel utilization)
80l ETaInes (V)  Aedadiuzasdaiwdsvndifidewdngimadiiainfamivuada
AT NN INNEALd F1TunTalssuuITaaLTatwadThaoantadndy tHhadanAiodinn
& & o % o & & a a A o P a &
asueuvauanlod uazlalasaw iluiondewdrgiradisaniuaiiiosialalasiaunigneandlad
lapujiseneandiatu uazdrwnluavasiolalasiaungnldlunisifad jison el duwusiy

2
v o A

Y A a v & o & 1 [ 9/; a K =
ﬂiZLLﬁvLWW'W]Nﬂ@]vlﬂ@lﬂuﬂi]mﬂdWWSWL@U @duuﬁuﬂ’]iLLﬁ@dﬂ?E](?“]T]ﬂ'ﬁl“ﬁl."ﬁaLWER{I%O?(’]NWTDL“UEJ%VL@ [N
U iLW
fuel — in in in

2F (4R, +F +Fl%

(4.48)

4.6. NM1INTIVFDUANNYNABIVBIUVLTIADY
o 'y a a [~ { o a

4.6.1 N13AIIVFDUBUUINADIVAILBARTDINAIBRADAN lBAndsnuUNiaanTianlaaan
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Open-circuit voltage (EOCV):

0.5
RT || Prizam Po,ea

pHZO(an)

EOV =E°+ (5.1)

Operating voltage (V):

V =E - TMonm —Mact — Teonc (5.2)
Ohmic loss (7Jonm):

H z-an z-ele z-(:a
Nonm = 1Ronm Where Ry, = + + (5-3)

O-ele Gca

an

Activation overpotential (77,):

. anF (1-a)nF
IZIO,eIectrode EXp m_-l-nact,electrode —EXp _Tnam,electrode (5.4)

RT

. E iectrod
IO,selectrode = nF kelectrode exp(_% (5.5)

Concentration overpotential (77,onc):

|
mT In pHZO(an) sz(an) +€RT In poz(ca)

Teone ~ 5 [ = [ (5.6)
2F pHZO(an) sz(an) 4F poz(ca)
h p| P Ry (5.7)
where = e — .
H, (an) H, (an) 2 F Dan’eff
Pl = P + e (5.8)
H,0(an) H,0(an) 2 F Danyeﬁ .
RTr, .
| ca
p =P—-(P-p exp| ——1I (5.9)
0, (ca) ( 0, (ca) ) 4FDca’eﬁ P
IﬂidmﬁﬁbL‘%‘admﬁLﬂi’]:ﬁLLa:miﬂ%‘UﬂEdamiiﬂu:L‘HaﬁL%aLwﬁd 52
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Parameter Anode Electrolyte Cathode

A-S structure” (um) 500 40 40

C-S structureb (um) 40 40 500

E-S structure’ (um) 40 500 40

Conductivity (Q'1m'1) 4.2x10’ exp(—@) 33.4x10° exp(—w) 9.5x10’ eXp(_1150)
T T T T

Porosity 0.3 - 0.3

Pore radius (um) 0.5 - 0.5

Tortuosity 6 - 6

* A-S structure: Anode-supported SOFC
° C-S structure: Cathode-supported SOFC
° E-S structure: Electrolyte-supported SOFC

A19191 5.3 snnzlumsdiisnusasasidainissiaoan loaudiwuutiaandianlasawnaniaz

a3

Parameter Value

Operating temperature, T (K) 1073

Operating pressure, P (atm) 1

Fuel compositiona
CO uaz 5% CO,

Air composition 21% O,, 79% N,

30% H,, 42.3% H,0, 19.7% CH,, 3%

a & & a [y A o A \ A4 a & & Aa
aﬂﬂﬂiznauﬂla\‘iL“EaL‘Wﬂ\‘ivl@]&l']"i]']ﬂﬂ']il,ﬂaﬂugﬂﬂ’]sﬁ&llaﬂ%a ﬂ']\iNll'iq_}imﬂ%l,ﬂiaﬂiwaiuLﬂJaiﬂ’]U%aﬂqﬂﬁJ

sanainlasluaszninsindeasuawluanylauvinny 2
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1.2 y y y y y y y 1.2
open-circuit voltage
1.0 A 11.0
cathode act —
Y e
< 0.8 08 ©
e ____cathode conc/ =
[@))
£ 0.6} 10.6 g
> et D
] / ©
[<B] ’ —
O 0.4 104 £
/ g
vi operating voltage
0.2} ,," anode act 10.2
// anode conc
i oF Tz 16 20 27 78 33
0 04 08 12 16 20 24 28 3.

Current density (A cm'z)

suft 51 sussnusvengasranisriasenladudwuuudiunlstiueluaidulassaiesessuniany
%mLL‘Li,uﬂi:LLaVLWWWh\‘JS] (cathode act = cathode activation overpotential, cathode conc = cathode
concentration overpotential, ohmic = ohmic overpotential, anode act = anode activation overpotential,

anode conc = anode concentration overpotential)
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Open-circuit voltage (EOCV):

0.5
RT pH2 (an) pOZ (ca)

E®Y =E’+—In (5.10)
2F

Pr,0(a)
Operating voltage (V):

vV =E> “Morm T Mact ~ Meone (6.11)
Ohmic 10ss (7Jopm):

770hm = iROhm where Rohm = electrolyte /O-electrolyte (5'12)
Activation overpotential (77,4):
o anF (1-a)nF
1= IO,electrode eXp RT Tact electrode —eXp| — RT Tact electrode (5.13)
Concentration  overpotential (7],4nc):
0.5 |
_ ERT In sz(an) ERT In poz(ca) pHZO(ca) 514
77(:onc - 2F | + 2F | ( . )
pH ,(an) pO2 (ca) pH ,0(ca)
RTr, .
where p, =P—-(P-p exp| ————i (5.15)
H, (an) ( H, (an) ) 2 FDan'eff P
Pl = Poco ~ e (5.16)
0, (ca) 0, (ca) 2F Dm’eff .
Do = Proes + i (5.17)
H,0(ca) H,0(ca) 4 F Dcayeﬁ .
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Parameters Value

Operating temperature, T (K) 1073

Operating pressure, P (atm) 1.0

Electrode porosity, & 0.4

Electrode pore radius, r (Um) 0.5

Electrode tortuosity, & 5.0

Electrolyte conductivity, Ogectolyte Q'm" 225.92 exp(—6.3><103/T)
Electrode exchange current density, iy gectrode (A m_2) 800

Electrolyte supported: ES-SOFC-H’

Thickness of anode, 7,40 (M) 50
Thickness of electrolyte, Ty ecoyte (M) 500
Thickness of cathode, T ,oge (LLM) 50

Anode supported: AS-SOFC-H’

Thickness of anode, T,uqe (M) 500
Thickness of electrolyte, g ecuoyte (LM) 50
Thickness of cathode, 7 noqe (M) 50

Cathode supported: CS-SOFC-H’

Thickness of anode, 7,40 (M) 50
Thickness of electrolyte, Tyecoyte (M) 50
Thickness of cathode, T ynoqe (M) 500

5.1.2.1 UNUIN2BILAIIEII9TISU
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Operating conditions

Operating temperature, T 1023 K

Operating pressure at anode, P,, 1.0 atm

Operating pressure at cathode, P, 1.0 atm

Inlet fuel velocity, u Tms’

Inlet air velocity, u, 18ms’

Air composition 21% O,, 79% N,

Fuel composition 28.1% CH,, 56.7% H,0, 0.5% CO, 12%

H,, e 2.7% CO,

Dimensions of cell element

Cell length, L 0.4 m
Cell width, W 0.1m
Fuel channel height, h; 1 mm
Air channel height, h, 1 mm
Anode thickness, 7, 500 Llm
Cathode thickness, 7, 50 km
Electrolyte thickness, 7, 20 Wm
0.8 ' ' ' ' ' ' 0.45
l\ —&— Current density
0.7F & --4-- Power density 40.40
NI i
‘s 0.6 10.35
© \s‘ (&)
< (N ;
> 0.5 10.30 <
G 2
5 ;
S 0.4 025 &
c —
2 g
5 0.3 0.20 &
@) o
0.2 0.15

06'.65 070 075 080 08 09 09 1.0 10

Cell voltage (V)
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Parameters Value

Operating conditions

Operating temperature, T 1073 K

Operating pressure at anode, P,, 1.0 atm

Operating pressure at cathode, P, 1.0 atm

Inlet fuel velocity, u Tms’

Inlet air velocity, u, 18ms

Air composition 0.1% H,0, 20.9% O,, 79% N,

Fuel composition 28.1% CH,, 56.7% H,0, 0.5% CO, 12%

H,, and 2.7% CO,

Dimensions of cell element

Cell length, L 04 m
Cell width, W 0.1m
Fuel channel height, h; 1 mm
Air channel height, h, 1 mm
Anode thickness, T, 500 pm
Cathode thickness, 7., 50 um
Electrolyte thickness, T 20 um
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SOFC-0* SOFC-H*
Reformed gas Anode Anode
—_—
CHa, H,0, CO. Hy, CO, exhaust gas » exhaust gas
[ |

Air Cathode Cathode

O
[ exhaust gas ® exhaust gas
DC output

P \ e & a A ¢ o a o
gﬂ‘n 5.26 5$1J'1_|T33J°Uﬂ\'1LTNNL%QLW@G“E%@QﬂﬂvLEﬁQLL?J\‘lLLUUu']E]E]ﬂ‘HLﬂuvLE]ﬂBuLLazLLUUquﬂ‘S@]ﬂ%

(SOFC-0”-SOFC-H" system)
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Steam reforming reaction CH, + H,0 —> 3H, + CO (5.22)
Water gas shift reaction CO + H,0 <> H, + CO, (5.23)
Oxidation reaction H, + o —> H,O (anode) + 2’ (5.24a)
H, —>2H +2¢e (5.24b)
Reduction reaction 0.50, + 2e — 0" (5.25a)
050,+2H +2¢  —> H,0 (cathode) (5.25b)
Overall Electrochemical reaction H, + 1/20, — H,0 (anode) (5.26a)
H, + 1/20;, —> H,O (cathode) (5.26b)

15197 5.9 LLum‘haawaama&i’wﬁmwﬁwﬁ@aaﬂ"l,sneiru“ﬁaﬁama:mm”aLLaxqmmﬁmﬁ: FUNIFNADNIA

Mass balance in fuel channel
dc,, 1 1
— = Vi R.)— 5.27
a2k 5:27)

i = CH,, H,O (at anode side), CO, H,, LLaz CO,
j = steam reforming, water gas shift, LLaz electrochemical reactions
Mass balance in air channel
dc,, 1 1
a =_Z(V..R.)_ (5.28)
it .
dx u, 5 h,
i =0, for SOFC-OZ_ Waz O, Wae H,O (at cathode side) for SOFC-H’

J = electrochemical reaction
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Psorco = lavesorc-oY (5.29)
Poorc = iave,SOFC-HV (5.30)
PSystem = Psorc-o + Psorcn (5.31)
€sorco T 70 - iaveSOFC-OVLW < (5.32)
(Y(I:nH4 LHV,,, + ylr?z LHV, + YeoLHVeo) Frueisorco
EsorcH = Tin iaVESOFC_HVinL W (5.33)
Yh, I-HVH2 Frietsorc
Py e LW

_ System

Esystem = in in in in
. (Yeu, LHVey, + Vi, LHV, + Yoo LHV G ) P sorco

(5.34)
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Parameters Value

Operating conditions

Operating temperature, T 750°C

Operating pressure, P 1.0 atm

Fuel feed to SOFC-OZ_ Steam/Carbon = 2, 30% pre-reforming
Air feed to SOFC-0” 21 % O,, 79% N,

Air feed to SOFC-H' 0.1% H,0, 20.9% O,, 79% N,

Cell voltage 0.65V

Inlet fuel velocity 2 mls

Inlet air velocity 18 m/s

Dimensions of cell element

Cell length, L 0.4 m
Cell width, W 0.1m
Fuel channel height, h; 1 mm
Air channel height, h, 1 mm
Anode thickness, 7,, 500 pm
Cathode thickness, 7, 50 um
Electrolyte thickness, 7, 20 um

(%
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. . SOFC hybrid
Results SOFC-O SOFC-H
system
Average current density (A cm—z) 0.74 0.52 1.18
Power density (W cm'z) 0.48 0.33 0.77
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o A o< Y Yo a & A . - . . A a an
uazualne a3gufl 6.1 lapaludaglivhdidninsladda yttria-stabilised zirconia (YSZ) Fefian@lunis
ieanladlassuldd suiaqilivhaiualuauszualnade nickel/YSZ waz strontium-doped lanthanum
manganite (LSM) aN&1aU

o o o A ¢ & a . a ¢ & A o & a a_a & a

fFmsumIdufininuzassasiiandsriasen loadudsnltianuaaduiaindsuaziiasnasud
awuunelu temueaszgndewdiludisesmtinavesdawfszgniddsugdlasassneluimad
warwasriaoan laaudeniul JisonInesuilsdslath (gumsh (6.1)) nedunanalue laglalasiaun
Waa ldaziial fiseneandiati (sun13n (6.2) Linonda lashuazdidnasen luvmzidsanuasnBuauday
gnﬂauvﬂ”ﬁmm”aﬁaam‘s"lmamaammﬂ uaziiedfisersansu (sun13n (6.3)) lagfiweandiaulusand
uwautazgnididaindiinateuaniasmenanuszineandianloaausanun sanfianlesauazinfaud
diudianinsladansaualnalddigaueluaievind jisoanuielalasiaudnass daunivinszes
A & <& o & a o Aaaa A a X
didnasaunlwivasmeuanantiwe lualdginaualnasznianszualWiinszusass Uisonmiadulu

¢ & a A ¢ & A o & a A _a & A v &

iwasiTainwAstiiaaan lodudefilfienmueadusawduazifieiwaiudauunmelusaunsnasyldasi

TINIT IAAVDILTOLNR:

C,HsOH + 3H,0 —> 2CO, + 6H, 6.1)
H, + 0" — H,0 +2¢ (6.2)
ﬁaﬂﬂ'ﬁvlv\a‘llaﬂa']ﬂﬁﬂi
1/20,+ 26 —> O (6.3)

Overall electrochemical reaction:

H, + 120, —> H,0 (6.4)

LLuuﬁmaamamﬁmma@‘ﬁlaamaaﬂ%mwﬁaﬁ%”tmmﬁﬂizﬂaﬂﬂ@i’maummm}ama 2 §NANY
LLazaumiﬁLﬁmt*ﬁaaﬁ'uﬂﬁﬁ%mmu"lﬂﬁwLﬂﬁﬁuamﬂmué’uw”ufizmwaaﬁﬂszﬂawaaL%Dal,wﬁmaz
1M uazgmnindaeddndluvih anummwiunszualv uazindndlivhgadedug  Tag
auuagmﬁlﬂumsa%ame‘haadmamﬁmmam‘mawﬁaﬁﬁaLwﬁdﬁliﬁamuaaLﬂul,%al,wﬁa léun as
@‘hLﬁumumaaL‘rjaa‘l,%al,wﬁaagjmsl@Tam’s:m@Ta mudsianlaimaddsuudssansaunimslwssasie
qm%gﬁua:mmﬂvuﬁﬁhmﬁma@mw‘hLﬁumu drandlnwnddnsiaasauninislnaosing uaz

v
o

auautAvasfofidiain mnauudzruaindnundousuniaugale asi

H.0

(O D=0
HASHED

— Anode
Electrolyte
|— Cathode

Fue

i O,
Z
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) & a
b maqmivl,mmaalfnmwm:

ac, 1 1
L2 Yy R — 65)
ox Ut je(@a) hy
i E{CZHsoH, H,0, CO,, Hz}

b °ﬁa\1m§vl%a°ua\1mmﬂ:

oc, 1 1
x _Ivi,(4)R(4) E (6.6)
ie {02, N2}

A [

laofl C, Aadenudnduvesfosiia i v, Aasvautlszintlunmaiansdisenvesiania i lu

A 3

Ufisen j, R Aesanmafiadisem j u, usz u, foamaSlumaleuvaadainiuazanme uaz h, ude

h, ﬁammgwaoﬁaal,%al,wﬁmaz"ﬁadam’m auiaU
aummam5’@13’1mil,ﬁ@ﬂﬁe:::gﬁ’%m°uaaﬂ@:ﬁgﬁ’%m%ﬂa%ﬁuamuaa@hﬂ"l,ai{'n,l,a:ﬂﬁﬁ%mvl,w#hﬂﬁ

a91alaTian LRAIGIFNNT (Minh wag Takahashi, 1995; Guo wazatuwe, 1999; Abayomi LLasatke, 2006):

Ry = 3.123x107°Cci o exp(—ﬂj (6.7)

RT
i
() oF (6.8)

FrSUMIEIWIRIAAN e W NLTS 920 L aa Dol NGs a1u13nvinldlagiardane lWwWinag

R, =R

@ = R
ﬂqwﬁﬁmaﬁl,%aLw§amminwamvl,@”mU’L@Tam'z:mi@ﬁ’]Lﬁumuﬁﬁmuﬂmaun”uﬁwﬁ'nﬂﬂﬁwzgtyLﬁﬂ‘ﬁ'
Aadulwaadidangs (@unsi (6.9)) Tasadndluvmemneinseddndinrumesandaszald
MnENMITaRisE (FUMIN (6.10) ﬁaudwﬁnﬂﬂﬂwgzmLﬁﬂﬁﬁﬁ]ﬁimwluowu’iﬁ'uf:ﬂizﬂami’w andlwnn
gzyLﬁmﬁaamnmmﬁmmuvlvdﬁw (W37 6.11)) ﬁ'ﬂﬂwﬁwgtyL&ﬂl,ﬁaamﬂﬂﬁﬁ%mvlvmwmﬁ (Fun7

6.12)) uazdnd iWvhgnifuiiasnnnavainstialawean (sumn 6.13)) lasund 4 lduaasmoazdos

v
¥ e A

MIfwI bz aUNILN b ED @”@ﬁuawmiﬁua@ﬂuuwﬁﬁaLﬂmﬁmmia;ﬂawmiﬁl“ﬁ Ak

*  dandlnvhnuiasvesasiiaings (V)

V= EOCV _(nact + Mopm + 77<:onc) (6.9)
o ddndlrhanzasanda (%)
RT , [ Pu,Po,

E°Y =E°+—In (6.10)
2F

Prio

E®=1.253-2.4516x107T
. ﬂ'wﬁ'ﬂﬂﬂvﬁwgtyLﬁmﬁaamﬂmmﬁmmuvlvmﬁ(nohm)

770hm = iROhm (6'1 1)
T
R, =Y —
Ohm Z Ui

o ddndnwhgiiotiosanu o inwed (7.,

. anF (1-ea)nF
1= IO,electrode {exp( ERT nact,electrodej - exp(— ERT nact‘electrode (6-12)
i _ RT k exp| — Eelectrode
0,electrode — nF electrode p %T
Imami’iﬁ'ﬂﬁaomﬁmsw:ﬁua:mnlﬁ"uﬂgmmsnuwﬁaﬁﬁaLwﬁa 113

siaeanlrdudihiuiunszuiunminmsnialalasiau (TRG5280024)

108 W93, BNTTY 81NTHRTIUWN MadTIAINTINeD amsdanIsuaaas ﬁm’mmtﬁumf’mmﬁv



9 & a a € e & a a ¢ & A9 vo & a a 4 & a
S’IEI\‘]'IHQUU@NHim Unn 6 ﬂ'ﬁ')Lﬂi’]ﬁﬂﬁlliﬁﬂuu"ﬁaalﬂjﬂL‘Wﬂ\ﬂ"ﬁ%(ﬂaﬂﬂvla‘ﬁﬂLL“]N"/]I"HT’]']"HL“HQLWQG“E%@Q%Lﬂ%L’ﬁaLWQG

electrode e { anode, cathode}

e ddAndnnhgnioiesanuaaIn It alautIn (7gm)

e = RT In Ph,0.p8 Ph, + RT In Po, (6.13)
Conc — .
2F szo pHZ,TPB 4F pOZ,TPB
p _ p S‘RTTanode
H,, TPB — MH,f — E————
2F Deﬁ,anode
RTr
pHZO,TPB = szo,f e
2F Deff,anode
mTTca ode
Po, e = P —(P - poz,a)eXp ﬁ

eff,cathode

o édly a Aa ¢ & A v [ & a a
6.1.2 HANIIINADINITTUIBNNITVDILG AR LB DLW RITHAD DN MEARDIN ITLENINA AT BT DLNAIRAZLAA
Sasudsnuunisln

o ¢ & a a ¢ = A o o &

LL‘.LI‘]J?]’]E»]EN‘Ua\‘iL"ITEJNL‘FEJL‘Wﬂ\‘i‘ﬁ%ﬂ?JaﬂvL‘ﬁ@LLmdsﬁdﬂS:ﬂaUVLﬂﬂ’JEJ‘S:U?J?I&JT]’]‘S@ELW%MLGZ&&JTI’]S

NTAHANUFAI L UAITEN 6.1.1 a:gm‘hmLLfTaumiwfauﬁ'uI@ﬂmﬂ“ﬁﬂmmu MATLAB LNa@319&8U
A daiievasuuuinaednls e lalSouifsunanmsiwian leanuxan1Iaaadaad Huang uae

& YV o Qs 1 g a a § v ¥ a
Atke (2009) G lavinmsAnmanwaemWwvesTasiTainiinfinaan lodudailfianwaaidwisainis
Tagsaaldvnaaualua 8ianInsladuazualng @ Lag sSr.sCrosMno:0ss (LSCM), Lag ¢St ,Ga, Mgy ,0
4 ~ 0.75%10.25~10.5 0.5Y3-8 ’ 0.8%~10.2 0.8 0.2 3-

5 (LSGM) Uz (Pry,Cags) 0MNO; (PCM) anudnay saudsznaurissuiianunuiisssmudauasii 65,
20 uaz 600 lulaswas lumslspuifisusswinamad ldanuuuiiasuazannmsmnases larinssaas
nszuwmlasldanzlunsdiiinewnioniuilansnul3lueuses Huang wazame (2009) laur
L%‘vaLwﬁaﬁamaawamwdwmmuaaLLazﬁWG‘ﬁqgﬂwauﬁ'ﬂué'mwmu 2 6o 1 lumeiMosanduaudaaieg
2ONTIA I@mzm%al,wﬁdLmzaan&mwﬁazgnﬂam"ﬁwLﬁnaéﬁ%aLwﬁ\ﬂ:@ﬂl"ﬁé’@mmﬂmwhﬁu 25 NANANT
Goufl nswinan1sEwI s launnansnszninenszualWwuazauarsdnSlWwvasiad
\HoLWBITiEAinan qm%{]ﬁ‘ﬁ' 1023, 1073 uaz 1123 tAa3u Muldanuauussenma wasyinns
Lﬂ%'slmﬁsmwaﬁvlﬁmmmmhaaaLLa:Naﬁvl@Tﬁnﬂmimaaaluudmé’nﬁﬂﬂﬂﬁﬁmﬁwmLmumma@m6]
ﬁ'u@ﬁgﬂﬁ 6.2 ﬁnngﬁﬁ 6.2 aztinlddnafildanuuusisesdnnulndidssiunaildannsmases s
mwwmuuum:ummﬂLﬂﬁﬂumao‘*ﬁg';LLaIuﬂLL&:LLﬂIﬂmLa:mmiﬁﬂaaawuaa&ﬁniwﬂaﬁgﬂﬂ%’mﬂﬁﬂu
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1.4 ' ' '

Experimentdata A T=1023K
1.2 O T=1073K |
O T=1123K
13 Simulation result T = 1023 K
L0 O\ﬂ'a ===T=1073K
< ) arrr T=1123K
2 08 S P -
© S, .
g Q_E.g
o 06F} 'D,U .
> Q ~u.q
9, oA
04 ¢ Q .p..p o
B, 5.0
0.2} .
0 Il Il Il Il
0 0.1 0.2 0.3 0.4 0.5

Current density (A cm'2)

311 6.2 NMSUNBUTERIINAT IFAINAITINRBINITZUIBNITLALHANITNARDI

‘ﬁé’amnﬁvl,@i”mwaaummgnﬁawaaLLum‘i']aaaLLa"s NuwisoilednuInasesnITIeasn
\AdoanumssanuunLazmIsiinauiddosasitondsrineanlodudeluusUszansainmsnw
LLa:mé‘mﬂmﬂ“ﬁﬁ"m%l,wﬁommlﬁnw@‘mﬁumuﬁqmwgﬁmﬁ lagdrwiAiaasnismunianInaad
038Uz no U0 TaR L T WA LAz T HLA s uuUUs 809 RlTlun1T A TE KA ITO U U B LIRS LT DL WES
siasonlodudsnldvanaluainlassaiiesessuuasldmaaninaatudawdsnoldgniiznis
@ﬁLﬁumum@ligﬂml,amﬂ”wmﬂaﬁ 6.1 uaz 6.2 lavmualimdnsluvessasideindsdidaafiviniy
0.65 Taad @alatinsmesnuwent i lunmsdiiivnuseaaasidainasfiarenglnwnluga9 0.6 f9 0.7
Taad anduendndlannldedszaninan ananuiwiusias v erlunsefineanifaana
wunzan wenanigavinlwniseiinandiadosnn ﬁ”m%aLwﬁaﬁﬂaumﬁgh,mﬁL%ﬂLwﬁa"L@Tmmnms
Lﬂﬁwgmamuaaau (crude ethanol) 1ul,ﬂ‘§ad'§Wa§uma§msuanﬁﬁﬂﬁﬁ’%m%‘ﬂa%ﬁaﬁaﬂvl,aﬁ'u,ﬁﬂﬂfu
Tagasfsznanyaanuaadui ldannnssuInmsminuaadeInn 99 6.3 uisoillaauudlmanines
dudsznaudisiemusauazindunan thasanmsdasnulasesdlsznauaasmMoaasnnue1Ias
Fosmslnavesdawisuazannia vliaansadwamiadndlnwrmssesdauazanunuiusis
nrzualiwnasannnusveamasisanasle iavihmsdmmianumuiun s i edsug as

v
v o A

FUITRANWIAIANUTE RN T ATNURZ AN I LTI B DL WA IV D ILTRRLTDLNEI b6 P95

i VLW
Esorc =75 o 5 =0 (6.14)
(yCZHSOH LHVCZHSOH * Yh, I-HVH2 )Ffuel
I LW
fuel 5 — (6.15)
(12 Fyc,mon + 2FYy, ) Frier
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Tof L uwaz W Aeanagniuazanunivesaadidoinss Yemon WA Yy Aadueawsiuluavediom
woauazlalanauiimathassaadidonds dau LHVe pon U8z LHV, ADAIWRIIIUANNITDUIINNT
w nafagiomuasuazlalasian euseau
’l,umiaj’waaqmzmumimﬂ’l@i”amaxeﬁwLﬁummm:qmauu”amaa’i"a@;mwfaiauvlminﬁuwudw
iasiToimAsmanIaniaanunwuinnszug iwadsldd 079 weaudsdanuauiiuas aaw
nwiumasluwh 051 Jaddemaudians dszansan 27.5 wefiiud uszenisldifomas 0.5
Lfiaﬁmimwmm?iwadﬁ'ﬂﬁWﬂwgzyLﬁmwiawﬁ@@ﬁmiwﬁ 6.4 wudwmﬁ'ﬂﬂﬂWﬁﬁgmLﬁﬂLﬁaaawﬂ
ﬂgjﬁ’%mvl,w“ﬁ']mﬁLﬂummmqzyL%‘Wé’ﬂlumaﬁﬁamﬁwﬁ@ﬁ mum@i’aUdﬂﬁ'ﬂﬂﬂﬂ']g@ﬁmﬁaamn
m’m@”’mmuvl,wqﬁwLm:mﬁ'nﬁ"LWﬁ'}gzyL?mLﬁaamnwamaamimﬂ‘[aumamuéwﬁu

A137191 6.1 AMWINALABINAIMMBNTNTBIBIRUTENEL VI TARLTALNGY (Aguiar LAzATA, 2004)

Anode electrical conductivity, 0,4 80x10° Q'm’
Cathode electrical conductivity, O o 8.4x10° Q'm’
Electrolyte ionic conductivity, Gpeoiye 33.4x10° exp(~10300/T) Q'm’

Anode diffusion coefficient, D 3.66 x 10° m’s

eff,anode

Cathode diffusion coefficient, D 137 x10° m’s"

eff,cathode

Porosity, ¢ 0.3

Tortuosity, 7ioqeity °

Average pore radius, dp 0.5 pum

A19199 6.2 M ALaasN T lun331889nITUIRNNT (Aguiar LAZATAL, 2004)

Operating conditions

Operating temperature, T 1023 K

Operating pressure, P 1 bar

Operating cell voltage, V 0.65V

Molar flow rate of the fuel stream at inlet, Ffze, 0.005 mol/s

Molar flow rate of the air stream at inlet, Fa?r 0.02 mol/s

Air feed 21% O,, 79% N,

Fuel feed (30% pre-reforming) Stream/Ethanol = 7

Cell dimensions

Cell length, L 0.4 m

Cell width, W 0.1m

Fuel channel height, h; 1 mm

Air channel height, h, 1 mm

Anode thickness, 7,.04e 500 pm

Cathode thickness, 7 hode 50 um

Electrolyte thickness, Tyecionte 20 um
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A13191 6.3 29AUTENALVDILAMUORAL (Guo UAZATLE, 1999)

Crude ethanol components % volume
Ethanol 12.0
Lactic acid 1.0
Glycerol 1.0
Maltose 0.001
Water 86.0

a ' . o a ' A dy o ¥
M13191 6.4 ﬂ']ﬂﬂﬂWW']qf}JvLﬁﬁLL(ﬂﬂ5‘]5%@]1’]1@]3]'1ﬂﬂ']55]']§160ﬂ5$1|’3%ﬂ'ﬁﬂ']Uiﬂaﬂqﬁzuﬂ@]iiﬁu

Overpotentials Value (V)
Tact anode 0.1238
Tact cathode 0.1789

TTohm 0.1111
Tconc,anode 0.0106
Tconc,cathode 0.0005
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6.3b

6.1.2.2 mmaamwnmmmqmﬁgmumsﬁ'\Lﬁm'm
A ' a a o & a ¢ & A & o a A a
U 6.4a LLﬂ@]Gﬂ’lﬂi:N‘i’lﬁﬂ’lWLLﬂxﬂ’]il‘ﬁL“ﬁaLWﬂ\‘lmadL‘]jaaL’liaLWGG‘N@’]L%%G’I%%QM%Q&I‘U’I%
nawlugae 873 i 1073 1aadu laswuhmaiuguniilunsdudunuazyldsussouzsasaad
& A ak &< X A aAd A X ° oo A Aaa ¥ a o & a A
VI NRIAY 1 mumaamnqm%gmwam:ml%amﬂmsm@ﬂgmmvlwmmuLLazmﬂmmaLwawm
J 1 L3 1 ¥ l&’ v dq/‘l/ 1 = o a
undu dwalildanunmuiunszualWwanniuauldedan wennntdanuigunndlunisduiuanu
a ' o @ ¥ a ' A Aa X ¢ X a o A A = )
finansznuathanniuadnd gy FoudazsiafifatuneluosdizeindaigUn 6.4b Graziiuld
IdndWgiioitiasnnd o lwniafiazaassdeutronnn lususidndWwhgyiFodiasannaves
. S X o« . o ¥ - . M
mimﬂIaummnwmumﬂuaﬂmumnwmumaaqmm“w LRZAINNNTINRBINTEUIWNITIZLAW AN

: @ & A A A A o A P a X P @ o a
ANAINUATUNTUBLANICWUN (Rohm) ﬁ]?.:&lﬂ’la@mx‘il,&la&m’li@’lLuud’mﬂﬂqm%ﬂu&lg\wu LL@]ﬂ’]ﬂﬂﬂww’liﬁtyLaﬂ

Imami’ifﬁ'ﬂﬁaamﬁmswzvﬁm:mii.lﬁ”uﬂgaaminuwﬁaiﬁaLwﬁo 117
siaeanlrdudihiuiunszuiunminmsnialalasiau (TRG5280024)

108 W93, BNTTY 81NTHRTIUWN MadTIAINTINeD amsdanIsuaaas ﬁm’mmtﬁumf’mmﬁv



9 & a a € e & a a ¢ & A9 vo & a a 4 & a
S’IEI\‘]'IHQUU@NHim Unn 6 ﬂ'ﬁ')Lﬂi’]ﬁﬂﬁlliﬁﬂuu"ﬁaalﬂjﬂL‘Wﬂ\ﬂ"ﬁ%(ﬂaﬂﬂvla‘ﬁﬂLL“]N"/]I"HT’]']"HL“HQLWQG“E%@Q%Lﬂ%L’ﬁaLWQG

' o v a ' A/ 09’/ kg ' a v ! o v
iasnnanudunulwrinduiidnanniu netdwnwnzddnd Invhgaduiiesnnanuduniulnh
flonuaunuslasassnuanunwiuiunzua i aanuddndiWnguiodiasananudunmulnmh

8 A & A e & a a R &
ﬁ]ﬂ&lﬂ']igﬂ"lluu’]ﬂ LNQLGIT@@L°ﬁaLwaﬂﬁquqiﬂNa@]ﬂiﬁLLﬁvaquL(ﬂN']ﬂ"llu

6.1.2.3 HAYBIAINAW IHNITAHHIH
navasanuawlunIILinnuAidaUssansnwias sl S el nas I TSI T oL WA LRI
gﬂﬁ' 650 HANNTIR0INTZUAIUNITUAAIIHIANINISANAMUGHINN 05 A9 3 DT swnsaLRumisen
Uszansnmwuasnsldiainasvomadidonsola I@mfiaLsnaﬁl,%aLw§as‘mﬁammﬂlﬁmmﬁuga finey
vlaimwuuazﬁ”waans'fm)mzmmsnLLwiLﬂngimgaSLﬁnIﬂm"l@Tdﬁﬂ‘i‘}(u A IR0 Tiaa g AIANUAT
iRaugasen e dlddnimsduinnumeldanzng donaliddndluwgaiduiiosnnnaas
mytnalanuadaianad (gﬂﬁ 6.5b) athslsianuudinendszannmnwusmadidandazisnunniduiie
ma&%aLw5\19%1Lﬁumumﬂlﬁmm@”ugaﬁmu LL@imi@i'}Lﬁumumﬂl@i’ﬂmw@”ugaifm:ﬁﬂﬁma51,%8Lwﬁa
ﬁmﬂqmﬂ"fmu;um 713\'1aTd@Taaﬁ{NLsnaﬁl,%aLwﬁﬁﬁﬂummﬁugaﬁfaLﬂumnﬁmiﬂ“ﬁﬁhmgﬂumia{w

LTRBLTALNRILAT NI TANARINUVDILTARLTOLNRIAIE

% a aaa = & A 1

6.1.2.4 wazayszauNItial]isesasndILvdIRVBILENINDA

A A o v A a 6 14 ° o a 1 v

iasnnluwnuitldlszyndldiaiasivesuweimeuandmiumudasuztianuaaunssiuli

o @ ¢ d 4 a_ A i a4 @ a ana A & a \ & &
nanaiduiediaizd iNefazninidsslymaineanunsiiad fisoivetuiisedwauysalmalwssd
WaLNEY aInuIsinmsiienzdinasesszaumaiad fisenInesudunsainaedonuaaiddoaussnus
PAILTARLTALNEY Llapuan13s1asInszuInnIsliiauindedmainszaunaialjisonsvesadsung
! - & a A ve A & o £ % A 3 %
fauundu Mafaindei ldnazdasddsznavvesialalasiauwinniuanlddan 9n3ui 6.6a aziuld
s a Yy a F P “ A aaa 4 - 4
lszEnimwuazmsldisaindsasrasisanisdaninduavszaumaiad §iseninesuiis twneiile
o I . & "o o ' Y & A
gasauwvasielalasaulusodanuindu ddandWrvasisendauazanunmuiunszusiWwfezddn

X o & 4 Yoy e I

andudan uannfiflaanuidutusesirlalasauginaslvdanmaunivasielddiiunszwing
& a < & a X o o &, o o a oA ' 2 A
Tualuauazdiininsladifindudqn asmudrdndiWwgyiFoifiasnnuazasmadiolauniaisddanas

o
o o

{ A a a % g a A X
(3U7 6.6b) aanudszininwluniindalwrsausadizanid i

Ao A a I o ¢ & a
lasanTaniiaansTienziuaznsdsudeaussnuzsadiiangs 118
siaeanlrdudihiuiunszuiunminmsnialalasiau (TRG5280024)

108 W93, BNTTY 81NTHRTIUWN MadTIAINTINeD amsdanIsuaaas ﬁm’mmtﬁumf’mmﬁv



MNeualLauyIal UNN 6 MIATERaNTIOUsTaR LN EITRAaaN laaudaN 1T AL TN R 130 AL LT DL

(2)28.4¢ : ; 0.51
\.\\ —&— Efficiency
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Molar Flow of fuel = 0.005 mol/s
Fuel derived from 30% pre-reforming
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Fuel derived from 30% pre-reforming
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Molar Flow of fuel = 0.005 mol/s
Fuel derived from 30% pre-reforming
Anode thinckess = 500 micron
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(a)0.86 - -

T=1023K, P =1atm
N\ Molar Flow of fuel = 0.005 mol/s
\\ Fuel derived from 30% pre-reforming
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0.7 : . i

5 7 9 11
Steam/Ethanol molar ratio at inlet

(b) 40 - - 20.65

—=&— Efficiency L7
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36l Fuel utilization - 60
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3 =
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o T
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L LL

T=1023 K, P =1 atm
Molar Flow of fuel = 0.005 mol/s 1045
Fuel derived from 30% pre-reforming
Anode thinckess = 500 micron

4
5 7 9 1? 0
Steam/Ethanol molar ratio at inlet
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© 0.786 » Steam/Ethanol = 7
Fuel derived from 30% pre-reforming
Anode thinckess = 500 micron
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Molar flow rate of fuel stream at inlet (mol s'l)
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—&— Efficiency
25} . -4~ Fuel utilization 40.5
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Molar flow rate of fuel stream at inlet (mol s'l)
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2350aALINL 9 wanannIzUIwISIWasNdIcnlatiuddr  nazuawmIWasuduuuaalamasua
. a A ' [ % A a X A
(autothermal reforming) LJuannszuawnmsNaulaluwinmssansmeanusaunifaduiitasannaelu
a .&’ Qq: aaa a & A v 9/:’ aaa a £ % aqz' =3 o % nl' v
nyzuawmMaiadunilfiseninesuivdeldiuszljisoeandiati ainuismansnthanuiawi ba
aaa a Qs té aaa v v a o L aaa a U :J
mﬂﬂgmmaaﬂﬂnm"ﬁumlﬂuﬂgmmmmm’lmaum‘l"ﬂﬂm@ﬂsﬂa“ﬁﬁmmuﬂgmm%ﬂafummu‘lam
= PPN o o ' a v o A v o
Tadul fATengaauion NiTUIUMIAINENIMAIATUAUNIA LY (startup) ISuazgsananTm
asnunsialan (coke) ladnaae (Ahmed Waz Krumpelt, 2001; Rabenstein Waz Hacker, 2008) Lia
msfinsuansnasasrssnisiiadfisenInesuisuuuealamasiavesniisesasluiiuaos Swami
L8z  Abraham (2006) wuiwmnﬁuaan%mmnﬁuéj°mﬁmnﬁmJﬁﬁ%maan%mfﬂwﬁwmn RINALA
YSunmuvasnfireseaanad Llaliwuunit Wang uazame (2009) vinmsdnsinsiiaiwesuiisuuveala
WasuavainaiseseaiNenaaislalasian Wang  wazame ’lﬁﬂ’ayjadwama:mi@hLﬁumumaq
m:mumiaaI@ma§w°'aﬁmm:am:ﬁaaﬁﬂﬁﬁ@ﬁwﬁmuﬁaUﬁq@LLa:ﬁawﬁnLﬁmﬂﬁl,ﬁ@ﬂﬁuamhﬂ
INNMINUTUNINBITBNR RN TIFRIzAR LA Nwddafiuanduwlnaauwlauadnwnsldntioase
a t:€ o L a 23 { a a
aU3gNT (pure  glycerol) AATUMINAATLalaTan UM ANIIILATIER IITITIURL D aUBINTT
o & v A AN o A A o AN A a AN o
FUATIZAMD bF AT aUNNALTTEAN LaaNNTzUIRNSHE M laArras i luun hasannnatrasaan ba
ANNIzUIRNINAA L ladtradiuninaasdnaIflszna Uy aInunITEN I BV INITUINANT
A Aaa A & A A AN o A a = A A
Waliseswesuiisainfesean ldainnszuauninda lulofaadaduisasiinauls
luﬁ'a‘z]’aﬁﬁ]:mLauamﬁmﬂ:ﬁmdmaﬂu"l,ﬂmﬁnafmaammﬁ@ﬂﬁﬁ%m?wa‘?uﬁal,muaaImma‘f
dazanfiweseatldinnizuiuniindalulefiadsazarnisnldidudeyanuginluniswaud
ﬂs:mumwﬁmﬁw‘lﬂmmumﬂLma'{lwé’amumguﬁ'nu‘lﬁ Tunsdwiasnlszna Uy IfNTRILATIZRN
va A a 4 Q a a {dl v dl 09’/ o
ama:am;a'cn:lmﬁmiwmsmwmwmmuam:mamﬂﬂﬂuamqﬂ INRUITFNNTANBINAVDIFNIIL b
NIA LTI LT aqm%n“ﬁ AAFEINTTNINIINGNALTETOR BAZEATIRINITHINIANTLAIUADNATATOR N
a ' A AAaa A & A & @ a AV o a A A
fnadanisiial §Asensvasulsuuuaslamesiavasnfiwaseai laannszuiwnisnaa luladinand
AATMEIBITHININNUOAAINALTITONAI G N uaﬂmnﬁﬁ’aﬁﬂmam’s:lumi@hLﬁm’mﬁmmmuﬁqﬂ
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6.2.1 MAanzinemasialamand
6.2.1.1 25n13ATWIN
Tasdndudindimasaatildannizuvinmindalulefioaezdsznaudisfasalusfiasng g iou w
Muan 8y uazaLsl e ﬂgaf:“fuﬁui’mqﬁuLLa:ni:mumwﬁmﬁW s lsfiawasfdsznounanves
nawesaanlaannizuinninaaluladimafiaenairasasnaziunines wn133taein1amesly
lauwfinduainszuinnsinesuduuvealamesiarainfeseadnsunaam e lalasianazdiinnng
Tauldlusunsy HYSYS efnwnsresnimiinesiifoitastunsdninnudiog 1 DIIVEIRIER
In3asInafuned sanduswinsindenaimases (aumsﬁ (6.16)) LAZAATNFINIZNIN0ONTLABADNALD

8388 (FNNNIN (6.17)) NiNadandanmsimMTlalasian

. molar flow rate of steam
Steam to crude glycerol ratio = (6.16)

molar flow rate of crude glycerol

Oxygen to crude glycerol ratio = molar flow rate of oxygen (6.17)

molar flow rate of crude glycerol

Ao A a I o ¢ & a
lasanTaniiaansTienziuaznsdsudeaussnuzsadiiangs 127
siaeanlrdudihiuiunszuiunminmsnialalasiau (TRG5280024)

108 W93, BNTTY 81NTHRTIUWN MadTIAINTINeD amsdanIsuaaas ﬁm’mmtﬁumf’mmﬁv



9 & :s' a € e & a a ¢ & A9 vo & a a 4 & a
S’IEI\‘]'IHQ‘U‘]J@NHim Unn 6 ﬂ'ﬁ')Lﬂi’]ﬁv\ﬁl]iﬁﬂuu"ﬁaalﬂjﬂL‘W'ﬂ\ﬂ"ﬁ%(ﬂaﬂﬂvL"ﬁﬂLL“]N"/]I"HT’]']"HL“HQLWQG“E%@Q%Lﬂ%L’ﬂaLWQG

& P o o e o A A & & ° waa '
amﬂxnauwamammlamaummmmmmw%mnLmaasmsumasaa:mmmi@ﬂlmaﬁﬂﬁmm

o a a1 94, A . A ° Aad
wasudaazvasiddiednfiga lasaunII®NNIL (equation of state) AT lUATANMITMNIINNITVRY Peng-
Robinson Stryjek-Vera (PRSV) luawidniidasiuvasniimataad ldannizuiunisnialuladisaszgn
USULRuNaAN BN AT IRAEINNNTY o UNALTIDAADLNNIWARNNNAADNITNRAAND 1T LATLIULAZIZIN

a9 o = a o Ad) v A a a5
Na“/]vl,(ﬂll']lfﬂiﬂ‘]_lLV]EJ‘]JﬂUT‘Iim‘Y]sL’ﬂﬂﬂL‘ﬁaiﬂﬂﬂiq%ﬁ

aaa A a & Sl a ¢ A 1‘ ¢ o a q"lv
6.2.1.2 Ujnszmnaduaiglunszuinnisivesasisuuusalamasiazasndwasaailaain
nszuawnsnaalulafa

o ) A ¢ A g & A k1 o v A A & ¢ o
F1IUNITUIBMINTNTILUVaa lanasNa L°1jaLwawzgﬂﬂaum"l,ﬂmmsawﬂasmuasmau

o 3 a o & aaa a v b aaa A o a X > v o
NUWILLRZDBNDEIY ﬂd%%ﬁdﬁﬂgﬂiﬂ?%ﬂﬂ%ﬂm@@?EJVLE]‘W]LLa:ﬂQﬂiE}'lE]E]ﬂ‘liL@]‘ﬁ%Lﬂ@]‘ll%Wiall“] nk @?UL%@;

(2 '
a =

Hugasonduwld dlunszuiumsinesufuuuealamasiavasmnaimeseadildannzuiunsndalula
ﬁmaﬁoﬁﬂﬁﬁ%m’%‘m?yﬁwﬁﬂvlaﬁﬂ (M7 (6.18)) wazUiseneandiatu (M7 (6.19)) Wud Jisen
wan muméﬁUﬂﬁﬁ%mﬂ]’wLﬁms'f%aﬂi:ﬂauﬁaUﬂg’jﬁ%‘mmmaiﬁaﬁw (FUMIA (6.20)) Ugfsemsina
finu (mun13fl (6.21)) uazdFAsoiwasufisdnfmaniveulasanlad (munsf (6.22)) :nufAsmnd
naThesuazinladnassUsznavvasssiiieadanuszuumafasWesuduuvaalamesiade na
18588 (C4HgOs) LWNUES  (CH,OH)  eandiam (0,) %1 (H,0)  an3usuwauanlad (CO)

asuanlaaan’led (CO,) lalasian (Hy) uazdinu (CH,)

Unseswasuiisanladi:

C,H,0, +3H,0 <> 7H, +3CO, (6.18a)

CH,OH + H,0 < 3H, + CO, (6.18b)
UfATuneanGiatu:

c3H803+§o2 <>3CO0, + 4H, (6.19a)

1

CH,OH +EOZ «~ CO, +2H, (6.19b)
Ujisomaaasuiadu:

CO+H,0-~CO, +H, (6.20)
Y Aseamaiadnu:

CO+3H, <> CH, +H,0 (6.21)
Uinseivesuisiadinudrofoasuonlasan lod:

CO, + CH, < 2H, +2CO (6.22)

6.2.2 Han13aasnarn1sanUsigna
o eI nitas i aue M IeNERRNIIA UM INAAM D lalaTLanaNNIT LRI TN BTN T ILUL
& @ a AN o a a A o a
palawmasiavainfrasaad baannszuIwnINaa luladimagidznavludionfirasaauaziuniuaaidu
wannelaanuanuszenme lwuisshazNansanuasaszsn e lunsiiiuuans g laun amnndl
AATNEIRITHININADNALTTON LAZAATIFIRITNINIONTLANGONALTETOR WazlhaI9INaIflTznauvas

a A o a a X o o a a a o & av A=x
ﬂﬂL‘Haiﬂfﬂ'ﬂvl.@ﬂjﬂﬂﬁzﬂ'luﬂqiwﬂ(ﬂvLUIa@Lmﬂ’ﬂuﬂ'ﬂﬁ@l@luLLQZﬂizﬂquﬂjiwﬂ@vLUIaﬂLsﬁa @\1%%1%@7%'3%1]%%\1

Ao A a I o ¢ & a
lasanTaniiaansTienziuaznsdsudeaussnuzsadiiangs 128
siaeanlrdudihiuiunszuiunminmsnialalasiau (TRG5280024)

108 W93, BNTTY 81NTHRTIUWN MadTIAINTINeD amsdanIsuaaas ﬁ;wmdﬂitﬁumf’mmﬁv



9 & a a € e & a a ¢ & A9 vo & a a 4 & a
S’IEI\‘]'IHQUU@NHim Unn 6 ﬂ'ﬁ')Lﬂi’]ﬁﬂﬁlliﬁﬂuu"ﬁaalﬂjﬂL‘Wﬂ\ﬂ"ﬁ%(ﬂaﬂﬂvla‘ﬁﬂLL“]N"/]I"HT’]']"HL“HQLWQG“E%@Q%Lﬂ%L’ﬁaLWQG

ANIAN NV BIEAEINYBIaIRUTznauaslunarasaanddantinaamalalasian @1397 6.5 Laas
gnzmIsinuINasInIeInszuInmMInasasuuueslamesiauszaoumalunmsdiinauilsly
midn lumsdaesnszuiunmanimaainualiamnglivesiosoleauiidranf 550 nadu larh
myfaasnzuinnImeldaniznsdidunwinesgwezldionianueinanizangaainiem 6.6
A = o a & & & & a A X
FIzAnbaNUTu1maInTUanNauan b a1suanlasanlad Jinw wazlalasanaziNNduaINnIg
a & o A A A AV o A A A Y =
VANT U BIFAEINLTIINRVBINRL TR lWNALTDTRaN LeanNIzuInNIINE lulafios tuyaeNinazd
a P a AV o a a o
YSunmnninilegadiuvasnfisasaalwnaimasaan lmainnszuawninaa luladimadidsunmdn g

P o A a & a & o a AN o
$19719N 6.5 ﬁﬂ']')zluﬂqﬁ@nLuuq’]%"ﬂa\'iﬂ3$'l.|'3uﬂ']iiwBSNNJLLUU@@I@]LV]aﬁ&lﬂmaﬂﬂﬂlfﬁaiaaﬂvl@"inﬂ

ATTUIWMIHAA LU lafena

Parameters Standard condition Operational range
Reformer temperature (K) 1000 600-1200
Pressure (atm) 1 -
Steam to crude glycerol ratio 3 1-9
Oxygen to crude glycerol ratio 0.6 0.1-0.8
% glycerol in crude glycerol - 40-100

a3197 6.6 MaFaLANzAf ldannszuaunsinasuisuuusalamasis o anazmIduiineuanasgn

Molar flow rate (kgmole/h) Mole fraction (dry basis)
% glycerol
H, CO CoO, CH, H,O H, Cco CO, CH,
100 4.202 1.527 1.455 0.018 2.762 0.583 0.212 0.202 0.002
80 3.727 1.228 1.361 0.011 2.850 0.589 0.194 0.215 0.002
60 3.231 0.943 1.251 0.007 2.956 0.595 0.174 0.230 0.001
40 2.709 0.678 1.119 0.003 3.084 0.601 0.150 0.248 0.001

6.2.2.1 NAVDIGWAAR IHNITANRWI

gﬂﬁ 6.9a LLammLﬂwa'mimLLa:émemivlmTﬂﬂiuamaaﬁ”ﬂsﬁvLaImeﬁvl@TLﬁaqmvxnﬂﬁlumi
Fuiiniuaiasiesumeiifouutasuazniivaseaii ldnnnszuaunsndalulofiradidadiuvas
USnmnfratonsdnd g N miLﬁwqmwgﬁ‘tumw‘hLﬁumm:ﬁﬂﬁﬁﬂdmua:é"mwmi"l,mL‘%ﬂ&lamadﬁ"ﬂﬁj
"l,aimmmgaifu snemzmsiisnudasfifiedunderunsdinisldida st dn g 1w S wnues
uaztamuaa lumsndaieslalasiau (Seo uazame, 2002; Faungnawakij UasAtke, 2006; Liu WATATAS,
2008) mﬂ@’ms@‘hLﬁmm‘ﬁ'amazaw@a ﬂﬁmaiaaﬁvlﬁmﬂmzmumw§mvluiaﬁLﬂﬁaﬁ)$Qﬂ1°ﬁammugitﬁ
lunng ﬁaaqmwgﬁﬁﬁwmsﬁﬂm nafn bl wAwinmaRsdusesmalalaseuiuinnnmaiaduses
Uisendounaupesljiseinisiiaiing (reverse methanation reaction) ldfwfiinuisanmanas
uaﬂﬂﬁﬂﬁLﬁaL‘]J%&I‘]JLﬁSJ‘LINaﬂ’liﬁﬂ‘]:}’1ﬂvﬁJﬂiﬂﬁl’E’ﬂaL‘ﬁaiaaU%QﬂﬁLﬁﬁ wuinanuutusasilalasian
Aldanmslendimeseaildannizuinminialuladimaiientonnin Mitifiesnnmsfidinivenise
Unaglundimeseaildannszuiumsndaluledios azdinalimalalasauindaldannd fAsuivesu

o
o o

a aaa va v 1 dl a L5 = a nf lil a
mLLa:ﬂgmmLmvlmumuaﬂrm‘vmam"lmmﬂﬂalfﬂasaamqm (FUNNIN (6.18)-(6.19)) AInniIunsva9
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6.9b usasliidnihanududuasianiivenuauanlodeziidnintmdadnsdnivnuigun) gl
A A Aaaa o o Aaaa ¢ o a & Aaa o
Faudunanranmafiad jiserdeunavrestfiseneneiuisdndadul jAiTogaanuianuas
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iadfAsenlddiladuiivnungmnndgs sudjisonafadmufiezienudayiosaniiasandu
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& uq: a A 6 a = d'd A ] a v o v U U 6V
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- T F  ade a . Ny
anfuaunauan lodlulTnanniuiuenadnadesurinuzvausssfanisnduinnudisgunn i 9
leun irasiTainiinfiaiiauanifoulisaan (proton exchange membrane fuel cell, PEMFC) aaniwlis
A A o [ A v =) & a 6 o = A v
NIBNTIN AT balasiani lannIzuIRMBIWasuTsuuaa lamasavaInaLsasosn leaNNNIZUIKANT
naaluladira bl du o waIs I nI U as TaIwa I s dudadiiynszuInnInyin v lalasian
a A‘ v a 23 v ) a aaa 24 a
vignsidn il luszuunmianfafialalasaudis u nrzuaunmaifiadjAToneinaiudadn %30

NITUIUMNTLENAILLNNLLTY LT UAY

6.2.2.2 HAYBIDAINEINITUINUINDNALTBTDR
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Glycerol Steam to crude Oxygen to crude Adiabatic Molar flow of H, Mole fraction of H,
content (%) glycerol ratio glycerol ratio temperature (K) (kgmole/h) wet basis dry basis
100 1 0.7 1002 3.543 0.447 0.542
3 0.7 962 4.089 0.412 0.577
6 0.7 910 4.576 0.355 0.604
9 0.7 867 4.820 0.304 0.616
80 1 0.6 987 3.219 0.453 0.553
3 0.6 943 3.734 0.410 0.589
6 0.6 888 4.147 0.344 0.615
9 0.6 844 4.317 0.287 0.624
60 1 0.5 969 2.881 0.459 0.567
3 0.5 922 3.355 0.401 0.604
6 0.5 864 3.677 0.327 0.626
9 0.5 818 3.772 0.266 0.632
40 1 0.4 950 2.527 0.464 0.584
3 04 896 2.940 0.395 0.620
6 0.5 903 3.194 0.302 0.639
9 0.5 842 3.311 0.244 0.648
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Mass balance in fuel channel (i = CH,, H,O, CO, H,, and CO,)

dC, ; 1 1
dx U, Zj:("i,JRj)hf (7.1)

J = steam reforming, water gas shift, and electrochemical reactions

Mass balance in air channel (i = O, )

dc,, 1 1
AL

J = electrochemical reaction

A13191 7.2 wuusaad nadvasimaaianisriaoan e wd

Open-circuit voltage (EOCV):

0.5
RT Py, P
EOYV = E% 4 —In| 2= (7.3)
F Ph,0
Operating voltage (V):
ocv

V = E _(nohm + nact +7700nc) (7.4)
Activation overpotential (77,):

. anF (1— a)nF

= IO,electrode exp FnAct,electrode —exp _TnAct,electrode (7.5)

. RT E

IO,electrode = nF kelectrode exp(_ ellgeac_tlr_odej (7.6)
Ohmic 108s (opm):

. T; |7 7 T,
Nonm = IZ Li | —j| Zanode electrolyte + —cathode (7.7)
o-i O-anode O-electrolyte o-cathode
Concentration overpotential (774onc):
RT RT
Noone = 5= N DuoreePu, | Rl _Po, (7.8)
2F Pu,0 P, 18 4F Po, tee
RTz
sz,TPB = sz,f - ok (7.9)
2F Deff,anode
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RT 2-anode
Pr,op8 = Ph,os ‘*‘F' (7.10)
eff,anode
RTz .
pOZ,TPBZP_(P_pOZ,a)eXp %' (7.11)

eff,cathode
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yosframelumasidawds azaunsndwimmainnurnmussnsug Wwaseld asanlunis
Fuinauleinualdndnglnivesmadifanasdanasd satuanneanunmwinnszualnviiais
wazendng W AazaanTafw s L i as WY Ussnsanaasiaadidoinas wazannnsld
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Start
A
Input cell geometry: .| Inlet fuel and air | Input operating conditions:
L, W, h¢, h, i composition o T,P,V, Fs, Fa
v
Electrochemical model: Input material properites:
Calculate i from -t Tanodes Tcathodes Telectrolytes
V(Q)-E°Y(i)- 7ace(i)- 7omm(i)- 7conc(i) = O Ganode: Ocathodes electrolytes
A kanodea kcathodea Eanode: Ecathode

Mass balance: gas composition

Reforming, Water gas shift, -
Electrochemical reactions

|
| new
|
|
|

End

v

sin 7.1 LRWATNASEA RN NI T IR AT FIRIU NI TR AN TN TIOUSY D ILTRRLTALWRITHAB DN e T IN

RN1ZAIA7
Mass .
—> ———»{ Solution
balance |
Input . |
S i |
parameters T, :
V, Neural ]
S . g
ym, Network
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lunseanuuulassnsirsanatinunltunuiuusiaasnma lwnwiadng lunuisohlaltlassne
favauvudewlutrentinuazinaneoi  (multiple feedforward neural network) lutaauwnisaanuwuy
lavsinefadafinanzay gavastayanlsdniunisindulassinoiiaiaezudseandu 3 ga laud (1)
ﬁayjaﬁm%’umiﬂﬂimwwf;lﬁ';%'a (2) ﬁagaﬁw%’umsmnaaummgﬂﬁawaumm‘haaﬂmo"ﬁmﬁﬁa
(validation) Tayazaitazldarrasauinavasnmiinlasinsiisaiianugnesiniald lasninasiasey
wudwamaamsﬁﬂvlajgﬂﬁaaLﬁuﬁhmuﬂ{aﬁﬁmu@ ﬁﬁ]:%ﬂq@lﬂﬁiﬁﬂﬂ%lﬂﬁ‘li’]ﬂﬁ’a%ﬁlﬁuﬁ ey (3) ﬁayja
fniunaseunuuiiaedlaiineiingnadi (test) Toyaraiazldnaseunazasnisiinlassinoiiaiadinld
dranuanaianrily lasdndudalunmaiiinlasdefsaldisouianuduwusszniidaudsaud
wazdudsnneanazlidayanldanninases advilsianudayadindi limunsanunldielunng
FANENTFARINUNADINNT @”ﬂﬁfulumu%'ﬂﬁﬁmuuﬁ‘[ﬂ*’ﬁi@yamﬁmnmﬁwaaﬂ@ gltuuudiaed
Inviafifiuaasdiansed 7.2 unudayannnminasss MuiunsaiuuuiaeIneadiacaaivadioas
:&’ a a 6 & v a Yo o di o a Mt 6 &J a v
dawdsriaeeanloduds udhazdfiiauenuuineaiawsdnsmznmalWwizesoadizaindald
ADUTIININUAD Lmurﬁmaa@”&na’nﬂ'\iﬁadﬂﬁwwiwﬁmai(maﬁwmaumam?ag"mmﬂﬂ'w WA AR eT

& o A o = ' A caN v o a A
ARz lanS Uz u o ldaNNA1INARBINANN AIWIINTLABIN LNNTANNABIALARD bUANTHNE K
Immhﬂﬁ's%'asluamﬂ@1mwfa'j']a:ﬁﬁagamnmimaaaﬂmauﬂqwma@mG] lumsdfunuasiaas
e lfineliuuudaeslassinefidanlddanuingeiieninige
A ' A & ° % P & & a P ¢ = A

ANINN 7.2 UIAIAIWIITLeasN bt luiuuinaadn e dvasisas ol naIniasan kuauds vve
ai‘”’w’gmaﬁagaﬁ’m%’uﬂﬂimumﬂﬁﬁ'a NWITEHAYINMSUSULU AanA1ni I Ttaas lun1 e uue 9
s ands laun gampiilunsduiiunulugag 873 s 1273 1aadu EIwluavasina lalasianuas
1 lus29 0.1 019 0.9 uazFang lWwWA g9 0 89 1.1 Tad lagldsundliiassiuluavasaandiawlustas
msvl,m*’uadmmﬂﬁmmﬁLﬁaqﬁ]’mﬁé'mwmiﬂaummﬂ@ial,%al,wﬁmauiwga ERUPSE B HEVK R
liidudanasgiulasds z-score uazltaane3su Levenberg — Marquardt lunmsinuuudiaaslassing
a Qs o 1 a Qs ISI v g Y Qs v s d’ £33
238 wwudnaslantheihinnsiduezgnindulasldddaudmidiussdiudsmeanildannms
Fmedlaglfiundaesiwvied lassmhefidaezngalnduiiiadianuamaiaian (mean square error,
MSE) Teinsananunimnuuuzadnszug ivhd laannmsvwelaglduuudiasslassinafisanudiaing

' ¥ A A W ' A > -4 A A ° ' A o A

R uYInIEna WIS sddtauniinSowrinny 1x10” G9azfioduuusiasdlassanefiisadainy
nzaN lwn i W lsvinuisdianurwiwinaeInseua W NgA a1 u s U Ve IA1 AL TN

i lrHn

A3 7.2 dwnndieesnlsluuuusiaesiWnied (Aguiar uazame, 2004)

Tonode 500 ptm Koo 6.54x10 Q' 'm”

Teathode 50 pm Koo 235x10" Q"' m?

Tetectrolyte 20 pm [ 140 kJ mol”

oo 80x10° Q" m’ E. oot 137 kJ mol”

O s 84x10° Q" m" Diattanoce 366 x 10° m’s"

etectrolyte 33.4 x 10° exp (-10300/T) Q'm’ Dot catnode 137 x10° m’s"
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7.2 Hauazni1sandsiuua
lunsaddenan1sdnaadnszuawnTazuidaanidn 2 & laslunatan 7.2.1 azugaINans
WIlATIE3 1989 1ATITLTIITANTANVRNNZEN INWRIURATN 7.2.2 32ULEUaNTATTAFUTIOUSY DI
& & a A ¢ & A a A ¢ a o a o o ' P o
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7.2.1 Taseasr9vaslasezinaisa
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Temperature (7) =

Mole fraction of H, =
Current density (i)

Mole fraction of H,O =

Cell voltage (U) —p

Input " Hidden 2™ Hidden  Output
Layer Layer Layer Layer

317 7.3 lawssisvesuuudraaslassnefasannanzay

Voltage (V)

Current density (A cm™)
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Parameters Value

Operating conditions

Operating temperature, T 1023 K

Operating pressure, P 1.0 atm

Inlet molar flow rate of fuel, F; 0.0015 mol s

Inlet molar flow rate of air, F, 0.015 mol 5™

Air composition 21% O,, 79% N,

Fuel composition Steam/Carbon = 2, 10% pre-reforming

28.1% CH,, 56.7% H,0, 0.5% CO, 12% H,, and 2.7% CO,

Dimensions of cell element

Cell length, L 0.4 m

Cell width, W 0.1m

Fuel channel height, h; 1 mm

Air channel height, h, 1 mm
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9190 7.4 susInuzaamasiawiirinaan lodudinoldanizmaduiiunuanasgu

Cell voltage Average current density Power density Fuel cell efficiency Fuel utilization

(V) (A cm?) (W cm?) (%) (%)
0.54 0.8793 0.4748 49.52 97.23
0.56 0.8569 0.4799 50.04 94.75
0.58 0.8296 0.4811 50.17 91.72
0.60 0.7982 0.4789 49.94 88.25
0.62 0.7641 0.4738 49.40 84.49
0.64 0.7284 0.4662 48.61 80.54
0.66 0.6919 0.4566 47.62 76.50
0.68 0.6551 0.4454 46.45 72.43
0.70 0.6184 0.4329 45.14 68.37
0.72 0.5821 0.4191 43.70 64.36
0.74 0.5462 0.4042 42.15 60.40
1.0 . . . . . . . . . 0.50
—@— Current density
--4-- Power density
09 _A--—"®--—g {0.48
o) N\*\\
o N 1 S
f{ L £
N,
< 08} “a {0.46 =
= >
wn —
c (2]
(3]} <
S S
c 0.7 044 o
(b} [<5]
= =
> (@]
(@) [a
0.6 0.42
40

0. '] '] '] '] '] '] '] '] '] 0
3.54 0.56 0.58 0.60 0.62 0.64 066 0.68 0.70 0.72 0.74
Cell wvoltage (V)
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A theoretical study of a solid oxide fuel cell (SOFC) fed by ethanol is presented in this study.
The previous studies mostly investigated the performance of ethanol-fuelled fuel cells
based on a thermodynamic analysis and neglected the presence of actual losses encoun-
tered in a real SOFC operation. Therefore, the real performance of an anode-supported
SOFC with direct-internal reforming operation is investigated here using a one-dimen-
sional isothermal model coupled with a detailed electrochemical model for computing
ohmic, activation, and concentration overpotentials. Effects of design and operating
parameters, i.e., anode thickness, temperature, pressure, and degree of ethanol pre-
reforming, on fuel cell performance are analyzed. The simulation results show that when
SOFC is operated at the standard conditions (V=0.65V, T=1023K, and P=1atm), the

average power density of 0.51 Wcm?

is obtained and the activation overpotentials
represent a major loss in the fuel cell, followed by the ohmic and concentration losses. An
increase in the thickness of anode decreases fuel cell efficiency due to increased anode
concentration overpotential. The performance of the anode-supported SOFC fuelled by
ethanol can be improved by either increasing temperature, pressure, degree of pre-
reforming of ethanol, and steam to ethanol molar ratio or decreasing the anode thickness
and fuel flow rate at inlet. It is suggested that the anode thickness and operating conditions
should be carefully determined to optimize fuel cell efficiency and fuel utilization.

© 2009 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.

1. Introduction

resistant materials that in turn cause high fabrication cost.
Recently, a number of research efforts have been focused on

Fuel cells are cleaner and more efficient technology for
chemical-to-electrical energy conversion over conventional
combustion methods of power generation [1]. Among the
various types of fuel cell, the solid oxide fuel cell (SOFC) has
received considerable attention due to its high efficiency and
fuel flexibility [2,3]. Nevertheless, the high-temperature
operation of SOFC (>1000K) requires high-temperature

* Corresponding author. Tel.: +66 2 2186878; fax: +66 2 2186877.
E-mail address: amornchai.a@chula.ac.th (A. Arpornwichanop).

a lower temperature cell operation (873-1023K) and the
system is referred to as an intermediate temperature solid
oxide fuel cell (IT-SOFC). A decrease in operating tempera-
tures offers many benefits, namely, high system reliability,
long stack life time, and short start-up time [4]. However, the
problem associated with the lower temperature operation is
an increase in cell ohmic loss [5]. The use of anode-supported

0360-3199/$ - see front matter © 2009 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.ijhydene.2009.07.006
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Nomenclature
C; molar concentration of component i, mol m~3
Deff electrode €lectrode effective gas-diffusion coefficient,
2.1
m*s
% cell voltage, V
E°SY  open-circuit voltage (OCV), V
E° OCYV for standard temperature and pressure and

pure reactants for the H, oxidation reaction, V
Eelectrode activation energy of the exchange-current
density, kJ mol~*

F Faraday’s constant, C mol?

Fair molar flow rate of the air stream, mols™
Fruel molar flow rate of the fuel stream, mols™*
ha air channel height, m

he fuel channel height, m

Tave, 1 average and local current density, Am 2

ip,electrode €Xchange-current density, Am ™2
Relectrode pre-exponential factor of the exchange-current
density, @ 'm™?

L cell length, m

LHV? lower heating value of component i at inlet

n number of electrons participating in the
electrochemical reaction

P pressure, kPa

Di partial pressure of component i, bar

Di,TPB partial pressure of component i at relevant three-

phase boundary, bar

power density, Wm™?

Psorc

R; rate of reaction j, molm2?s~?

Rohm total cell resistance, including both ionic and
electronic resistance, Q@ m?

R gas constant, kf mol *K~?

T temperature, K

Utyel fuel utilization

Uy air velocity, ms™*

Us fuel velocity, ms™*

W cell width, m

X axial coordinate, m

Vi molar fraction of component i

y? molar fraction of component i at inlet

Greek letters

a transfer coefficient

£SOFC fuel cell efficiency, %

Nact activation overpotential, V

Neonc concentration overpotential, V

Nohm ohmic overpotential, V

Oanode  anode electrical conductivity, @ ' m™?

Ocathode cathode electrical conductivity, @ 'm™*

Celectrolyte €lectrolyte ionic conductivity, @ 'm*

anode thickness, m

Tcathode Cathode thickness, m

Telectrolyte €lectrolyte thickness, m

vij stoichiometric coefficient of
component i in reaction j

Tanode

Superscripts
0 feed conditions (fuel and air channel inlet)

SOFCs, in which the anode is the thickest component and
support structure, is one of the approaches to overcome the
high ohmic resistance of electrolyte under the intermediate
temperature operation [6].

Considering the fuel types of fuel cells, methane is a widely
used hydrocarbon fuel because of its availability and ease in
distribution. However, methane mostly derived from fossil
fuel source (natural gas) has been increasingly of concern due
to its high price and limited amount. Alternatively, ethanol is
an attractive green fuel for use in fuel cells as it can be
produced renewably from a fermentation of biomass and
agricultural products (e.g., potato and cane) [7]. Moreover,
ethanol has lower toxicity and volatility and is liquid at a room
temperature, so it is easier to store, handle and transport in
a safe way compared to other fuels [8].

In SOFC operation, ethanol needs to be converted into
hydrogen-rich gas in an external reformer via a reforming
reaction before feeding into fuel cells. There are different
ethanol reforming reactions (i.e., steaming reforming, dry
reforming, and partial oxidation); however, the performances
of SOFC fuelled by the hydrogen-rich gas from an ethanol
steam reforming process showed the highest maximum effi-
ciency [9]. Due to the high-temperature operation of SOFC, the
ethanol steam reforming reaction can also be carried out
within SOFC. This technique is referred to as an internal
reforming SOFC (IR-SOFC) [10,11]. The internal reforming
process can be divided into two main approaches, depending

on the position of a reformer section and a fuel cell anode:
indirect (IIR) and direct (DIR) internal reforming. In the former,
fuel is fed into the reforming section which is separated but
adjacent to the fuel cell anode side. In the latter, fuel is directly
fed into a fuel cell and directly reformed on the anode mate-
rial. The main advantage of the DIR-SOFC operation is that
hydrogen produced from the ethanol reforming reaction is
continuously consumed during the oxidation of hydrogen for
generating electricity and thereby the conversion of the
reversible reforming enhanced. However,
a complete internal reforming may lead to carbon formation
in the anode channel and to the large temperature gradients
in the cell stack due to fast endothermic reforming reaction. A
partial reforming of fuel via an external pre-reformer can be
used to avoid such problems [12].

There are a number of researches dealing with the use of
ethanol for fuel cells [7,9,13-17]. The previous studies mostly
investigated the performance of ethanol-fuelled fuel cells
based on a thermodynamic analysis. Assabumrungrat et al. [7]
performed the thermodynamic analysis for a DIR-SOFC fed by
ethanol with the aim at determining the ranges of inlet steam
to ethanol ratio to avoid carbon formation. However, the
calculations neglected the presence of actual losses encoun-
tered in a real SOFC operation. Tsiakaras and Demin [9] ther-
modynamically analyzed the use of ethanol as fuel in an SOFC
system with different reactions, i.e., steam reforming,
reforming with CO,, and partial oxidation with air. Jamsak

reaction is
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et al. [16] investigated the theoretical performance of ethanol-
fuelled solid oxide fuel cells (SOFCs) and found that SOFC
efficiencies depend on the type of electrolyte, mode of oper-
ation, inlet ratio of steam and ethanol and fuel utilization.
Although a thermodynamic analysis provides a guideline for
predicting the effect of operating condition on the perfor-
mance of fuel cells, a detailed mathematical modeling is also
necessary for understanding the complicated electrical char-
acteristics of fuel cells related to reaction and mass transport
processes, which result in more accurate prediction of fuel cell
performance, leading to an optimal design of fuel cells.

In this study, the performance of an anode-supported
SOFC fed by ethanol under a direct-internal reforming oper-
ation and isothermal condition was investigated using a one-
dimensional steady-state fuel cell model and a detailed
electrochemical model taking into account all various voltage
losses (i.e., activation, ohmic and concentration losses). The
model was employed to determine the variations of gas
component, voltage losses, and current density along the
length of fuel cell. The electrical characteristics of the SOFC
were analyzed with respect to the influence of key design and
operating parameters such as anode thickness, temperature,
degree of ethanol pre-reforming, and inlet fuel flow.

2. SOFC model

A single cell of a planar solid oxide fuel cell with an anode-
supported structure and direct-internal reforming (DIR)
operation is considered. It composes of fuel and air channels
and a solid part in which a dense solid electrolyte separates
two porous electrodes (i.e., anode and cathode) as shown in
Fig. 1. In general, the electrolyte is made of yttria-stabilised
zirconia (YSZ) which can conduct oxide ion efficiently
whereas the most widely used materials for the anode and the
cathode are nickel/YSZ and strontium-doped lanthanum
manganite (LSM), respectively.

Ethanol is fed to the fuel channel and directly reformed
within SOFC via an endothermic steam reforming reaction
(Eq. (1)) at the anode. It is noted that Eq. (1) shows the stoi-
chiometrical ethanol steam reforming reaction for the
maximum hydrogen production. Hydrogen produced
undergoes a hydrogen oxidation reaction (Eq. (2)) to produce
steam and electrons. Oxidant is simultaneously fed to the air

[L‘ /

channel, accepts electrons from the external circuit, and
undergoes an oxygen reduction reaction (Eq. (3)). The electron
flowing in an external circuit from the anode to the cathode
produces direct-current electricity. The reactions occurred in
the DIR-SOFC can be summarized as:

Fuel channel:

C,HsOH + 3H,0 — 2CO, + 6H, (1)
Hy + 0% - H,0 +2e~ (2)
Air channel:

1/20, +2e~ — 02~ 3)

Qverall electrochemical reaction:

H, +1/20, —» H,0 )

As mentioned above, the flow of electrons via the external
circuit produces direct-current electricity. The amount of
current produced depends on a size of reaction area; the larger
size of the reaction area can produce more current. The way to
produce larger reaction surface is to increase the ratio of
surface to catalyst volume by making thinner planar geometry
of the fuel cell. Further, using more porous electrode also
helps to increase the surface for the reaction.

A mathematical model of SOFC consists of two mass
balances around the fuel (C,HsOH, H,0, CO,, and H,) and air
(N, and O,) channels and an electrochemical model that
relates the fuel and air composition and temperature to the
voltage, current density, and other related-cell variables. The
assumptions used to develop a planar anode-supported DIR-
SOFC model include (1) steady-state operation, (2) one-
dimensional variation in gas flow direction, (3) uniform
temperature and total pressure over the model geometry, (4)
constant cell voltage along the cell coordinate, and (5)
constant fluid properties [18]. Further, due to fast flow rate of
fuel and air, gas flows in fuel cell channels are assumed to be
dominated by a convective term; the axial dispersion effect is
neglected. By performing mass balances, the following equa-
tions are obtained:

Fig. 1 - Schematic diagram of a planar SOFC.
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Fuel channel:

aCi: 1 1
o LS g

U e (@4
ie {C,HsOH, H,0, CO,, H,}

Air channel:

9Cia :7lu R 1

ox Uy BT, 6)
i€ {0;, Ny}

where C; is the concentration of component i, »;; is the stoi-
chiometric coefficient of component i in reaction j, R; is the
rate of reaction j, ugand u, are the fuel and air velocities, and h
and h, are the height of fuel and air channels, respectively.

The rate expressions for the ethanol steam reforming and
the hydrogen electrochemical reaction are shown as follows
[1,19,20]:

)

4410
Ra) = 3.123 x 107 2CF oexp <_%7T>

Ra)=Rp =Ry =7z (8)

The theoretical voltage that can be achieved by a fuel cell
under specific operating conditions is also known as the
‘electromotive force’ or ‘reversible open-circuit voltage (E°<V)’".
This E°¢V can be determined by the Nernst equation:

1/2
EOCV _ 0 | g;_gln (szpOZ > ©)

Pu,0

where % is the universal gas constant, F is the faraday
constant, T is the operating temperature (K), pu,, Pu,0 and po,
are the partial pressure of H,, H,O and O,, respectively, E°
stands for the reversible open-circuit potential at standard
temperature and pressure and can be expressed by the
following equation [21]:

E® = 1.253 - 2.4516 x 10T (10)

However, in real operation, the operating cell voltage (V) is
always lower than the reversible open-circuit voltage because,
when the current flows in the system, there are voltage losses
taking place in the fuel cell. These losses are caused by (i)
kinetics of the electrochemical reactions, (ii) internal electrical
and ionic resistances, and (iii) mass transfer of reactants to
reaction sites. The actual operating cell voltage can be written
as follows:

__ pocv
V=E - (nact.anode + Nact.cathode + Mohm + Nconc,anode

+ nconc‘cathode) (11)

where nact anode a1d Nact cathode Stand for the activation losses at
the anode and the cathode, respectively, nonm Stands for the
ohmic loss, and 7concanode @Nd 7conc,cathode represent the
concentration losses at the anode and the cathode, respectively.
Activation overpotential is the voltage loss that relates to
the electrode kinetics at the reaction site. Activation over-
potentials can be computed by the Butler-Volmer equation:

. anF (1—a)nF
1=1p electrode | €XP ﬁnact,electrode —€exp _Tnact.electmde

electrodee {anode,cathode}
(12)

where «a represents the transfer coefficient (usually taken to be
0.5), n is the number of electrons transferred in the single
elementary rate-limiting reaction step, and i electrode iS the
electrode exchange-current density which is a crucially
important factor for computing the activation overpotential
[22]. In this study, the approximate expression proposed by
Aguiar et al. [23] was used to determine the value of the
exchange-current density, which depends on the operating
temperature as given in (Eq. (13)). The value of pre-exponen-
tial factor (Rejectrode) @nd activation energy of the anode and
cathode (Eejectrode) for the calculation of ig electrode are listed in
Table 1.

Eelectrode)

. NT.
10.electrode = erlectrodeexp - RT

(13)
electrodee {anode, cathode}

Ohmic loss is caused by the resistance to the flow of ions in
electrolyte and to the flow of electrons through electrically
conductive fuel cell components. This loss is proportional to
current density following the Ohm’s law as:

Nohm = iRohm (14)

where i is the current density and Ronm is the total cell internal

resistance that can be obtained from the measurement of cell

resistances or be estimated from the effective distance

between the cell components coupled with conductivity data

as given by:

Ropm = > o (15)
ai

where 7; and o; are the thickness and conductivity of the cell

component i (i.e., anode, electrolyte and cathode),

respectively.

Concentration overpotential is obtained from the difference
in the open-circuit voltage calculated based on the reactant
and product concentrations at the electrode/electrolyte inter-
faces (three-phase boundaries, TPB) and that based on the bulk
concentrations and can be expressed as follows:

RT. [ Pu,0.1PBPH RT. Po
=—InZ=————"=2] +—In 2 16
cone 2F <pHZOsz TPB 4F Po,.TpB ( )
where the first term on the right-hand side refers to the anodic
concentration overpotential (9conc,anode) and the second term

Table 1 - Values of pre-exponential factor and activation

energy of anode and cathode for the calculation of the
exchange-current density [23].

Anode

Ranode 6.54 x 10" Q"'m~2
Eanode 140 kJ mol?
Cathode

Rcathode 2.35x 10 @ tm2
Ecathode 137 kJ mol 4
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Fig. 2 - Comparison between model predictions and
experimental results [24].

to the cathodic concentration overpotential (nconc cathode)s
Pu, 8, Pu,0res and po, tes are the partial pressures of H,, H,0,
and O, at the three-phase boundaries, respectively. Their
diffusion transport in a porous electrode can be described by
Fick’s model as shown in Egs. (17)-(19).

RTtanode .
Pu, TPB = PH, f — sl 17
e e o 2FDeff,anode ( )
AT tanode -
0. = N 18
Pr0mee Preo 2FDeff.anode ( )
%T'Ecathode .

0, P8 = P — (P — Po,.a |€Xp | ———i 19
Fo: ( Po: a) P 4FDeff cathodeP ( )

Although the gas-diffusion coefficient (Defr;) increases with
increasing temperature, the effect of increased diffusion rate
on the concentration overpotential is less pronounced [21].
Therefore, the gas-diffusion coefficient is assumed to be
constant in this study; the effect of the variation of the gas-
diffusion coefficient with a temperature is not included in Egs.
(17)—(19) for computing the concentration overpotentials.

3. Results and discussion

The SOFC model consisting of a set of ordinary differential
and algebraic equations as mentioned earlier was solved by

Table 2 - Physical parameters of cell components [23].

Anode electrical conductivity, danode 80x10°Q tm™?

Cathode electrical conductivity, ocathoge ~ 84 x 10°Q 'm™?!

Electrolyte ionic conductivity, delectrolyte 33.4 x 10°
exp(—10,300/T) @ 'm™*

Anode diffusion coefficient, Deff anode 3.66 x 10 °m?s~*

Cathode diffusion coefficient, Def cathoge ~ 1.37 X 107> m?s ™!

Porosity, ¢ 0.3

TOrtuosity, Tiortuosity 6

Average pore radius, dp 0.5 pm

Table 3 - Input model parameters for fuel cell
simulations.

Operating conditions
Operating temperature, T 1023 K
Operating pressure, P 1bar

Operating cell voltage, V 0.65V

Molar flow rate of the fuel 0.005 mol/s
stream at inlet, FQ

Molar flow rate of the air 0.02 mol/s

stream at inlet, FS,
Air feed
Fuel feed (30% pre-reforming)

21% O,, 79% N,
Stream/ethanol =7

Cell dimensions

Cell length, L 04m
Cell width, W 0.1m
Fuel channel height, hf 1mm
Air channel height, h, 1 mm
Anode thickness, tanoge 500 pm
Cathode thickness, tcathode 50 um
Electrolyte thickness, telectrolyte 20 pm

using Matlab. To ensure the predicted results of SOFC
performance, the proposed model was first validated with
experimental data of Huang et al. [24] who investigated the
electrochemical characteristics of an ethanol-fuelled SOFC.
The materials used for anode, electrolyte and cathode
are Lag75570.25Cr0.sMng 5035 (LSCM), LaggST0.2Gap.sMgo.203-5
(LSGM) and (Pro7Caps) 0oMnO; (PCM) and their thicknesses
are 65, 600 and 20 um, respectively. By using the same oper-
ating conditions as reported in [24], the mixture of ethanol
and water with the volumetric ratio of 2:1 is used as fuel and
oxygen as oxidant. The fuel and oxidant flow rates are set to
be 25 mLmin~'. The current-voltage curve of the SOFC was
characterized at temperatures of 1023 K, 1073 K, and 1123K
and a pressure of 1bar. The comparison of the model
prediction and experimental data in terms of cell voltage at
different current densities and operating temperatures is
shown in Fig. 2. It is observed that the model prediction agrees
well with its corresponding experimental values when the
exchange-current densities of anode and cathode and the
ionic conductivity of electrolyte are adjusted appropriately.
The cell voltage decreases with decreasing operating
temperatures since a drop in the operating temperature
causes a relevant reduction of the ionic conductivity of the
electrolyte, which results in an increase in the ohmic loss.
Next, the effect of key design and operating parameters on
SOFC performance in terms of electrical efficiency and fuel
utilization under isothermal condition is investigated. The
physical parameters of cell components and input model

Table 4 - Crude ethanol composition [19].

Crude ethanol components % Volume
Ethanol 12.0
Lactic acid 1.0
Glycerol 1.0
Maltose 0.001
Water 86.0
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Table 5 - The results of all individual overpotentials
obtained from reference case study.

Overpotentials Value (V)
Nact,anode 0.1238
MNact,cathode 0.1789
MNohm 0.1111
MNact,anode 0.0106
MNact,cathode 0.0005

parameters used in the performance analysis of an anode-
supported planar SOFC with ethanol as a fuel at standard
condition are listed in Tables 2 and 3. In this study, the oper-
ating cell voltage was kept constant at 0.65 V. It was reported
that the operation of fuel cells at a voltage between 0.6 and
0.7V is a good compromise between cell efficiency, power
density, low capital cost, and stable operation [25]. The fuel
feed is derived from an external reformer where a steam
reforming of crude ethanol occurs. The composition of the
crude ethanol obtained from a fermentation process [19] is
given in Table 4. It was assumed here that the crude ethanol
consists of major ethanol and water. Due to the variation in
gas compositions along the cathode and anode channels, the

a 284 . . 0.51
\\\ —=— Efficiency
—4--- Fud utilization
28.0 4 0.50
< m
S 276 {049 &
) s
o T~ =
5 ~e B
= 272 {048 =
L S
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268 Steam/Ethanol = 7 047
Molar Flow of fuel = 0.005 mol/s

Fuel derived from 30% pre-reforming

264 0.46
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= -k ]
S oosf ohmic _ |
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& 006} |
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O 004
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0.02 -P/./’//"
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Fig. 3 - Effect of anode thickness on: (a) fuel cell efficiency
and fuel utilization, and (b) ohmic and anode concentration
overpotentials.
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Fig. 4 - Effect of temperature on: (a) fuel cell efficiency and
fuel utilization, and (b) activation, ohmic and anode
concentration overpotentials.

open-circuit voltage and consequently the current density
change with the distance. The average current density (iave)
obtained is calculated by the integration of the current density
distribution along the whole length of the cell channel. The
electrical efficiency and fuel utilization of fuel cell can be
determined as follows:

esorc = fave VLW (20)
(yngSOH LHV(()IZHSOH + y%z LHV?{Z ) F(f)uel
lave LW
Ufuel = ave (21)

(121:}’%214501-[ + 2ch})12>1:?uel

where L and W are the length and width of cell, y¢ oy 2and ¥,
are the mole fraction of ethanol and hydrogen at inlet of fuel
cell, LHVgy,on and LHVy, are the lower heating value of
ethanol and hydrogen, respectively.

It is noted that under the reference case, the average
current density of 0.79Acm % the power density of
0.51 Wcem™2, the fuel cell efficiency of 27.5%, and the fuel
utilization of 0.5 are obtained. When considering individual
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overpotentials, it is found that the activation overpotentials
represent a major loss in the fuel cell, followed by the ohmic
and concentration losses. Table 5 presents the average value
of all individual overpotentials obtained under the reference
case study.

3.1 Effect of anode thickness

Since an anode-supported planar SOFC is studied in this work,
the effect of anode thickness on SOFC performance should be
investigated. Fig. 3a shows the effect of anode thickness
varying from 250 to 1000 um, on fuel cell efficiency and fuel
utilization. It can be seen that both the performance factors
decrease with increasing the anode thickness. The use of
thicker anode decreases the ratio of surface to catalyst volume
and thus the reaction area. This causes less current to be
generated. Further, the thicker anode hinders the transport of
gaseous reactants to the anode and electrolyte interface,
resulting in an increase in concentration overpotential as
illustrated in Fig. 3b. It is also observed that the ohmic loss is
slightly reduced by increasing the anode thickness. As
a result, the thickness of anode should be carefully selected to
optimize the SOFC performance.
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Fig. 6 - Effect of degree of pre-reforming of ethanol on: (a)
fuel cell efficiency and fuel utilization, and (b) anode
concentration overpotentials.

3.2 Effect of operating temperature

Fig. 4a shows the fuel cell efficiency and the fuel utilization of
SOFC at intermediate temperatures varying from 873K to
1073 K. Anincrease in operating temperatures can improve the
cell performance. Since the increased temperatures promote
the rate of electrochemical reaction and the consumption of
fuel, the current density is more generated and thereby the cell
efficiency and fuel efficiency are enhanced. The operating
temperature also strongly affects the individual contribution of
voltage losses (Fig. 4b); the activation overpotentials decrease
significantly whereas the concentration overpotential slightly
increases with temperatures. Itis noted that although the area-
specific resistance (Ronm) decreases at high-temperature
operation, the ohmic loss is increased. This is because the
ohmic loss is also a linear function of the current density;
therefore, its value highly increases when current density is
more generated at a higher operating temperature.

3.3. Effect of operating pressure

The effect of operating pressure on fuel cell efficiency and fuel
efficiency is shown in Fig. 5a. The results demonstrate that an
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increase in pressure from 0.5 to 3 bar can improve both the
fuel cell efficiency and the fuel utilization. This is because at
high operating pressure, hydrogen and oxygen can easily
diffuse into the reaction site at the electrode and electrolyte
interface, which results in a decreased concentration over-
potential (Fig Sb). It should be noted that although a higher
fuel cell efficiency is obtained when operating at elevated
pressure, an operating cost for the operation at high pressure
will be increased. In addition, increasing the operating pres-
sure may affect the lifetime of the fuel cell.

3.4. Effect of degree of pre-reforming of ethanol

As mentioned earlier, an external pre-reformer can be used to
avoid several problems related to a complete internal
reforming, and thus the effect of the degree of pre-reforming
of ethanol on SOFC performance should be studied. The
simulation indicates that the variation in the ethanol pre-
reforming level directly affects the composition of fuel fed to
SOFC; a higher degree of pre-reforming results in an increase
in the H, concentration in the fuel stream. According to Fig. 6a,
the efficiency of fuel cell and the fuel utilization increase with
increasing degree of pre-reforming. As expected, the
increased fraction of H, in fuel feed results in a greater open-

circuit voltage. In addition, a higher concentration of H,
increases the gas-diffusion rate to the anode and electrolyte
interface and thus, the anode concentration overpotential is
reduced (Fig. 6b). The combined effects lead to an increase in
the electrical efficiency of fuel cell.

3.5. Effect of steam to ethanol ratio

Fig. 7 shows the fuel cell efficiency and the fuel utilization when
the steam to ethanol ratio at inlet is varied from 5 to 11.
Increasing the steam to ethanol ratio leads to less fraction of H,
in fuel stream. This results in the decreased rate of the elec-
trochemical reaction, leading to the reduction of the generated
current density (Fig. 7a). However, the fuel cell efficiency and
fuel utilization are increased as shown in Fig. 7b because the
inlet total flow rate of fuel (ethanol+ hydrogen) used to
produce current in the fuel cell decreases when the steam to
ethanolratioisincreased. Since a decrease in the inlet fuel flow
rate has more effect than a decrease in the current density, the
fuel cell efficiency and fuel utilization are enhanced.

3.6. Effect of inlet molar flow rate of the fuel stream

The effect of inlet molar flow rate of fuel (0.005-0.04 mols™7)
on the fuel cell efficiency and the fuel utilization is
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investigated. It is found that even though an increase in the
fuel flow rate results in more electric current generated
(Fig. 8a), it causes a decrease in the fuel cell efficiency and the
fuel utilization (Fig. 8b). This implies that the conversion of
chemical energy in fuel-to-electrical energy reduces as
a result of the fuels having less residence time within the fuel
cell for a complete electrochemical reaction. Although, the
improvement of fuel cell efficiency can be done by decreasing
the molar flow rate of the fuel stream; the amount of the
electric current produced is also decreased. Therefore, the
inlet fuel flow rate should be carefully determined.

4, Conclusions

In this study, a theoretical analysis of an anode-supported
planar SOFC operated under an intermediate temperature and
direct-internal reforming of ethanol was presented. Mathe-
matical model of SOFC consisting of mass balances and
a detailed electrochemical model was employed to evaluate
the steady-state performance of the anode-supported SOFC
with respect to changes in anode thickness, temperature,
pressure, degree of pre-reforming of ethanol, steam to ethanol
ratio, and inlet feed flow rate. It was found that the operating
temperature, the steam to ethanol ratio, and the inlet feed
flow have significant effects on the electrical efficiency of fuel
cell and the generation of current density.
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This paper presents a performance analysis of a planar SOFC (solid oxide fuel cell) with proton-conducting
electrolyte (SOFC-H*). The SOFC-H* is fueled by methane and operated under direct internal reforming
and isothermal conditions. A one-dimensional steady-state model coupled with a detailed electrochemical
model is employed to investigate the distribution of gas composition within fuel and air channels and all
the electrochemical-related variables. The current-voltage characteristics of SOFC-H* are analyzed and the
result shows that the operation of SOFC-H* at 0.7V gives a good compromise on power density and fuel
utilization. However, high CO content at fuel channel is observed at this condition and this may hinder the
SOFC-H* performance by reducing catalyst activity. The effect of key cell operating parameters, i.e., steam
to carbon ratio, temperature, pressure, and water content in oxidant, on the performance of SOFC-H* and
the content of CO is also presented in this study.
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1. Introduction

Fuel cells are energy-conversion devices having high efficiency
and low emission of pollutants to the environment over conventional
methods of power generation. A solid oxide fuel cell (SOFC) is one
of the most attractive types of fuel cells. Due to all-solid-state con-
struction (ceramic), there is no liquid electrolyte with its attendant
material corrosion and electrolyte management problems. The high-
temperature operation of SOFC (1073-1273 K) offers several advan-
tages that include a high electrochemical-reaction rate and a tolerant
to impurities. Furthermore, high-quality exiting heat can be used as
a heat source for cogeneration applications and bottoming cycles or
be integrated with a gas turbine to further increase the overall effi-
ciency of the power system (Petruzzi et al., 2003; Xue et al., 2005).

For SOFCs, not only pure hydrogen but also any hydrocarbon fuels
such as natural gas, methanol, ethanol, and gasoline, can be used as
a fuel (Assabumrungrat et al., 2004, 2005; Hernandez-Pacheco et al.,
2005a; Hussain et al., 2006; Sangtongkitcharoen et al., 2008). In gen-
eral, hydrocarbon fuels are needed to be reformed into hydrogen-rich
gas via an external reformer before feeding into an SOFC stack. How-
ever, reforming of hydrocarbon fuels can be internally carried out
within SOFC, which is called an internal reforming SOFC (IR-SOFC),
as the operating temperature of SOFC is in the range of that used
in reforming reactions. This can eliminate the requirement of the

* Corresponding author. Tel.: +6622186878; fax: +6622186877.
E-mail address: Amornchai.A@chula.ac.th (A. Arpornwichanop).

0009-2509/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ces.2009.06.066

external reformer, resulting in improved overall efficiency and re-
duced operating cost (Fellows, 1998; Aguiar et al., 2002). In addition,
the internal reforming operation of SOFC offers the advantage of us-
ing the heat released from electrochemical reactions to provide en-
dothermic reforming reaction (Gorte and Vohs, 2003). Generally, the
internal reforming operation can be divided into two approaches:
indirect (IIR) and direct (DIR) internal reforming, which depends on
the position of a reformer section and a fuel cell anode. In the for-
mer, fuel gas is fed into the reforming section which is separated
but adjacent to the fuel cell anode side whereas in the latter, it is di-
rectly introduced to the fuel cell and directly reformed on the anode
material. Recently, a DIR-SOFC has attracted much interest because
hydrogen produced from the reforming reaction is continuously con-
sumed during the oxidation of hydrogen for generating electricity
and thus, the conversion of the equilibrium-limited reforming reac-
tion is enhanced (Aguiar et al., 2004). However, the completely in-
ternal reforming of fuel in SOFC can lead to a carbon deposition on
anode, resulting in the loss of cell performance and poor durability.
To overcome this problem, the determination of inlet molar ratio of
steam to carbon and the selection of suitable anode materials are
suggested. Further, a partial external pre-reforming is included in a
real SOFC system to reduce the possibility of carbon formation on
the anode (Achenbach, 1994; Dicks et al., 2000; Park et al., 2000;
Peters et al., 2000; Aguiar et al., 2002).

In general, there are two types of electrolytes (i.e., oxygen ion
and proton conducting electrolytes) for applying to SOFCs. Pre-
vious investigations have been mainly focused on SOFCs with an
oxygen ion conducting electrolyte (SOFC-0%~) (Achenbach, 1994;
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Ferguson et al., 1996; Aguiar et al., 2002, 2004; Hernandez-Pacheco
et al., 2005a; Hussain et al., 2006). However, as solid oxides with
proton conduction have been discovered (Iwahara et al., 1982;
Zhu and Mellander, 1994; Iwahara, 1996; Coors, 2003), a number of
researches related to the use of such a solid oxide in SOFCs (SOFC-H™)
have been reported (Demin and Tsiakaras, 2001; Assabumrungrat
et al.,, 2004; Taherparvar et al., 2003; Fukada et al., 2006; Potter and
Baker, 2006; Pekridis et al., 2007; Suksamai and Metcalfe, 2007).
Demin et al. (2002) presented the efficiency analysis of the SOFC-H*
fed by methane using a thermodynamic model. They reported that
the SOFC-H™* provides higher efficiency than SOFC-02~ because the
generation of water vapor at the cathode side results in an improved
open-circuit voltage which enhances the efficiency of SOFC systems.
Ni et al. (2008) studied the theoretical performance of ammonia
fed solid oxide fuel cells based on a proton conducting electrolyte.
However, it was noticed from previous theoretical studies that the
presence of actual losses in a real operation of fuel cells was ne-
glected in the calculation. Further, fuel and oxidant activities relating
to the fuel and oxidant utilizations were not considered (Demin and
Tsiakaras, 2001; Demin et al., 2002; Assabumrungrat et al., 2004).

In this study, an actual performance of a planar SOFC-H* with DIR
fueled by methane is evaluated based on a one-dimensional steady-
state fuel cell model and detailed electrochemical model taking into
account all voltage losses in real fuel cell operation (i.e., activation,
ohmic, and concentration losses). The proposed model is employed
to analyze the electrochemical performance of SOFC-H* including
the local value of fuel and air compositions and the distribution of
current density.

2. Theoretical model of SOFC-H™ with direct internal reforming

A single planar SOFC-H* with direct internal reforming and
anode-supported structure is considered in this study. It composes
of fuel and air channels and a solid part in which a dense solid elec-
trolyte separates two porous electrodes (i.e., anode and cathode) as
shown in Fig. 1. The most common materials of anode, electrolyte,
and cathode are made from Pt, SCY, (SrCegg5Ybg0503_,) and Pt, re-
spectively. It is noted that the SCY electrolyte is known as one of the
classical proton-conducting materials with a high proton transport
number (Iwahara, 1996) and is commonly used in experimental
studies (Iwahara et al., 1982; Taherparvar et al., 2003; Fukada et al.,
2006; Potter and Baker, 2006; Pekridis et al., 2007).

2.1. Model assumptions

Considering an SOFC-H* with DIR, a gas mixture of methane and
water is fed into a fuel channel where a steam reforming reaction is
carried out.

CH4 +H;0 — 3H; +CO (1)

The rate expression of the methane steam reforming (R.ef) can
be written as (Achenbach and Riensche, 1994)

Reef = kopcu, exp (— ‘ia ) (2)
where ky and E, are the pre-exponential constant (=
4274mols ' m—2bar~') and the activation energy (=82kJmol-1),
respectively. It should be noted that in general, both the high tem-
perature operation and the continuous hydrogen consumption in
the electrochemical reaction can enhance the equilibrium-limited
steam reforming of CHy. Therefore, since the kinetic of irreversible
reforming reaction proposed by Achenbach and Riensche (1994)
was used in this study as shown in Eq. (2), only the operating
temperature and the partial pressure of CH4 have an effect on the
reforming reaction.

Further, carbon monoxide, a byproduct of the reforming reaction,
is reacted with residual water via a water gas shift reaction to pro-
duce carbon dioxide and hydrogen as in:

CO + Hy0 < Hy + CO, 3)

The rate expression of water gas shift reaction (Rwgsg) developed
from Haberman and Young (2004) is written as

Rwask = kwcsr X Tan X (pcoPHzo - %) (4)
eq
kwgsr = 0.0171 exp (— 10;;9] ) (5)

Keq = exp(—0.293523 + 0.635122 + 4.1788Z + 0.3169)
1000
Z= T ~ 1 (6)
where kwgsr is the pre-exponential factor (molm—3Pa2s-1) and
Keq is the equilibrium constant for water gas shift reaction.
Hydrogen produced from the reforming and water gas shift reac-
tions at the anode is oxidized into protons and electrons via an oxi-
dation reaction (Eq. (7)). The electrons flow in external circuit from
anode to cathode. While the protons migrate through the electrolyte
to the interface, oxygen is simultaneously fed to the air channel,
reacts with protons at the interface, and undergoes a reduction re-
action (Eq. (8)). The electron flow via the external circuit produces
direct-current electricity. The electrochemical reactions in the SOFC
based on a proton-conducting electrolyte are shown below:

Anode : Hy < 2H' 4 2e~ (7)
Cathode : 0.50; +2H" +2e~ < H,0 (8)
Overall : Hy +0.50; < H,0 9)

Faraday’s law relates the flux of reactants and products to the
electric current arising from electrochemical reactions. According to
this law, the local amount of H, and O, consumed and H,0 produced
through the electrochemical reaction (Eq. (9)) is related to the local
electric current density, i, produced by fuel cell by

i

5F (10)

Rele =

To develop the mathematical model of the SOFC-H*, the follow-
ing assumptions have been made; steady-state operation is consid-
ered; all gas components have ideal gas behavior; hydrogen is only
electrochemically oxidized; operating cell voltage is constant along
the cell coordinate.

2.2. Mass balance equation

The differential equations describing the change of component
concentrations in fuel and air channels along the axial direction can
be written as follows:
dGy 1 1

dx U_k ; V,"]'th—k (11)

It is noted that for the fuel channel (k = f), i denotes CHy, H;0, CO,
H,, and CO,, and j represents steam reforming, water gas shift and
electrochemical reactions whereas for the air channel (k =a), i de-
notes O, and H,0 and j represents only a electrochemical reaction.
In addition, the velocities of fuel and air are assumed to be constant
along the channels (Aguiar et al., 2004).
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Fig. 1. The schematic of a co-flow planar solid oxide fuel cell based on a proton-conducting electrolyte.

2.3. Electrochemical equations

The reversible open-circuit voltage (E°CV) of a fuel cell is a theo-
retical voltage which drives charge around the circuit. For the SOFC-
H* system, it can be calculated by the following equation:

pocv _po _ IT ln(

pHZO(ca)
oF 7) (12)

0.5
sz(an)poz(ca)

where “an” and “ca” stand for anode and cathode, respectively, and E°
is the open-circuit voltage at the standard pressure and is a function
of operating temperature as follows (Ni et al., 2007):

E%=1.253 —2.4516 x 1074T (13)

In general, the theoretical open-circuit voltage is the maximum
voltage that can be achieved by a fuel cell. However, when a cur-
rent is drawn from cell, the operating cell voltage or actual fuel cell
voltage, V, is always less than the open-circuit voltage, as shown in
Eq. (14). This is due to internal resistance and overpotential
losses associated with the electrochemical reactions at the elec-
trode|electrolyte interface. There are three loss mechanisms that
result in the loss of useful cell voltage at a given operating cell
voltage. These include (i) activation overpotential (#,); (ii) ohmic
overpotential (#,,,); and (iii) concentration overpotential (#cgnc)
which will be shortly described as follows:

V=E0% _ (Mact + Mohm + Mconc) (14)

Activation overpotential is the loss associated with the electro-
chemical reactions at the electrode surfaces; that is, hydrogen ox-
idation and oxygen reduction reactions at the anode and cathode,
respectively. The non-linear Butler-Volmer equation (Eq. (15)) is
generally used to describe the activation overpotential at both the
electrodes:

. oanF (1—a)nF
1 =1 electrode [€XP W Nactelectrode | — exp | — T Mact,electrode
(15)

where o is the transfer coefficient (= 0.5), n is the number of elec-
trons transferred in a rate-limiting reaction step, and ig ejectrode i the
electrode exchange current density. In this study, the concentration
dependency of the exchange current density is neglected since the
rate expression is not available. In addition, the equal exchange cur-
rent density on the anode and cathode is assumed.

Ohmic overpotential is the loss due to the resistance to the flow of
ions in the electrolyte. This loss is important in all types of a fuel cell

and is proportional to the current density (i) as shown below:

Hohm = ifei (16)
Oele

where 7 and ¢ are the thickness and conductivity of electrolyte,

respectively.

Concentration overpotential is the loss associated with the trans-
port of gaseous reactant through porous electrodes. It is caused
by a large reduction in the concentration of fuel at the elec-
trode|electrolyte interface. This loss is more pronounced when fuel
or oxidant gases with low purity is fed to a fuel cell stack. The
concentration overpotential can be determined from the difference
in the open-circuit voltage calculated based on the reactant and
product concentrations at the electrode|electrolyte interfaces (I) and
that based on the bulk concentrations and can be expressed as

N N 0.5 1
Neone = % In (p:'h(an)) + % In (M) Phyoca) (17)
Phiy(an) Poy(ca)/  PHaO(ca)
The first term on the right-hand side of Eq. (17) refers to the anode
concentration overpotential (#¢yc,) and the second term refers
to the cathode concentration overpotential (#concc,). The partial
pressures of hydrogen at the anode|electrolyte interfaces (p{_12 ), and
partial pressures of oxygen (p{)Z) and water vapor (p}_lzo) at the cath-
ode|electrolyte interfaces can be derived by using a gas transport
model in porous media (Chan et al., 2001; Suwanwarangkul et al.,

2003; Hernandez-Pacheco et al., 2005b; Bird et al., 2006) as shown
in the following expressions:

inTt
th =Pan—(Pan—pH2(an))EXp (m) (18)
. iNTTea
Do, =D0y(ca) — m (19)
iRTzT
P%—[ZQ = PH,0(ca) + WC::“ (20)

where 74, and ¢, are the thickness of anode and cathode, respec-
tively, and D, efr and D, ofr Tepresent the effective gas diffusivity
coefficients in the anode and cathode sides by considering a gas mix-
ture of Hy and H,O for the anode and that of O,, N, and H,O for
the cathode, respectively. The effective gas diffusivity coefficients
in porous materials can be explained by the effective ordinary dif-
fusion and the effective Knudsen diffusion (Chan et al., 2001; Bird
et al., 2006).

It is noted that the effective gas diffusivity coefficient in the an-
ode (D, efr) is calculated from the effective diffusivity coefficient of
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H, whereas that in the cathode is calculated from the effective dif-
fusivity coefficient of O, and H,0 averaged by its mole fraction.

As an operating cell voltage (V) is pre-specified, an average cur-
rent density (iave) can be calculated from the distribution of current
density along the cell length which is obtained from the solution of
the fuel cell model. It should be noted that fuel and air composi-
tions vary along the cell channel under a real operation due to fuel
and oxygen utilizations by electrochemical reactions. The cell volt-
age and average current density obtained are used to calculate the
power density (Psorc), fuel cell efficiency (¢sorc) and fuel utilization
(Usyer) of fuel cell as shown in the following expressions:

Psorc = faveV (21)

fave VLW

x 100% 22
yICnH4 LHVcy, + y}_rllz LHVY, + y&HLHV o )Fyel (22)

ESOFC = (

favelW
4lenH4 +y}-?2 +ylcno)Ffuel

Ufuel = ZF( (23)

It is noted that the definitions of fuel cell efficiency and fuel uti-
lization (Egs. (22) and (23)) are based on the fuel derived from the
pre-reforming of methane. However, if the primary methane fed to
the whole system consisting of the external reformer and the SOFC
is considered as the basis for fuel cell efficiency, the calculated value
would be higher than the one based on Eq. (22) as the primary
methane has lower heating value than that of the pre-reformed gas.

3. Results and discussion

Table 1 shows the values of operating condition, cell geometry
and material property for simulating an SOFC-H* with DIR at a nom-
inal condition. The proposed models as mentioned earlier are used
to predict the distribution of gas composition along the fuel and air
channels, and all the electrochemical-related variables (i.e., open-
circuit voltage, activation, ohmic, and concentration overpotential,
and current density) as well as fuel cell efficiency and power output.
The inlet fuel composition given in Table 1 is based on the synthesis
gas obtained from a gas mixture of steam and methane at a ratio of 2
after 10% pre-reforming whereas dry air consisting of approximately
20.9% 0y, 79% N3, and 0.1% H,O0 is used as an oxidant. It is noted
that to validate the proposed model of SOFC-H, simulation results
predicted from the model are compared with experimental data re-
ported in the literature (Taherparvar et al., 2003) as shown in Fig. 2.
It can be seen that the model prediction shows a good agreement
with the experimental data.

Prior to performing an analysis of a planar SOFC-H* with DIR, its
current-voltage characteristic is investigated to find a suitable condi-
tion for cell operation. Fig. 3 presents the performance characteristics
of the SOFC-H* with DIR under isothermal operation (T = 1073 K and
uf = 1ms~1). For the SOFC-H* operated at cell voltage in the range
of 0.6-1.2V, it can be seen that both the average current density and
the power density obtained decreases with an increase in cell volt-
age. This is due to the increased voltage losses from the irreversible
cell resistance. As shown in this figure, the maximum power density
of 0.36 Wcm~2 can be achieved when the operating cell voltage is
0.6V. However, at this condition, high fuel utilization (90%) is ob-
served; the reactants are rapidly consumed to generate current and
the concentration overpotential dominates the cell performance. In
the present study, the operation of SOFC-H™ at 0.7V is considered as
it shows a good compromise on power density and fuel utilization.

As mentioned earlier, the fuel gas velocity was assumed to be
constant for modeling the SOFC-H™ in this study. However, due to
the variation in the total molar flow rate of fuel caused by chem-
ical and electrochemical reactions, the velocity of fuel gas in the
fuel channel is changed. Thus, the impact of fuel velocity on the

Table 1
Model parameters used in the performance analysis of SOFC-H*.
Parameters Value
Operating conditions
Operating temperature, T 1073K
Operating pressure at anode, P, 1.0atm
Operating pressure at cathode, Pc, 1.0atm
Inlet fuel velocity, u¢ 1ms™!
Inlet air velocity, u, 18ms!
Inlet molar flow rate of fuel, Fyye 0.0011 mols~!
Inlet molar flow rate of air, Fi, 0.02 mols™!

Air composition
Fuel composition?

0.1% H,0, 20.9% O,, and 79% N,
28.1% CH4, 56.7% H,0, 0.5% CO,

12% H,, and 2.7% CO,
801.6 k] mol-!

305.2 k] mol-!

240.2 k] mol~!
8.984x10 > m?s™!
4.748x10°5m? s~!

Lower heating value of CHs, LHVcy,
Lower heating value of H,, LHVy,
Lower heating value of CO, LHV¢o
Daner at inlet condition

Deaerr at inlet condition

Dimensions of cell element

Cell length, L 04m
Cell width, W 0.1m
Fuel channel height, h¢ 1mm
Air channel height, h, 1mm
Anode thickness, 7, 500 pm
Cathode thickness, ., 50 pm
Electrolyte thickness, Tele 20 pm

Material properties
Electrolyte protonic
conductivity, e (Potter
and Baker, 2006)

225.92 exp(—6.3 x 103/T)Q ' m!

Electrode exchange current density, igele 800Am2
Electrode porosity, ¢ 0.4
Electrode pore radius, r 0.5 um
Electrode tortuosity, & 5.0

aThe fuel composition is based on a steam and methane mixture with S/C =2
after 10% pre-reforming.

1.2 T T T T
Electrolyte-supported SOFC-H* : iy = 800 A m™
1.0 & . _
1 Experiment O T=1073K
Model results —T=1073K
—~ 08
’
(5]
2
= 06
o
>
=
© 04}
0.2 | 1
O 1 1 1 1
0 0.005 0.010 0.015 0.020 0.025

Current density (A cm-2)

Fig. 2. Comparison of cell characteristics of SOFC-H* obtained from model prediction
and experimental data (Taherparvar et al., 2003).

performance of SOFC-H* should be investigated. Fig. 3 shows the
electrical characteristics of the SOFC-H* at different fuel velocities
varying from 0.75 to 1.5ms~!. The results indicate that the maxi-
mum deviation of both the current density and the power density
from the nominal condition at which the fuel velocity is 1Tms~! is
10.09% at the operating cell voltage of 0.6 V. It is noted that although
simulations with the isochoric assumption cause the error in the



A. Arpornwichanop et al. / Chemical Engineering Science 65 (2010) 581 -589

prediction of the fuel cell performance, it is in the acceptable range.
Further, the certain benefit of assuming the constant velocity is to
shorten the computational time.

Analysis of gas compositions in fuel and air channels and all the
electrochemical-related variables (i.e., current density, open-circuit
voltage, and activation, ohmic, and concentration overpotentials) is
shown in Fig. 4. It can be seen from Fig. 4a that at the entrance of fuel
channel, CH4 and H;O are rapidly consumed via steam reforming
reaction (Eq. (1)) resulting in an increase in Hy and CO. At the same

1.0 - - - - - 0.44
us = 1.50 m/s
4\/ ug = 1.00 m/s 1
0.8 < }&uf =0.75m/s 1036
—~ NN —~
& — 44X | §
DR :
< 06 ¢ 028 2
2 >
g 2
S 04 020 3
S &
= E
o us = 1.00 m/s
0z us = 1.50 m/s 0.12
0 . . . . . 0.04

0.6 0.7 0.8 0.9 1.0 1.1 1.2
Cell voltage (V)

Fig. 3. Performance characteristics of an SOFC-H* at different cell voltages and fuel
velocities.

O]

x 107

[N

—+—CH,——H,0 (an)== = CO===H, == = CO,

Molar flow rate of gas (mol s%)

585

time, more CO; is generated by the water gas shift reaction. Due to
the use of a proton-conducting electrolyte in SOFC, the generation
of H,O at the air channel is observed as shown in Fig. 4b. At the exit
of the fuel channel, the fuel consists of 25% H,0, 25% CO, 28% H,
and 22% CO, whereas the oxidant consists of 5% H,0, 18% O, and
77% Nj. It is noted that the presence of CO in the fuel channel may
deteriorate the SOFC-H* performance. This is due to the formation
of carbon over the anode surface (Eq. (24)) leading to the reduced
catalyst activity:

2C0 — C + CO, (24)

As a result, the CO content in fuel stream should be considered in
analyzing the SOFC-H* performances.

As mentioned in Section 2.1, the local amount of H, and O,
consumed and H,O produced through electrochemical reactions is
related to the local electric current density produced in the cell.
Therefore, under the isothermal condition, the key parameter affect-
ing the electrochemical reaction rate is the local H, concentration
in the fuel channel and the local O, and H,0 in the air channel.
Fig. 4c shows the current density profile along the fuel cell. It is found
that the current density slightly increases at the inlet and continu-
ously decreases toward the fuel cell outlet. This is mainly due to the
depletion of H; in the fuel channel (Fig. 4a).

Considering the individual contribution of cell overpotentials, it
can be seen from Fig. 4d that the activation overpotential represents
a major loss, followed by the ohmic overpotential. The cathode ac-
tivation overpotential is equal to the anode activation overpotential
because in this study, the exchange current density of the anode and
cathode has the same value (Table 1). It is further observed that the
anode and cathode concentration overpotentials can be negligible
compared with other voltage losses.
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Fig. 4. (a) Profiles of gas compositions at fuel channel; (b) profiles of gas compositions at air channel; (c¢) distribution of current density; and (d) distribution of individual

voltage losses.
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Fig. 5. Effect of steam/carbon ratio on: (a) molar flow rate of CO and fuel utilization
and (b) fuel cell efficiency and power density.

3.1. Effect of steam/carbon (S/C) ratio

In order to study the impact of S/C ratio on the SOFC-H* perfor-
mance, the fuel compositions given in Table 1 are varied by increas-
ing the S/C ratio from 2.0 to 3.0 while the pre-reforming of methane
is still 10% and the other parameters in Table 1 are kept constant.
Fig. 5 shows the effect of S/C ratio on SOFC-H* performance in terms
of fuel utilization, power density, fuel cell efficiency and the CO mo-
lar flow rate at the fuel channel outlet. As can be seen in Fig. 5a, the
molar flow rate of CO at the outlet is sharply reduced with increas-
ing the S/C ratio. This is caused by the fact that increasing S/C ratio
increases H,O content in the fuel stream and thus, the CO conversion
is more pronounced. However, an increase in S/C ratio dilutes the
concentration of Hy in the fuel channel, resulting in the reduction of
the average current density due to a decrease in open-circuit volt-
age. This leads to a decrease in the power density as illustrated in
Fig. 5b. When the S/C ratio is increased, it is also found that the mo-
lar flow rates of CHg, CO, and H, at the inlet of SOFC are decreased.
A lower decrease in the fuel rate compared to the generated current
causes increases in the fuel utilization and fuel cell efficiency. As a
result, a choice of S/C ratio has to be carefully selected to optimize
the cell performance as well as the possibility of carbon formation.
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Fig. 6. Effect of operating temperature on: (a) molar flow rate of CO and fuel
utilization and (b) fuel cell efficiency and power density.

3.2. Effect of operating temperature

In this section, the effect of operating temperature on the perfor-
mance of SOFC-H* is studied. Fig. 6a shows that the content of CO
at the fuel channel outlet increases when an operating temperature
increases. This is the results of the increased rate of steam reform-
ing reaction, leading to more generation of CO, and the exothermic
nature of the water gas shift reaction. Moreover, an increase in
operating temperatures increases the rate of electrochemical re-
action; more hydrogen is consumed and thus the current density
is more generated. Considering cell voltage losses, it is also found
that the increased operating temperature causes a large reduction
in ohmic overpotentials. Therefore, the power density, fuel cell
efficiency, and fuel utilization are increased as shown in Figs. 6a
and b.

3.3. Effect of operating pressure

Figs. 7a and b show cell performances and the content of CO at the
fuel channel outlet as a function of operating pressures; the absolute
pressure at the anode and cathode channels is changed by the same
value. It is found that the operation of SOFC-H* at higher pressure
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Fig. 7. Effect of operating pressure on: (a) molar flow rate of CO and fuel utilization
and (b) fuel cell efficiency and power density.

can slightly reduce the CO content. At a high pressure operation of
SOFC-H™, the partial pressure of Hy in the fuel channel and O, in
the air channel increases, resulting in an improvement of fuel cell
performances; higher open-circuit voltage and current density can
be achieved. This brings to an increase in power density and fuel cell
efficiency.

3.4. Effect of water content in oxidant

For an SOFC-H* system, the water content in oxidant feed is a
further key operating parameter to be considered due to the gener-
ation of water vapor at the cathode side. In this section, the impact
of water content on the cell performances and the molar flow rate
of CO at the fuel cell outlet are investigated. Figs. 8a and b demon-
strate that the oxidant with higher water content degrades the fuel
cell performance. As the amount of O, required for the electrochem-
ical reaction decreases when the water content increases, the cur-
rent density is less produced, resulting in a lower fuel utilization,
power density, and fuel cell efficiency. In addition, the reduction of
current density leads to a decrease in the electrochemical reaction
rate which is related to the less consumption of H,, and thus the CO
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Fig. 8. Effect of water content on: (a) molar flow rate of CO and fuel utilization and
(b) fuel cell efficiency and power density.

flow rate at the fuel outlet stream is also decreased as illustrated in
Fig. 8a.

4. Conclusions

In this study, a performance analysis of a planar SOFC with
proton-conducting electrolyte (SOFC-H') operated under direct
internal reforming of methane is performed. A one-dimensional
steady-state model coupled with a detailed electrochemical model
is employed to predict the distribution of gas composition within
fuel and air channels and all the electrochemical-related variables.
From cell electrochemical characteristics, it is found that the op-
eration of the SOFC-H™ at the cell voltage of 0.7V shows a good
compromise on power density and fuel utilization. At this condi-
tion, the power density of 0.34Wcm~2, average current density
of 0.49Acm~2, fuel cell efficiency of 47%, and fuel utilization of
0.70 are predicted. However, high CO content in the fuel channel
is observed at this condition and this may deteriorate the SOFC-H*
performance by reducing catalyst activity. The performance analyses
of a planar SOFC-H* have been performed. The results demonstrate
that increasing S/C ratio decreases cell power density but increases
fuel utilization and fuel cell efficiency. The content of CO at the fuel
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channel outlet is reduced with the increased S/C ratio. The influ-
ence of operating parameters, i.e., temperature, pressure, and the
amount of water in oxidant are also investigated. The results show
that increases in operating temperatures and pressures enhance the
performance of the SOFC-H* whereas the effect of the increased
water content in oxidant shows an opposite trend.

Notation

G molar concentration of component i, molm=3

Dan et effective gas diffusion coefficient in the anode side,
m?s~!

Deaeff effective gas diffusion coefficient in the cathode
side, m2s~1

Ea activation energy, k] mol~!

EOCV open-circuit voltage (OCV), V

E0 OCV for standard temperature and pressure and
pure reactants for the H, oxidation reaction, V

F Faraday’s constant, C mol~!

Fair molar flow rate of air, mols~!

Fuel molar flow rate of fuel, mols—!

ha air channel height, m

h¢ fuel channel height, m

Tave, 1 average and local current density, Am~2

io.electrode exchange current density, Am—2

ko pre-exponential constant for reforming reaction,

mols~! m—2bar~!

kwasr pre-exponential factor for water gas shift reaction,
mols~! m~3 Pa—2

Keq equilibrium constant for water gas shift reaction

L cell length, m

LHV lower heating value, k] mol~!

n number of electrons participating in the
electrochemical reaction

Pan absolute pressure at the anode side, kPa

Pca absolute pressure at the cathode side, kPa

Psorc power density, Wm~2

€N gas constant, k] mol~1 K1

R; rate of reaction j, molm—2s-!

S/C steam to carbon ratio

T temperature, K

Uy air velocity, ms~1

ur fuel velocity, ms~!

Utyel fuel utilization

Vv operating cell voltage, V

w cell width, m

Vi mole fraction of component i

Greek letters

o transfer coefficient

& porosity of electrode

ESOFC fuel cell efficiency, %

Nact activation overpotential, V

Neon concentration overpotential, V

Nohm ohmic overpotential, V

vij stoichiometric coefficient of component i in
reaction j

Oele conductivity of electrolyte, Q 'm!

Tan anode thickness, m

Tca cathode thickness, m

Tele electrolyte thickness, m

Superscripts

in feed inlet condition
I Electrode|electrolyte interface
Subscripts

a air channel

an anode

ca cathode

ele electrolyte

f fuel channel

i component

j reaction

k channel
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ABSTRACT

The performance of a hybrid system of solid oxide fuel cells with different electrolytes, i.e.,
an oxygen-ion conducting electrolyte (SOFC-O?") and a proton-conducting electrolyte
(SOFC-H™) is evaluated in this study. Due to an internal reforming operation, SOFC-O?" can
produce electrical power as well as high-temperature exhaust gas containing remaining
fuel, i.e., H, and CO that can be used for SOFC-H" operation. The remaining CO can further
react with H,O via water gas-shift reaction to produce more H, within SOFC-H* and thus,
the possibility of carbon formation in SOFC-H* can be eliminated and overall system
efficiency can be improved. The simulation results show that the performance of the SOFC-
0* -SOFC-H" system provides a higher efficiency (54.11%) compared with the use of
a single SOFC. Further, the SOFC hybrid system performance is investigated with respect to
important operating conditions, such as temperature, pressure, degree of pre-reforming,
inlet fuel velocity, and cell voltage.

© 2010 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Fuel cells play important roles as alternative power genera-
tions due to the fact that direct conversion of fuel energy to
electricity leads to high efficiency and clean technologies.
Among all categories of the fuel cells, solid oxide fuel cells
(SOFCs) are received considerable interest since all-solid-state
constructions (ceramic) allow SOFCs to work at high temper-
atures (800-1000 °C). The high-temperature operation of
SOFCs offers several advantages that include a high
electrochemical-reaction rate, the flexibility of using various
fuel types due to the reforming capability of hydrocarbons,
and a possibility to heat integration and hybrid systems [1-3].

In general, a conventional SOFC is based on an oxygen-ion
conducting electrolyte (SOFC-O?"), however, the presence of
H,0 produced from electrochemical reaction at the anode side

* Corresponding author. Tel.: +66 2 2186878; fax: +66 2 2186877.

E-mail address: amornchai.a@chula.ac.th (A. Arpornwichanop).

always dilutes the concentration of fuel (generally H,) and
thus, the efficiency of SOFC-0?~ is hindered [4] and the reac-
tion kinetic can be degraded [5]. Alternatively, the use of a new
electrolyte which is made from a proton conductor in an SOFC
operation (SOFC-H*) was previously proposed in literatures
[6-13]. The main advantage of SOFC-H" is that a higher H,
partial pressure can be achieved as H,0 is produced at the
cathode side, resulting in an improved open-circuit voltage
and enhanced efficiency of the SOFC systems [7]. Although
SOFC-H™ provides a higher theoretical performance, its actual
performance is much lower than SOFC-O%~ [10,11]. In addi-
tion, the performance analysis of the SOFC-H" operating with
direct internal reforming (DIR) of methane revealed that the
presence of high CO content in the fuel channel would cause
a carbon formation and this may hinder the SOFC-H* perfor-
mance by reducing catalyst activity [12]. To overcome this

0360-3199/$ - see front matter © 2010 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.
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problem, an external reformer should be included in the
SOFC-H* system to fully reform CH, to a H,-rich gas. However,
extra CHy have to be supplied to the reformer due to a high
endothermicity of steam reforming reaction and this results
in the reduced overall system efficiency. Alternatively, SOFC-
02~ with internal reforming operation of methane can be
applied to replace the external reformer as it produces high-
temperature exhaust gas containing unused CO and H,
together with electrical power [14].

In general, the exhaust gas obtained from SOFC is often
used in cogeneration applications and bottoming cycles to
improve the power generation efficiency, particularly the
hybrid system combining an SOFC and a gas turbine (SOFC-GT
system) can provide high electrical efficiency reach to 70% [15-
18]. However, since the efficiency of fuel cell that its energy
conversion efficiency remains almost constant even as the
system output decreases, is generally higher than that of gas
turbine, a number of researches have been concentrated on
the integration of an SOFC and other fuel cells [19-22]. Yokoo
and Take [20] reported that the system combining an SOFC
and a polymer electrolyte fuel cell (SOFC-PEFC) provides the
efficiency of 59%. Araki et al. [21] presented the performance
analyses of two-staged SOFCs with serial connection of low
and high-temperature SOFCs and found that the system effi-
ciency is 50.3%. Musa and Paepe [22] showed that a combined
cycle of two-staged intermediate temperature-SOFCs (IT-
SOFCs) can reach the system efficiency of 65.5%.

Although the integration of two fuel cells to improve
electrical efficiency was studied by several researchers as
mentioned above, the study on a combined SOFC system with
different electrolytes (SOFC-0?~ and SOFC-H") as proposed in
this study (Fig. 1) has not been reported. The proposed fuel cell
system presents some interesting features. Firstly, the SOFC-
H" can efficiently use the remaining fuel (H, and CO) in the
high-temperature exhaust gas of SOFC-O?". Moreover,
pretreatment units of CO such as a shift reactor and a selective
oxidizer, can be removed from the system because the water
gas-shift reaction to convert CO to more H, can be carried out
within SOFC-H™. Secondly, more complete fuel utilization of
SOFC-H"* makes this system possible be simple and compact
by eliminating the need of a afterburner [23].

In the methane-fed SOFC hybrid system integrating SOFC-
02~ and SOFC-H* as shown in Fig. 1, the SOFC-O?~ produces
both electrical power and exhaust gas containing useful fuel
and other gaseous substances. When the exhaust gas stream
is directly supplied to the SOFC-H", the remaining CO can
further react with H,O via water gas-shift reaction to produce

more H,, and then H, undergoes the electrochemical reaction.
As aresult, the electrical power of the SOFC hybrid system can
be more produced. Due to the lack clarity in the performance
of the SOFC-0? -SOFC-H" system, this study aims to investi-
gate the possibility of combining two SOFC stacks, SOFC-0%~
and SOFC-H". The performance of the SOFC hybrid system at
different operating conditions is primarily evaluated by using
the SOFC model based on the conservation of mass and
a detailed electrochemical model. The analyses of the SOFC
system are performed under isothermal condition and negli-
gible energy losses. It should be noted that if all energy losses
are taken into account for an exergy analysis [31-33], the real
efficiency of SOFC hybrid system would be lower than the
predicted one.

2. SOFC-0?~ and SOFC-H" model
2.1. SOFC configuration

The basic configuration of a single SOFC-0?~ and SOFC-H* has
three main parts: a fuel channel, an air channel, and the solid
part consisting of a ceramic electrolyte, anode and cathode, as
shown in Fig. 2. Both the SOFCs are configured as planar with
the same stack sizes. The SOFC composed of Ni-YSZ|YSZ|YSZ-
LSM and Pt|SCY|Pt are considered for the SOFC-O%~ and SOFC-
H*, respectively.

2.2. SOFC operation

In this study, the synthesis gas derived from a gas mixture of
CH, and H,0 at a ratio of 2 after 30% pre-reforming in an
external reformer is consider as fuel whereas air is used as an
oxidant for both SOFC-0?~ and SOFC-H*. The partial reform-
ing of fuel helps to avoid the possibility of a carbon formation
on the anode material of SOFC-O?~ which is caused by
a complete internal reforming [24]. Considering the SOFC with
direct internal reforming (DIR), when the partially reformed
gas containing of mainly CH, and H,O are fed into the fuel
channel, CH, is directly reformed within SOFC by a steam
reformingreaction (Eq. (1) in Table 1) to produce H, and CO. CO
is further reacted with residual water via a water gas-shift
reaction (Eq. (2)) to produce CO, and H,. Hydrogen produced
from the above two reactions at the anode undergoes an
oxidation reaction and releases electrons to the external
circuit (Eq. (3)). Oxygen (in air) at the cathode side accepts
electrons from the external circuit, and undergoes a reduction

SOFC-0” SOFC-H*
Reformed gas Anode Anode
CH,4, H,0, CO, H,, CO, exhaust gas exhaust gas >
I |
Air Cathode Cathode
—_— >
[] exhaust gas [] exhaust gas
DC output

Fig. 1 - Schematic of the SOFC-0>"-SOFC-H™" system.
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Fig. 2 - Configuration of a co-flow planar solid oxide fuel
cell.

reaction (Eg. (4)). The electron flow in the external circuit from
the anode to the cathode produces direct-current electricity.
For SOFC-0?", oxygen at the cathode side diffuses to the
cathode|electrolyte interface and forms the oxygen ions (Eq.
(4a)). Further, the oxygen ions migrate through the electrolyte
to the anode and react with hydrogen to generate water and
electrons (Eq. (3a)). In case of SOFC-H*, hydrogen is oxidized
into protons and electrons at the anode|electrolye interface
(Eq. (3b)). While the protons migrate through the electrolyte to
the interface, oxygen reacts with protons and produces the
water at this side (Eq. (4b)). Table 1 presents all the reactions
which are considered in the SOFC-0?~ and SOFC-H" models.

2.3. SOFC model

A mathematical model of SOFC is based on the following
assumptions: steady state operation, uniform operating
temperature and pressure over the fuel cell geometry, and
constant cell voltage operation.

2.3.1. Mass balance

The differential equations describing the change of compo-
nent concentrations in fuel and air channels along the axial
direction can be written as follows:

e Fuel channel:

Table 1 - Reactions considered in the SOFC-0%?~ and
SOFC-H* model.

Steam reforming reaction CH,4 + H,0—3H, + CO (1)

Water gas-shift reaction  CO + H,O0<H, + CO; (2)

Oxidation reaction H, + 0* > H,0 (anode) + 2e~ (3a)
H,—2H" + 2e™ (3b)

0.50, + 2e"—0?" (4a)

0.50, + 2H" + 2e” —>H,0 (cathode) (4b)
H, + 1/20,—H,0 (anode) (5a)

H, + 1/20,—H,0 (cathode) (5b)

Reduction reaction

Overall Electrochemical
reaction

dci; 1 1

x “ul (Vf.JRi)hj (6)

i = CHg, H,0 (at anode side), CO, H,, and CO,
j = steam reforming, water gas-shift, and electrochemical
reactions

e Air channel:

dCi, 1 1
& w2 iRy )
J

i = 0, for SOFC-0?" and O, and H,0 (at cathode side) for SOFC-
H+
j = electrochemical reaction

2.3.2.  Chemical reactions

Steam reforming reaction is endothermic and relatively slow,
especially compared to water gas-shift reaction. It is assumed
that this reaction occurs at a finite rate. The rate expression of
steam reforming reaction (R;) can be written as [25]:

Eq
Rq) = kopcu, €Xp (—ﬁ) (8)

where ko is a pre-exponential constant
(=4274 mol s~* m~2 bar ) and E, is an activation energy
(=82 kJ mol ), respectively. It should be noted that in general,
both the high-temperature operation and the continuous
hydrogen consumption in the electrochemical reaction can
enhance the equilibrium-limited steam reforming of CHs.
Therefore, since the kinetic of irreversible reforming reaction
proposed by Achenbach and Riensche [25] was used in this
study as shown in Eq. (8), only the operating temperature and
the partial pressure of CH, have an effect on the reforming
reaction.

Water gas-shift reaction (Eq. (2)) is exothermic reaction and
always assumed to be occurred under chemical equilibrium
conditions. The rate expression of water gas-shift reaction
(R@2) is expressed by Haberman and Young [26] as follows:

Rwasr = Rwasr X Tan X (pCOszO — P%) (9)
€q
103191
Keq = exp( —0.2935Z% 4+ 0.63512% + 4.1788Z + 0.3169),
1000
Z= W -1 (17)

where kyggr is the pre-exponential factor (mol m~—> Pa—2 s7%)
and K., is the equilibrium constant for water gas-shift
reaction.

Faraday’s law relates the flux of reactants and products to
the electric current arising from an electrochemical reaction.
As a result, the amount of current density (i) produced in the
fuel cell depends on the amount of H, and O, consumed and
H,0 produced through electrochemical reaction.
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R = (12)

2F

where R(s) is the hydrogen oxidation reaction rate.

2.3.3.  Electrochemical model

The electrochemical model can predict electrical potential,
current density, and various losses appeared in the fuel cell.
Due to the internal voltage losses encountered in a real SOFC
operation, the operating cell voltage (V) is always less than the
open-circuit voltage (E°Y) as expressed in Eq. (13).

V =E°% _ (nact + Nohm T nconc) (13)

E°SV is the maximum voltage that can be achieved by a fuel

cell under specific operating conditions. It can be calculated by
Nernst equation:

) RT PH,0(an)
SOFC —0%: EOV. _~—=F°___In|_£20G0 a4
SOFC-0 2F sz(an)p%ZS(ca)
RT DHy0(ca)
SOFC-H': EgGc y=E' —zIn| 00— ”
SOFC-H 2F (sz(a“)pgf(Ca> "

where “an” and “ca” stand for anode and cathode, respec-
tively, E° is the open-circuit voltage at standard pressure and
is a function of the operating temperature as can be given in
the following expression [27]:

E® = 1.253 — 2.4516 x 107*T (16)

The voltage losses as shown in the brackets on the right-
hand side of Eq. (13) take place as current is drawn from
a fuel cell. These various voltage losses consist of the activa-
tion overpotential, ohmic loss, and concentration over-
potential as described below:

Activation overpotential (1, is the loss caused by elec-
trochemical reactions at the electrode surfaces. In this study,
the non-linear Butler-Volmer equation (Eq. (17)) is used to
compute the activation overpotential:

. anF
1 = lo,electrode | €XP RT MNact,electrode

1—a)nF
—€xp ( - %nact.electrode> :| (17)

where « is the transfer coefficient (=0.5), n is the number of
electrons transferred in a rate-limiting reaction step, and
Ip,electrode 1S the electrode exchange-current density. For the
SOFC-0%7, it is noted that the approximate expression
proposed by Aguiar et al. [28] was used to determine the value
of the exchange-current density, which depends only on the
operating temperature. In case of the SOFC-H*, the concen-
tration dependency of the exchange-current density is neglec-
ted since the rate expression is not available. In addition, the
equal exchange-current density on the anode and cathode is
assumed [12]. Table 2 summarizes the values of the exchange-
current density for computing the activation overpotential.

Ohmic loss (7onm) occurs from the charge carrier transport
across the electrolyte, which mainly depends on the conduc-
tivity of material. This loss is important in all types of a fuel
cell and is proportional to the current density (i) as shown in
Eq. (18).

Table 2 - The values of electrode exchange-current
densities for computing the activation overpotential.

SOFC iO,anode (A miz) iO,cathode (A miz)
Type
SOFC-0?" 6.54 x 10 x Texp(—140x10%) 2 35 x 1011 x ATexp(-13210°)
SOFC-H* 800 800
. Tel
Nohm =1 = (18)
Oele

where tqe and oee are the thickness and conductivity of
electrolyte. The conductivity of oxygen ion and proton
conductors can be written as follows [12,28]:

(19)

10300
OelesoFc-0 = 33.4 X 103exp <_T>

6300
Oele, SOFC-H = 225928Xp (—T> (20)

Concentration overpotential (neonc) is caused by a large
reduction in the concentration of fuel at the electro-
de|electrolyte interfaces. This loss is more pronounced when
fuel or oxidant gases with lower purity is fed to a fuel cell
stack. neonc is determined from the difference in the open-
circuit voltage calculated based on the reactant and product
concentrations at the electrode|electrolyte interfaces (I) and
that based on the bulk concentrations. According to its defi-
nition, the concentration overpotentials of the SOFC can be
derived as:

_ RT Ph O(an) PH,(an)
SOFC — 0*: P | i
Mconc,SOFC-0 oF <szO(an) phz(“m
+ 20 (p?“‘”) (21)
pO;(ca)
SOFC—H": 7eoncsorcn = fln (ﬂ)

0.5 I
hT
PN p[Oz(ca) Pu,0(ca) (22)
2F Do, (ca) Pu,0(ca)
The partial pressures of hydrogen (p};,), water vapor (p};,,) and
oxygen (pp,) at the electrodelelectrolyte interfaces can be
derived from Fick’s model: the electrochemical reaction
occurs at the electrodelelectrolyte interfaces; the diffusion

rate of reactants to the interfaces is equal to the rate of elec-
trochemical reaction [12,28]:

SOFC — O”": Pl an) = Pry(an) — arp.
RTtan .
. 3 ATran
szO(al’l) = Pu0(an) + ZFDeff.anl
RTr,
. b _ _ree
Poyica) = P = (P~ Doy exp <4FDeffAcaP‘> @)
SOFC—H':  Plyany =P~ (P~ Pruam ) exp (57251

RTtca 5
pgz(ca) = Poj(ca) ~ Frp (24)

eff ca
1 _ RTrea :
PH,0(ca) = PH,0(ca) T zpp_ -1

eff.ca
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where 15, and 1., are the thickness of anode and cathode,
respectively, and Defran and Desrca represent the effective
diffusivity coefficient of gases in the anode and cathode sides
that can be explained by ordinary and Knudsen diffusions [29].
For SOFC-0?, the effective gas diffusivity coefficient in the
anode side is calculated from the effective diffusivity coeffi-
cient of H, and H,0O whereas that in the cathode side is
calculated from the effective diffusivity coefficient of O, and
N,. In case of SOFC-H™, the effective gas diffusivity coefficient
in the anode side is calculated from the effective diffusivity
coefficient of H, whereas that in the cathode side is calculated
from the effective diffusivity coefficient of O, and H,0 aver-
aged by its mole fraction.

The model equations of SOFC consisting of mass balances
and electrochemical model are solved to predict the perfor-
mance of SOFC in terms of average current density (iave),
power density (Psorc) and the efficiency (esopc) of fuel cell.
When an operating cell voltage (V) is pre-specified, an average
current density is calculated from the distribution of current
density along the cell length. The operating cell voltage and
average current density obtained are used to calculate the
power density and the efficiency as shown in the following
expressions:

Psorc-0 = lave,sorc-oV (25)
Psorc-n = lavesorc-uV

favesorc—o VLW

yeu, MHVen, +yi, LHVH, +Yco LHVCO) Fiielsorc-o

€SOFC-0 = (

(26)
— __ lavesorc-nVLW

E€SOFC-H = 7 in

Yit, LHVH, Pl sorc—n

3. SOFC-0?>"-SOFC-H" system model

As shown in Fig. 1, the synthesis gas partially reformed in an
external reformer is supplied to the SOFC-O?~ at the fuel
channel where steam reforming and water gas-shift reac-
tions occur. At the same time, the electrochemical reaction is
carried out when oxygen is supplied at the air channel. The
SOFC-O*" can produce both electrical power and high-
temperature exhaust gas containing H,O, CO, H, and CO,.
The anode exhaust gas from SOFC-O?" is continuously
delivered to the SOFC-H' without the requirement of
external reformers and shift reactors. This is because the
amount of H, contained in the anode exhaust gas is suffi-
cient to carry out the electrochemical reaction and the low
amount of CO (less than 10%) can further reacted with H,O
via water gas-shift reaction to produce more H, in the SOFC-
H*. After the anode exhaust gas from SOFC-O?" is fed into
the SOFC-H", H, contained in the anode exhaust gas and
produced from the water gas-shift reaction reacts with O,
from the cathode exhaust gas of the SOFC-O*" to produce
additional electrical power. The power density of the SOFC-
O* -SOFC-H" system, Pgystem, and the overall efficiency,
€system, Can be calculated by

Psystem = Psorc—o0 + Psorc-n (27)

P SystemLW
<yian4 LHVcy, + Y%-[I]z LHVy, + ygqoLHVCO) Fif[&el,somfo

(28)

€System —

4. Results and discussion
4.1. Performance of a single SOFC-0®~ and SOFC-H*

Table 3 shows the values of operating condition and cell
geometry for simulating the SOFC-O?~ and SOFC-H' at the
standard condition, which are derived from the data available
in literatures [12,28,30]. Considering the changing of gas
composition along the cell length of the SOFC-O%" and SOFC-
H*, it can be found that CH, and H,0 are rapidly consumed via
steam reforming reaction (Eq. (1)) at the entrance of fuel
channel, resulting in an increase in H, and CO. At the same
time, more CO, is generated by the water gas-shift reaction.
When most of CHs is completely consumed, the electro-
chemical reaction becomes faster reaction where the
consumption of H, and the generation of H,O are observed.
For the SOFC-0?", the production of H,O occurs at the fuel
channel and this can be beneficially used in converting CO
through the water gas-shift reaction. At the exit of the fuel
channel, the fuel consists of 55% H,0, 7.3% CO, 25.2% H, and
12.5% CO, whereas the oxidant consists of 18.1% O, and 81.9%
Nj. Although the generation of H,0 at the air channel of SOFC-
H* can improve the open-circuit voltage, less H,O at the fuel
channel is insufficient to convert CO into H, and thus, the high
content of CO is observed. At the exit of the fuel channel of the
SOFC-H", the fuel consists of 20.2% H,0, 20.2% CO, 49.6% H,
and 10% CO, whereas the oxidant consists of 5.2% H,0, 17.9%
0, and 76.9% N,.

Figs. 3a and b show the distributions of all individual
voltage losses along the cell length in the SOFC-0?~ and SOFC-
H*, respectively. As expected, the open-circuit voltage of the
SOFC-H" is considerably higher than the SOFC-0?". Due to the
higher internal losses presented in the SOFC-H*, the SOFC-H*
provides lower actual performance than the SOFC-O?~ under
the same operating conditions. In order to explain the influ-
ence of the electrolyte types on the cell performance, the

Table 3 - Model parameters used in the performance

analysis of SOFC-O”>"-SOFC-H" system [12,28,30].

Parameters

Value

Operating conditions
Operating temperature, T
Operating pressure, P
Fuel feed to SOFC-0*~
Air feed to SOFC-0*"

Air feed to SOFC-H"

750 °C

1.0 atm

Steam/Carbon = 2, 30% pre-reforming
21% O,, 79% N,

0.1% H,0, 20.9% 0,, 79% N,

Cell voltage 0.65V
Inlet fuel velocity 2m/s
Inlet air velocity 18 m/s
Dimensions of cell element

Cell length, L 0.4 m
Cell width, W 0.1m
Fuel channel height, h¢ 1 mm
Air channel height, h, 1 mm
Anode thickness, 14, 500 um
Cathode thickness, 1, 50 pm
Electrolyte thickness, tele 20 pm
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Fig. 3 - Distributions of all voltage losses in: (a) SOFC-0?",
and (b) SOFC-H*.

relative magnitude of all individual voltage losses in each type
of SOFC is given in Fig. 4. Considering the ohmic loss, it can be
seen that the ohmic loss of the SOFC-H* is much higher than
the SOFC-O*>" due to lower conductivity of the proton-

conducting electrolyte. For the concentration overpotential,
the SOFC-O?" has higher anode concentration overpotential
compared with the SOFC-H". This is because H,0 generated in
the anode side for the SOFC-0O?" inhibits the diffusion of H,
from the anode site to the interface. While H, is only pre-
sented in the anode side for the SOFC-H", the faster transport
of H, leads to lower concentration overpotential. Unlike anode
concentration overpotential, the cathode concentration
overpotential of SOFC-H" is much higher than that of SOFC-
0?". Due to the transport of the reactant O, and the product
H,0 in the cathode side of the SOFC-H", the H,0 molecules
hinder the transport of O,, resulting in high concentration
overpotential.

From the above results, it can be concluded that the current
density obtained from SOFC-0O? is higher than the SOFC-H"
under specified operating conditions. As a result, the power
density and the efficiency of the SOFC-O?" are higher than
those of SOFC-H* as shown in Table 4. It is noted that for the
SOFC-0*"-SOFC-H" system, a low degree of fuel utilization of
SOFC-0?~ should be maintained in order to provide the
exhaust gas with higher useful fuel for the SOFC-H* and thus,
the low efficiency of SOFC-0?~ and high unused H, obtained in
this work is reasonable for applying to the SOFG-O* ~SOFC-H"
system.

4.2. Performance of a SOFC-0°"~SOFC-H" system

For the SOFC-O%* -SOFC-H" system (denoted as SOFC hybrid
system), the exhaust gas from the SOFC-O?~ is used as the
inlet fuel for the SOFC-H". The gas composition at the outlet
of the SOFC-0?~ consists of 55% H,0, 7.3% CO, 25.2% H, and
12.5% CO,. It can be seen that CH, is fully reformed within
the SOFC-0?" and thus, the remaining CO and H, is consid-
ered to continue the water gas-shift and electrochemical
reactions in the fuel channel of the SOFC-H", respectively.
Under the standard operating conditions, it is found that
the SOFC-O*-SOFC-H' system have a higher efficiency
compared to the use of a single SOFC as shown in Table 4.
The total power density and overall efficiency of SOFC hybrid
system are 0.77 W cm ? and 54.11%, respectively. In
comparison with the efficiency of the single SOFC-H™ (esorc-u
= 23.45%), it can be seen that the overall system efficiency is
improved by 56.66%.

4.2.1. Effect of operating temperature

In this section, the effect of operating temperatures on the
efficiencies of the SOFC-0%, SOFC-H' and SOFC hybrid
system is studied as shown in Fig. 5. Since a decrease in

Table 4 - Performance of SOFC-0?~, SOFC-H' and SOFC
hybrid system.

Fig. 4 - Comparison of all voltage losses in SOFC-0?~ and
SOFG-H".

Results SOFC-O>" SOFC-H' SOFC hybrid
system
Average current 0.74 0.52 1.18
density (A cm ?)
Power density (W cm—?) 0.48 0.33 0.77
Efficiency (%) 33.84 23.45 54.11
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Fig. 5 - Effect of operating temperature on the efficiency of
the SOFC-0?~, SOFC-H*, and SOFC hybrid system.

operating temperatures decreases the rate of electrochemical
reaction; the consumption of hydrogen is lower and thus, the
current density also decreases. Considering cell voltage losses,
it is also found that the decreased operating temperature
causes an increase in voltage losses, particularly in ohmic and
activation losses. Therefore, the efficiencies of all the SOFC
systems are decreased with decreasing temperature. It can be
observed that the efficiency of the SOFC-H" is superior to that
of SOFC-0?~ when the operating temperature is lower (650—
710 °C), implying the proton-conducting electrolyte can be
enhanced at lower temperatures.

4.2.2. Effect of operating pressure

Fig. 6 illustrates the efficiencies of the SOFC-0?~, SOFC-H* and
SOFC hybrid system as a function of operating pressures. It is
found that the efficiency of SOFC can be improved by
increasing operating pressure. Higher pressure operation

—A— SOFC-0”

—®—SOFC-H"
—&— SOFC Hybrid system

a1
o

N
a1
!

Efficiency (%)
W W A
& & S

N
ol
T

200 0.5 1.0 15 2.0 2.5

Operating pressure (atm)

Fig. 6 — Effect of operating pressure on the efficiency of the
SOFC-0%~, SOFC-H", and SOFC hybrid system.

increases the partial pressure of gas in the system and thus,
higher open-circuit voltage and current density can be ach-
ieved. In addition, the transports of gas to the interface are

higher and this results in the lower concentration
overpotential.
4.2.3. Effect of degree of pre-reforming

In this section, the effect of the degree of pre-reforming of CH,
on the efficiencies of the SOFC-0?~, SOFC-H* and SOFC hybrid
system is investigated. According to Fig. 7, the efficiency of
SOFC increases with increasing degree of pre-reforming. This
is because higher degree of pre-reforming results in an
increase in the H, concentration in the fuel composition,
leading to larger open-circuit voltage and thus, current
density is more produced. In addition, higher H, easily diffuse
to the interface, thereby decreasing anode concentration
overpotential.

4.2.4. Effect of inlet fuel velocity

Generally, an increase in the inlet fuel velocity decreases the
consumption of fuel, resulting in a higher H, concentration.
This causes an increase in open-circuit voltage and current
density. However, since the molar flow rate of fuel is also
much higher when inlet fuel velocity increases and thus, the
cell efficiencies of the SOFC-0?", SOFC-H" and SOFC hybrid
system are considerably decreased, as shown in Fig. 8.

4.2.5. Effect of cell voltage

Due to the SOFC operated with a constant cell voltage, the
change of cell voltage in the SOFC hybrid system is studied.
The operating cell voltage of SOFC-O?~ or SOFC-H" in the
SOFC hybrid system is varied from 0.65 to 0.75 V. The results
show that the average current density and the power density
decrease with an increase in cell voltage, due to the increased
voltage losses. This results in the reduced efficiency of SOFC
hybrid system when the cell voltage of the SOFC-0?~, SOFC-
H*, or both the SOFCs in the SOFC hybrid system increases, as
shown in Fig. 9. Increasing cell voltage in the SOFC-0?" lowers
the efficiency of the SOFC hybrid system compared to that in

60
i / |
>0 —A—SOFC-0% ]
< M —®—SOFC-H" i
< a0l —e— SOFC Hybrid system | |
g
3 35} .
=
= 30t .
25¢ e .
20} .
15 1 1 1

0 10 20 30 40 50
Degree of pre-reforming (%)

Fig. 7 - Effect of degree of pre-reforming on the efficiency of
the SOFC-0?~, SOFC-H*, and SOFC hybrid system.
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Fig. 8 - Effect of inlet fuel velocity on the efficiency of the
SOFC-0?~, SOFC-H™", and SOFC hybrid system.
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Fig. 9 - Effect of changing the cell voltage in the SOFC-0?",
SOFC-H*, and SOFC-O?~-SOFC-H* system on the
efficiency of the SOFC hybrid system.

the SOFC-H". This is because the efficiencies of both the SOFC-
0% and SOFC-H" are reduced with increasing cell voltage of
the SOFC-0?~ whereas only efficiency of SOFC-H" is decreased
when the cell voltage of the SOFC-H" increases. Itis noted that
the efficiency of the SOFC-O?" is an important factor which
has an effect on the overall efficient of the SOFC hybrid
system.

5. Conclusion

The performance analysis of a methane-fed SOFC hybrid
system combining SOFC-0?~ and SOFC-H" is presented in this
study. In the SOFC hybrid system, the exhaust gas from SOFC-

02~ is directly fed into SOFC-H*. The simulation result shows
that the SOFC hybrid system provides the electrical efficiency
of 54.11% whereas a single SOFC-0®>~ and SOFC-H" has the
efficiency of 33.84% and 22.45%, respectively. The perfor-
mance of the SOFC hybrid system at different temperature,
pressure, degree of pre-reforming, inlet fuel velocity and cell
voltage is also presented. It is found that increasing the
operating temperature, pressure, degree of pre-reforming as
well as decreasing inlet fuel velocity, cell voltage can improve
the efficiency of the SOFC system. Interestingly, it is shown
that the efficiency of SOFC-0?" is an important factor having
an effect on the overall efficient of the SOFC hybrid system.
Design of SOFC-0?~ for producing both electrical power and
exhaust gas for SOFC-H" should be significantly considered in
the SOFC hybrid system.
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Nomenclature

C; Molar concentration of component i, mol m~3

Dest Effective diffusion coefficient, m? s !

E, Activation energy, k] mol™*

E°SY  Open-circuit voltage (OCV), V

E° OCV for standard temperature and pressure and
pure reactants for the H, oxidation reaction, V

F Faraday’s constant, C mol™*

Fruel Molar flow rate of the fuel, mol s~?

ha Air channel height, m

he Fuel channel height, m

Tave, 1 Average and local current density, A m 2

ig,electrode EXChange-current density, A m~?

Keq Equilibrium constant for water gas-shift reaction
ko Pre-exponential constant for reforming reaction,
mol s ' m~2bar?!

kwesr  Pre-exponential factor for water gas-shift reaction,
mols 'm3Pa?

L Cell length, m

LHV Lower heating value, kJ mol *

n Number of electrons participating in the
electrochemical reaction

P Pressure, atm

Di Partial pressure of component i, atm

p! Partial pressure of component i at
electrode|electrolyte interface, atm

Psorc  Power density of SOFC, W m 2

Psystem Power density of SOFC hybrid system, W m~?

Rohm Ohmic resistance, Q m?

R; Rate of reaction j, molm 2s™*

R Gas constant, k] mol™* K?

T Temperature, K

Ua Air velocity, m s~*
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Us
\%
W

Yi

Fuel velocity, (m s™%)

Cell voltage, V

Cell width, m

Mole fraction of component i

Greek symbols

Transfer coefficient

o

£30FC Efficiency of SOFC, %

esystem  Efficiency of SOFC-O?"-SOFC-H™ system, %

Nact Activation overpotential, V

Neon Concentration overpotential, V

Nohm Ohmic loss, V

Oele Conductivity of electrolyte, @ * m™!

Tan Anode thickness, m

Tea Cathode thickness, m

Tele Electrolyte thickness, m

vij Stoichiometric coefficient of component i in
reaction j

Superscripts

I Electrode|electrolyte interface

in Feed condition at inlet

Subscripts

a air channel

act activation

an anode

ca cathode

conc concentration

f fuel channel

i component

j reaction

ohm ohmic

SOFC-H SOFC based on a proton-conducting electrolyte
SOFC-O SOFC based on an oxygen conducting electrolyte
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ABSTRACT

This study presents a thermodynamic analysis of hydrogen production from an auto-
thermal reforming of crude glycerol derived from a biodiesel production process. As
a composition of crude glycerol depends on feedstock and processes used in biodiesel
production, a mixture of glycerol and methanol, major components in crude glycerol, at
different ratios was used to investigate its effect on the autothermal reforming process.
Equilibrium compositions of reforming gas obtained were determined as a function of
temperature, steam to crude glycerol ratio, and oxygen to crude glycerol ratio. The results
showed that at isothermal condition, raising operating temperature increases hydrogen
yield, whereas increasing steam to crude glycerol and oxygen to crude glycerol ratios
causes a reduction of hydrogen concentration. However, high temperature operation also
promotes CO formation which would hinder the performance of low-temperature fuel
cells. The steam to crude glycerol ratio is a key factor to reduce the extent of CO but
a dilution effect of steam should be considered if reforming gas is fed to fuel cells. An
increase in the ratio of glycerol to methanol in crude glycerol can increase the amount of
hydrogen produced. In addition, an optimal operating condition of glycerol autothermal
reforming at a thermoneutral condition that no external heat to sustain the reformer
operation is required, was investigated.

© 2010 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.

1. Introduction

process as well as separation process of biodiesel and glyc-
erol. This makes crude glycerol from biodiesel production

Increasing energy demand and environmental awareness
stimulate a number of researchers to explore alternative
fuels which are environmentally friendly and readily avail-
able. Biodiesel is a promising alternative fuel because it can
be produced from renewable resources such as vegetable oils
or fats. While the production of biodiesel increases, glycerol
as a major by-product is also highly generated. Generally,
crude glycerol always contains impurities and its composi-
tion depends on type of feedstock and biodiesel production

* Corresponding author. Tel.: +66 2 2186878; fax: +66 2 2186877.

E-mail address: Amornchai.A@chula.ac.th (A. Arpornwichanop).

process be low price and the purification process of crude
glycerol requires high operating cost and is uneconomic.
Valliyappan et al. [1] reported that crude glycerol consists of
mostly glycerol (60 wt.%) and methanol (31 wt.%) and slightly
water and KOH. At present, a number of researches have
been being explored to find useful applications for glycerol,
especially in cosmetic, pharmaceutical, and food industries.
Producing hydrogen from glycerol is also a promising alter-
native option [2—-5].

0360-3199/$ — see front matter © 2010 Professor T. Nejat Veziroglu. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.ijhydene.2010.04.050


mailto:Amornchai.A@chula.ac.th
http://www.elsevier.com/locate/he

6618

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 35 (2010) 6617—6623

Hydrogen is considered as a clean energy source that can be
used to generate electricity via fuel cells. Typically, hydrogen is
produced from natural gas which is an unrenewable energy
source. The utilization of renewable and sustainable resources
such as bioethanol and biomass, to produce hydrogen is widely
studied [6—8]. Alternatively, the use of glycerol from biodiesel
production process as raw material for hydrogen production is
an attractive approach [9—12]. Several reports were presented
on the production of hydrogen from glycerol using a low-
temperature aqueous phase reforming [13—15]. However, the
disadvantage of such a process is a drastic decrease of
hydrogen content because methanation reaction favors at low
temperatures. Thus, catalysts with high selectivity of hydrogen
production should be further developed. A gas phase steam
reforming of glycerol was also studied. Adhikari et al. [16]
analyzed the effect of process variables for glycerol steam
reforming by the direct minimization of Gibb free energy. They
found that the best condition for producing hydrogen is at the
temperature of higher than 900 K, atmospheric pressure, and
the molar ratio of water to glycerol of 9. In addition to the steam
reforming process, an autothermal reforming is regarded to
a promising process in term of thermal management. It can
start up quickly and has ability to prevent coke formation
[17,18]. The experimental study on glycerol autothermal
reforming was investigated by Swamiand Abraham in Ref. [19].
They concluded that the addition of oxygen enhances the
reaction rate at an initial period, leading to the breakdown of
glycerol. Recently, Wang et al. [20] investigated the glycerol
autothermal reforming to generate hydrogen. They suggested
that the heat integration of autothermal reforming makes it
more attractive and competitive. Under optimal conditions,
methane production is minimized and carbon formation is
thermodynamically inhibited. It is noted that most previous
studies concentrated on the utilization of pure glycerol for
hydrogen production; however, detailed analysis of the
synthesis of hydrogen from crude glycerol is limited. Since
crude glycerol contains unreacted methanol from biodiesel
production process, an understanding of the characteristics of
crude glycerol reforming process is necessary.

In this study, a thermodynamic analysis of autothermal
reforming of crude glycerol is investigated as a basic tool of
process development for hydrogen production from a renew-
ableresource. The direct minimization of the Gibbs free energy
is used to compute the equilibrium composition of synthesis
gas. Effects of operating condition, i.e., temperature, steam to
crude glycerol ratio, and oxygen to crude glycerol ratio, on the
autothermal reforming of crude glycerol at various methanol
to glycerol ratios are reported. In addition, optimal conditions
for crude glycerol autothermal steam reforming that maximize
hydrogen production at no external energy input are studied
and the results are compared with the use of pure glycerol.

2. Thermodynamic analysis
2.1.  Methodology
In general, crude glycerol obtained from the production of

biodiesel constitutes various kinds of impurities such as
methanol, soap, catalyst, and organic matter, depending on

raw materials and process technologies applied. However, the
main compositions of crude glycerol are glycerol and meth-
anol [1], which were considered in this study as a fuel for
hydrogen production. The thermodynamic analysis of crude
glycerol autothermal reforming process was performed by
using commercial software HYSYS to study the effect of key
operating parameters such as reformer temperature, steam to
crude glycerol ratio and oxygen to crude glycerol ratio on
hydrogen product. These parameters are defined as follows:

molarflowrateof steam
molarflowrateof crudeglycerol

(1)

Steamtocrudeglycerolratio=

molarflowrateof oxygen
molarflowrateof crudeglycerol

(2)
The equilibrium compositions of synthesis gas obtained
from the reformer were determined by solving the minimi-
zation problem of the Gibbs free energy. The equation of state
used in the calculation was based on the Peng-Robinson
Stryjek-Vera (PRSV) method [21]. In this study, the fraction of
glycerol in crude glycerol was varied to investigate its effect on
hydrogen production and the results were also compared with
the use of pure glycerol.

Oxygentocrudeglycerolratio=

2.2. Possible reactions in crude glycerol autothermal
reforming

In an autothermal steam reforming, fuel is fed with steam and
oxygen and thus, steam reforming and oxidation reactions are
occurred simultaneously. The possible reactions for crude
glycerol autothermal steam reforming include steam
reforming (Eq. (3)) and oxidation (Eq. (4)) as major reactions,
and water gas shift (Eq. (5)), methanation (Eq. (6)), dry
reforming (Eq. (7)) as side reactions. From the set of the reac-
tions, the components involved the autothermal reforming
system are C3HgOs, CH30H, O,, H,0, CO, CO,, Hp, CHy.
Steam reforming:

C3H803 + 3H20<—> 7H, + 3C02 (33.)

CH:0H + H,0 3H, + CO, (3b)
Oxidation:

C3H803 + ; Oz <—’3COQ + 4H2 (4a)

CH;0H +% 0, CO, + 2H, (4b)

Water gas shift:

CO + H,0-CO, + H, (5)
Methanation:
CO + 3H, < CH, + H,0 (6)

Methane dry reforming:

CO, + CH, < 2H, + 2CO %)

It is noted that in this study, the products of crude glycerol
reforming are predicted based on a thermodynamic analysis
without considering the effects of catalyst used. There are
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Table 1 — Operating conditions for autothermal reforming
of crude glycerol.

Parameters Standard Operational
condition range
Reformer temperature (K) 1000 600—1200
Pressure (atm) 1 =
Steam to crude 3 1-9
glycerol ratio
Oxygen to crude 0.6 0.1-0.8
glycerol ratio
% glycerol in = 40—100

crude glycerol

a number of researches concerning about the synthesis and
study of catalysts for glycerol steam reforming glycerol
reforming [8—11,19,22,23].

3. Results and discussion

In this section, the performance of an autothermal reforming of
crude glycerol consisted of mainly glycerol and methanol for
hydrogen production is thermodynamically analyzed under
atmospheric pressure. The major operating parameters, i.e.,
operating temperature, steam to crude glycerol ratio, and
oxygen to crude glycerol ratio, are considered. Depending on
types of feedstocks and technologies, the mole fraction of
glycerolin crude glycerol is varied in range of 40—80% [24—26] to
investigate its impact on hydrogen production. The standard
conditions of the autothermal reforming and their operational
ranges examined in this study are shown in Table 1. For all
simulations, the inlet feed temperature was kept constant at
550 K. At the standard condition, the equilibrium product
distribution including water is reported in Table 2. Itis observed
that the amount of CO, CO,, CH, and H, increases with
increasing the fraction of glycerolin crude glycerol whereas H,O
is more produced at a lower glycerol content in crude glycerol.
Table 2 also presents the product compositions in dry basis.

3.1. Effect of operating temperature

Fig. 1(a) shows the mole fraction and molar flow profile of
hydrogen as a function of temperatures at different crude
glycerol compositions. Raising the operating temperatures
increases both the molar fraction and the molar flow of
hydrogen. A similar trend is also observed when other fuels
such as methane, methanol, and ethanol are utilized for
hydrogen production [27—29]. At equilibrium condition, crude

Fig. 1 — Effect of operating temperature on equilibrium
compositions and molar flow rate of reforming gas: (a) H,
and (b) CO (steam to crude glycerol ratio = 3 and oxygen to
crude glycerol ratio = 0.6).

glycerol is completely consumed in all the temperature ranges
considered. This implies that an increase in hydrogen is due to
the increased reverse methanation reaction; the reduction of
methane is also observed. The results also indicate that when
comparing to case of using pure glycerol (100% glycerol), the
concentration of hydrogen obtained from crude glycerol
reforming is lower. This can be explained by the presence of
methanol contained in crude glycerol; hydrogen produced
from the steam reforming and oxidation of methanol is less
than that obtained from glycerol (Egs. (3) and (4)). Therefore,
the amount of hydrogen decreases when methanol containing
in crude glycerol increases. Fig. 1(b) illustrates an increased CO
concentration at high temperature operation. This results
from the reverse water gas shift which is the endothermic
reaction and favored at high temperatures. Further, the
methanation is also less pronounced due to its exothermicity.
It is observed that at the specified operating temperature, the
autothermal reforming of glycerol with less methanol

Table 2 — Product distribution at standard condition.

% Molar flow

Mole fraction

glycerol rate (kgmole/h) (dry basis)

H, CcO CO, CH,4 H,0 H, CO CO, CH,
100 4.202 1.527 1.455 0.018 2.762 0.583 0.212 0.202 0.002
80 3.727 1.228 1.361 0.011 2.850 0.589 0.194 0.215 0.002
60 3.231 0.943 1.251 0.007 2.956 0.595 0.174 0.230 0.001
40 2.709 0.678 1.119 0.003 3.084 0.601 0.150 0.248 0.001
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generates a higher CO concentration. It is noted here that an
increase in reforming temperatures has an advantage to
achieve high hydrogen concentration, which would enhance
fuel cell performance; however, more CO formation will cause
a CO poisoning problem in fuel cell operation, especially
a low-temperature fuel cell like a proton exchange membrane
fuel cell (PEMFC). For this case, additional purification
processes such as water gas shift reaction, preferential
oxidation or membrane separation process should be added in
the fuel processing process to reduce CO content to acceptable
level. In addition, the developments of CO tolerant catalyst, air
bleeding technique, and high temperature proton exchange
membrane would be alternative options to overcome the CO
poisoning problem in PEMFC.

3.2. Effect of steam to crude glycerol ratio

A steam to crude glycerol ratio is a critical parameter to design
the production and purification processes of hydrogen used for
fuel cells. Typically, an excess steam is used to overcome the
equilibrium limitation of steam reforming reaction, enhancing
the extent of hydrogen produced [30]. From the simulation
results (Fig. 2(a)), although the flow rate of hydrogen increases
with increasing steam to crude glycerol ratio, the fraction of
hydrogen in the reforming product stream shows an opposite
trend because the unreacted steam dilutes hydrogen product.
If the reforming gas with dilute hydrogen concentration is
directly fed to fuel cells, its electrical performance would
diminish and thus a hydrogen separation process is needed.
Fig. 2(b) shows the effect of the steam to crude glycerol ratio on
the fraction and molar flow of CO in the reforming gas. The
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Fig. 2 — Effect of steam to crude glycerol ratio on
equilibrium compositions and molar flow rate of reforming
gas: (a) H, and (b) CO (oxygen to crude glycerol ratio = 0.6
and T = 1000 K).
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Fig. 3 — Effect of oxygen to crude glycerol ratio on
equilibrium compositions and molar flow rate of reforming
gas: (a) H, and (b) CO (steam to crude glycerol ratio = 3 and
T = 1000 K).

change in CO concentration shows a decreased trend when
feed steam is increased since more steam promotes the water
gas shift reaction. Similar results are observed when using
crude glycerol with different methanol contents. An increase
of methanol fractionin crude glycerol makes the concentration
of hydrogen and CO decrease.

3.3. Effect of oxygen to crude glycerol ratio

Fig. 3(a) and (b) shows that increasing oxygen to crude glycerol
not only reduces the fraction of hydrogen but also decreases
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Fig. 4 — Relation of oxygen to pure glycerol ratio and
adiabatic temperature at different steam to pure glycerol
ratios.
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Fig. 5 — Effect of inlet feed temperature on product fraction
and oxygen to pure glycerol ratio (steam to pure glycerol
ratio = 3 and T = 1000 K).

CO in the reforming gas. The increased amount of oxygen
favors the oxidation reaction and suppresses the steam
reforming, resulting in the depleted fraction of hydrogen. The
content of CO is reduced since the increased oxidation causes
more unreacted feed steam and thus the water gas shift
reaction is more pronounced. When the ratio of glycerol in
crude glycerol increases, both the mole fractions of hydrogen
and CO in the reforming gas also increase. From the simula-
tion results, no oxygen exists in the reforming gas at all
operating conditions. This indicates that oxygen reacts with
glycerol via the oxidation reaction and then the remaining
glycerol reacts with steam in the reforming reaction.

In general, the addition of oxygen to the reformer is an
important factor having the directimpacton a heatrequirement

Q

Molar flow of H, (kgmole/h)

1.0 + T T T T r T
0.1 0.2 03 0.4 0.5 0.6 0.7 0.8

Oxygento crude glycerol ratio

(@)

5.0

Molar flow of H, (kgmole/h)

1.0 + T T T T T T |
0.1 0.2 0.3 0.4 05 0.6 0.7 0.8

Oxygen to crude glycerol ratio

to sustain the process. In an autothermal reforming, the system
can be operated without requiring an external heat input by
adjusting oxygen feed. To maximize hydrogen concentration at
no external energy input, an optimal condition for operating the
autothermal reformer should be determined.

3.4.  Thermoneutral condition

In an autothermal steam reforming process, oxygen supplies
the necessary heat via oxidation reaction for endothermic
steam reforming; increasing oxygen to crude glycerol molar
ratio decreases an external heat requirement. As a result, it is
possible to operate the autothermal reformer without
supplying external heat input by controlling oxygen feed ratio.
This condition is referred as to a thermoneutral condition. The
operating temperature at which the external heat flow equals
to zerois also known as an adiabatic temperature. Fig. 4 shows
the relation of adiabatic temperature and oxygen to pure
glycerol ratio at different steam to pure glycerol (S/F) ratios
when the inlet temperature is fixed at 550 K. The adiabatic
temperature increases with increasing the extent of oxygen.
In contrast, the adiabatic temperature decreases when the
steam to pure glycerol ratio increases. Similar trend is
observed when crude glycerol is used. These results imply
that the net energy required from the reactions enlarges when
the excess steam is fed to the autothermal process.

Apart from the operating temperatures, steam to glycerol
ratio, and oxygen to glycerol ratio, an inlet feed temperature is
one of the most key parameters for achieving the thermo-
neutral condition of the autothermal process. Fig. 5 shows the
effect of feed inlet temperatures on the fraction of hydrogen
and CO in the reforming product stream and on the oxygen to
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Fig. 6 — Molar flow of H, from pure and crude glycerol autothermal reforming process at thermoneutral condition: (a) pure

glycerol, (b) 80% glycerol, (c) 60% glycerol, and (d) 40% glycerol.



6622

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 35 (2010) 6617—6623

Table 3 — Optimal operating condition of crude glycerol autothermal reforming at thermoneutral condition.

Glycerol Steam to crude Oxygen to crude Adiabatic Molar flow of Mole fraction of H,
o . .

content (%) glycerol ratio glycerol ratio temperature (K) H, (kgmole/h) wet basis v

100 1 0.7 1002 3.543 0.447 0.542
3 0.7 962 4.089 0.412 0.577
6 0.7 910 4.576 0.355 0.604
9 0.7 867 4.820 0.304 0.616

80 1 0.6 987 3.219 0.453 0.553
3 0.6 943 3.734 0.410 0.589
6 0.6 888 4.147 0.344 0.615
9 0.6 844 4317 0.287 0.624

60 1 0.5 969 2.881 0.459 0.567
3 0.5 922 3.355 0.406 0.604
6 0.5 864 3.677 0.327 0.626
9 0.55 842 3.834 0.268 0.635

40 1 0.4 950 2.527 0.464 0.584
3 0.4 896 2.940 0.395 0.620
6 0.45 863 3.227 0.307 0.642
9 0.5 842 3.311 0.244 0.648

pure glycerol ratio required to achieve the thermoneutral
condition when the autothermal reformer is operated at the
temperature of 1000 K and the steam to pure glycerol ratio of 3.
Increasing the inlet feed temperature causes a reduction of
the amount of oxygen needed to maintain heat for the auto-
thermal reformer at the desired reformer temperature. The
reduced oxygen results in the increased hydrogen concen-
tration in the product stream as the glycerol consumed by the
oxidation reaction diminishes and thus more glycerol can
react with steam via steam reforming that provides a higher
hydrogen product. However, an increase in the inlet feed
temperature also makes more CO produced.

Fig. 6 demonstrates the amount of hydrogen produced
from the autothermal reforming of pure and crude glycerol as
a function of the oxygen to glycerol and the steam to glycerol
ratios under the thermoneutral condition. At the thermo-
neutral condition, the performance of the autothermal
reformer in term of hydrogen production is enhanced when
the oxygen to crude glycerol ratio increases. This result shows
an opposite trend when the autothermal reformer is operated
at an isothermal condition. For thermoneutral operation,
oxygen affects not only the oxidation reaction but also the
reformer temperature. When increasing the oxygen to glyc-
erol ratio, the oxidation is more pronounced and at the same
time, the temperature of the autothermal reformer is also
elevated until its optimal condition where hydrogen content
reaches the maximum value. Considering the condition at
which hydrogen is maximum produced, the oxygen required
for the autothermal reforming of pure glycerol is higher than
that of crude glycerol. It can be concluded that pure glycerol
reforming requires more heat to maintain the reformer than
crude glycerol reforming. Fig. 6 also shows that at the ther-
moneutral condition, an increase in the steam to crude glyc-
erol ratio improves the production of hydrogen and the
hydrogen produced from pure glycerol is still more than that
from crude glycerol.

Table 3 shows the optimal operating conditions of crude
glycerol autothermal reforming process at the thermoneutral
condition and the amount of hydrogen produced. The suitable
ratio of oxygen to crude glycerol to achieve an optimum

hydrogen yield is around 0.4—0.7 depending on the fraction of
glycerol containing in crude glycerol. The corresponding
adiabatic temperatures are in the range of 850—1000 K.

4, Conclusions

This study presented a thermodynamic analysis of crude
glycerol autothermal reforming for hydrogen production. The
effects of operating temperature, steam to crude glycerol
ratio, and oxygen to crude glycerol ratio on the reformer
performance were investigated at isothermal condition. An
increase in operating temperature enhances the production of
hydrogen; however, the impact of oxygen contents in feed
stream shows an opposite trend. Although adding more steam
in crude glycerol causes an increase in hydrogen product, the
fraction of hydrogen depletes due to the dilution effect of
steam. The results also show that CO formation, which causes
a poisoning problem in low-temperature fuel cells, increases
with increasing the reformer temperature but decreases with
increasing the steam to glycerol ratio. Compared to pure
glycerol, the use of crude glycerol to produce hydrogen gives
a lower performance. Considering the crude glycerol auto-
thermal reforming at a thermoneutral condition where no
external heat input is required, the maximum hydrogen yield
can be achieved at the condition having sufficient oxygen to
sustain energy for system. It is found that the appropriate
oxygen to crude glycerol ratio is around 0.4—0.7 depending on
the purity of crude glycerol. The amount of oxygen needed to
sustain the autothermal reformer operation is higher when
excess steam is applied and crude glycerol containing less
methanol is used for hydrogen production.
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ABSTRACT

A solid oxide fuel cell based on a proton-conducting electrolyte (SOFC-H™) is an attractive fuel cell technology
because of its high theoretical efficiency. This study deals with the performance analysis of a planar SOFC-H™
using a detailed electrochemical model, which takes into account all cell voltage losses, i.e., ohmic, activation,
and concentration losses. The Fick's Model was used to explain gas diffusion in porous electrodes. The
reliability of the developed SOFC-H* model was verified by comparison with experimental data reported in
the literature. The effects of cell design (e.g., the use of anode, cathode, and electrolyte supports), geometry
(e.g., thickness of cell components), and operating parameters (e.g., temperature, pressure, and gas
composition) on the electrical characteristics of SOFC-H™ were examined. The results indicate that an anode-
supported SOFC-H™" shows the best performance under the operating temperature of 1073 K and pressure of
1 atm. Ohmic loss is the major voltage loss in an anode-supported SOFC-H™ due to the relatively low proton
conductivity of the electrolyte. Furthermore, the performance of a SOFC-H™ can be improved by decreasing
the thickness of electrolyte and cathode, and the content of water in the oxidant, as well as by increasing the

operating temperature and pressure.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Fuel cells are regarded as a high-efficiency, low-environmental
impact technology for electrical power generation. They can directly
convert chemical energy into electricity through an electrochemical
process. Among the different types of fuel cells, the solid oxide fuel cell
(SOFC) has received much attention due to its high-temperature
operation (1073-1273 K) which results in a high electrochemical
reaction rate, the flexibility to use various fuel types (e.g., natural gas,
propane, and bio-gas), and the possibility to develop heat and power
cogeneration systems [1,2]. Another important feature of the SOFC is
its all-solid-state construction using ceramics and metals; there is no
liquid electrolyte with its attendant material corrosion and water
management problems.

In general, there are two types of electrolyte (i.e., oxygen-ion and
proton-conducting electrolytes) possible for use in a SOFC. To date,
many studies have focused on SOFC technology using oxygen-ion
conducting electrolytes (SOFC-0?~) because of the chemical stability
and low electrical resistance of oxygen-ion conductors, e.g., stabilized
zirconia and doped ceria [1-10]. However, as solid oxides with proton
conduction have been discovered and developed [11-17], a number of

* Corresponding author. Tel.: +66 2 2186878; fax: + 66 2 2186877.
E-mail address: Amornchai.A@chula.ac.th (A. Arpornwichanop).

0167-2738/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.55i.2010.09.002

the studies related to the use of such proton-conducting SOFCs (SOFC-
H*) have been reported [11,18-25]. When a proton-conducting
electrolyte is used, water vapor is produced at the cathode side.
Higher hydrogen partial pressure at the anode side can enable a
higher fuel utilization of hydrogen [21], offering increased system
efficiency. More complete hydrogen utilization in a SOFC-H™ further
simplifies the overall system design by eliminating the need of the
afterburner [22]. In addition, the SOFC-H* exhibits proton conduc-
tivity down to temperatures as low as 300 °C which offers the
prospect of a wide range for applications, for example in transport
[21,22].

In recent years, many researchers have studied the synthesis and
characterization of proton-conducting materials for the SOFC-H™* [11-
21]. However, there are currently limited studies related to the
modeling and analysis of SOFC-H' stacks and systems [22-25].
Further, most studies investigate the theoretical performance of the
SOFC-H™ without fully considering the irreversible losses found in
actual fuel cell operations [22-24]. An electrochemical model is
therefore required to predict the performance of SOFC-H™ to enable
the improved analysis and design of fuel cell systems based on this
technology [3,6,7]. Recently, Ni et al. [25] analyzed the theoretical
performance of CHy-fed SOFC-H' by considering detailed voltage
losses. However, in their work, the gas transport inside porous
electrodes was developed based on the dusty gas model, which is
more complicated and involves various physical and diffusion
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parameters. Apart from the dusty gas model, the Fick's Model in which
the explicit analytical expression used to determine gaseous compo-
nents at the electrode/electrolyte interface can be derived with
acceptable accuracy, has been widely used to describe mass transport
in porous SOFC electrodes [6,26]. This reduces the complexity of the
model to describe mass transfer within the electrodes, leading to less
computational time.

In this study, the performance of a planar SOFC-H™ fueled on H,
was investigated using a detailed electrochemical model of a cell
model which takes into account the voltage losses, i.e., ohmic,
activation and concentration losses. The Butler-Volmer Equation
was employed to calculate the activation loss instead of using the
Achenbach'’s Correlation [6]. Fickian diffusion through the porous
electrodes was considered to determine the concentration losses. The
ohmic loss was calculated from the electrolyte ionic conductivity. The
results from the model were compared with experimental data in the
literature. Using the developed model, the electrochemical perfor-
mance of SOFC-H™" was then analyzed with respect to different design,
structural and operational parameters.

2. Theoretical model

A single planar SOFC-H" consists of an anode and cathode
separated by an electrolyte, as shown in Fig. 1. The most common
materials used for the electrodes and electrolyte of the SOFC-H™ are Pt
and SrCegg5Ybg 0503.« (SCY), respectively. In general, porous plati-
num can be used for both the cathode and anode because of its high
catalytic activity and stability in oxidative and reductive atmosphere.
Furthermore, it is a pure electronic conductor [27,28]. As a result, the
use of platinum-cermet as a support structure with a proton-
conducting electrolyte has been reported in the literature [28,29],
though the cost of this approach is likely to preclude commercial
application. The SCY electrolyte is established as a proton-conducting
material with relatively high proton conductivity [15] and has been
used in several studies [13,16,18-20]. It is noted that, although
BaCeOs-based ceramics, e.g., BaCeg 9Y( 103 exhibit the highest ionic
conductivity, the transport number of protons is lower than that of the
SrCe0s-based ceramics under the same operating conditions [16],
which reduces the SOFC theoretical efficiency [30].

In H,-fueled SOFC-H™ operation, hydrogen molecules in the fuel
are oxidized to form protons, releasing electrons at the anode side.
The electrons flow in the external circuit from the anode to the

Fig. 1. The schematic of a solid oxide fuel cell based on a proton-conducting electrolyte.

cathode, while protons are transported through the electrolyte to the
cathode/electrolyte interface where they react with oxygen at the
cathode to produce water. The electrochemical reactions in the SOFC-
H* are shown as [13,23]:

Anode : Hy «—2H" +2¢~ (1)
Cathode : 0.50, + 2H" +2¢~ —H,0 (2)
Overall : H, + 0.50, —H,0 (3)

The open-circuit voltage (E°) generated by a fuel cell can be
described by the Nernst equation as:

Y = ' — ?m (L Lot ) (4)
F \Pry@Poyo

where “a” and “c” stand for anode and cathode, respectively, E is the
open-circuit voltage for a pure ionic conductor at standard pressure
and can be determined as [7]:

E° = 1.253—2.4516 x 10 *T (5)

Due to the internal cell resistances and overpotential losses, the
operation voltage (V) is always less than the open-circuit voltage and
can be expressed as:

V= EOCV_iRohm “Tact —Mleonc ®

where iRonm is the internal cell resistance referred to the ohmic loss
and M, and Teonc represent the activation and concentration
overpotentials, respectively.

Activation overpotential is the loss caused by electrochemical
reactions at the electrode surfaces. In this study, the Butler-Volmer
Equation (Eq. (7)) was used to determine the activation over-
potential:

. anF (1—a)nF
1 = I electrode | €XP ﬁnact,electrode —€exXp _Tnact,electrode

(7)

where «is the transfer coefficient (=0.5), n is the number of electrons
transferred in a rate-limiting reaction step, and ipelectrode 1S the
electrode exchange current density.

Ohmic loss occurs due to the area specific resistance (Ronm) to the
flow of ions in the electrolyte, which depends on the thickness and
ionic conductivity of electrolyte. By applying Ohm's law, the relation
of the ohmic area specific resistance and electrolyte property can be
expressed as:

T .

__ !electrolyte

Rohm - o (8)
electrolyte

where 7 and o are the thickness and ionic conductivity of electrolyte,
respectively. It is noted that as the electronic conductivity of the
electrodes is high, the ohmic loss due to current collection at the
electrodes was taken to be negligible.

Concentration overpotential is caused by a large reduction in the
concentration of fuel and/or oxidant at the electrode/electrolyte
interfaces. This loss is most pronounced when fuel or oxidant gases is
fed to a fuel cell stack at lower partial pressure. Tconc is determined
from the difference in the open-circuit voltage calculated based on the
reactant and product concentrations at the electrode/electrolyte
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interfaces (I) and that based on the bulk concentrations. According to
its definition, the concentration overpotentials of the SOFC-H™" can be
derived as:

RT, (Phya)
Teonc,anode = T ( 12 ®
2F "\,
0.5 1
RT Do, (c) szo(C)
Tlconc cathod :ln<< ; PH,0(0) o
conc,cathode 2F p102<c) PH,0(0)

where piy,, pb, and piy o represent the partial pressure of hydrogen at
the anode/electrolyte interfaces and the partial pressures of oxygen
and water vapor at the cathode/electrolyte interfaces, respectively.

To calculate the concentration overpotential, the partial pressures
of H,, H,0 and O, at the electrode/electrolyte interfaces need to be
known. The partial pressures of H; at the anode/electrolyte interfaces
(Eq. (11)) can be determined from self-diffusion mechanisms since H,
is transported from the anode surface to the interface, and no product
is generated in the anode side [3]. For the cathode side, the partial
pressures of O, and H,O at the cathode/electrolyte interfaces
(Egs. (12)-(13)) can be derived from the mass transport through
the porous electrodes based on Fickian diffusion, assuming that the
electrochemical reaction occurs at the electrode/electrolyte interface
and that the diffusion rate of reactants to the interface is equal to the
rate of electrochemical reaction [3,6,8,26,31].

iRTT,
P}-lz =P— (P_PH2(3)> exp <2FD;:§§:> (11)
I _ iRTTcathode
Po, = Po, () 2oy (12)
iRTTcathode

|
Pu,0 = PH,0(0) 4FD, . (13)

where Tainode and Teahode are the thickness of anode and cathode,
respectively. D, ¢ and D..sr represent the effective diffusion coeffi-
cients of the gas mixtures at the anode and cathode sides that can be
explained by ordinary and Knudsen diffusions [3,31]. The calculation
of the effective diffusion coefficients depend on the microstructure of
the porous electrodes (porosity, pore size and tortuosity), the
composition of the gas mixture, and the operating conditions
(temperature and pressure), and is reported in Appendix A. It is
noted that D, . is calculated from the effective diffusion coefficient of
H, (Eq. (14)), whereas D¢ is calculated from the effective ternary
diffusion coefficient of O,, N5, and H,0 (Eq. (15)). Mass transfer on the
cathode side is more complex as three components, i.e., O,, H,0 and
N, are considered within the porous cathode, and thus, the overall
effective diffusion coefficient for the ternary component system is
derived from the Stefan-Maxwell relation [26], as shown in Egs. (16)-
(17). Table 1 presents the value of D, efr and D at initial condition
(T=1073 K, P=1atm, =04, r=0.5 um and 7=5).

1 1 1
= 14
Da‘eff DHZ—HZO‘eff Dsz.eff ( )
Pu,0 Do.
Deefr = (Tz) Do, eff + (f) Dy, 0 eff (15)
where

1 1 1 1 1
= + + - 1—y
Do, et Do,keft  Do,-N,eff (Do2 _Hy0et Do, Nz,eff) (1=¥y,)
(16)

Table 1

Values of input parameters used in the present study.
Parameter Value
Operating temperature, T (K) 1073
Operating pressure, P (atm) 1.0
Molar flow rate of fuel, Fre; (mols™1) 227x107°
Molar flow rate of air, Faj; (mol s—1) 227x107°
Cell length, L (m) 0.04
Cell width, W (m) 0.01
Electrode porosity, € 0.4
Electrode pore radius, r (um) 0.5
Electrode tortuosity, § 5.0

Electrolyte conductivity, Oelectrotyte (' m™") [20] 225.92 exp(—6.3x10%/T)

Effective diffusion coefficient at the anode side, 8.98x107°
Da,eff (mz S_])
Effective diffusion coefficient at the cathode side, 631x107°
Dc.eff (mz 571)
Electrolyte-supported: ES-SOFC-H"
Thickness of anode, Tanode (HM) 50
Thickness of electrolyte, Tejectrolyte (M) 500
Thickness of cathode, Tcathode (HM) 50
Anode-supported: AS-SOFC-H™
Thickness of anode, Tanode (M) 500
Thickness of electrolyte, Tejectrotyte (HM) 50
Thickness of cathode, Tcathode (HM) 50
Cathode-supported: CS-SOFC-H™
Thickness of anode, Tanode (M) 50
Thickness of electrolyte, Tejectrolyte (HM) 50
Thickness of cathode, Tcahode (M) 500
1 1 1 1 1
= - 1—
Du,oeft  Dhjorerr * Dy, 0N, eff * (Doszo,eff Dh0-n, et ) Y

(17)

and where, in turn, Do, efr and Diypo efr are the effective binary diffusion
coefficients of O, and H,O in nitrogen, respectively, and yy, represents
the mole fraction of nitrogen present in the gaseous mixtures.

2.1. Model validation

The electrochemical model was numerically solved in Matlab to
predict the characteristic performance of SOFC-H". The developed
model was validated with the experimental data of Iwahara [18]. In
this experiment, the materials used for anode, electrolyte and cathode
were Pt|SCY|Pt, with a thickness of 50 um, 500 um, and 50 pm,
respectively. The inlet fuel and oxidant consisted of 10% H, (~3% H,0)
and dry air (<0.1% H,0), respectively. In the simulation, the exchange
current densities of electrodes (iy) were estimated and the proton
conductivity of the electrolyte was obtained from Potter and Baker
[20] (Table 1). Fig. 2 shows a model prediction of the I-V
characteristics of the SOFC-H™ cell operated at three temperatures
(1073 K, 1173 K, and 1273 K) and a pressure of 1 atm in comparison
with experimental data. It was found that the proposed model based
on the exchange current densities of 800 Am™2 gave a good
prediction of the experimental data.

3. Results and discussion

In this section, a performance analysis of the planar SOFC-H™" with
respect to key operating parameters under isothermal conditions is
presented. Since planar SOFCs can generally be designed with
different configurations, i.e., both electrolyte and electrode-supported
structures, the impact of the design parameters is taken into account
to find an optimal structure of the SOFC-H™. Table 1 shows the
standard values of the operating conditions and cell geometry and
material properties of the SOFC-H' used in the present study.
Humidified hydrogen (~3% H,0) and dry air (<0.1% H,0) are used
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Fig. 2. Comparison between theoretical modeling results and experimental data by
Iwahara [18].

as fuel and oxidant for fuel cell. The proton conductivity of the
electrolyte was estimated from Potter and Baker [20]. To date, several
methods have been proposed for manufacturing dense electrolyte
with thin films on porous substrates. These include the preparation of
proton-conducting electrolyte thin films using spin coating [32,33],
pulsed laser deposition [34,35] and co-pressing and sintering
processes [36,37]. Although differences in electrode porosity may
occur during SOFC-H fabrication, it was assumed in this study that
the porosity of electrodes remain independent of processing route.

3.1. Role of support structures

The electrical characteristics of an anode-supported SOFC-H™" are
shown in Fig. 3. The cell voltage decreases with increasing current
density due to the irreversible voltage losses. As seen in Fig. 3a, the
power density reaches its maximum value of 0.26 Wcm™2 at a
current density of 0.48 Acm™2. When the fuel cell is operated at a
current density of 1.00 A cm ™2, the voltage and power density drop to
zero and the fuel cell efficiency at this condition is 51%. From the
simulation results, the ohmic loss represents the major loss in the fuel
cell, followed by the cathode and anode activation overpotentials
(Fig. 3b) and thus the development of electrolytes with higher ionic
conductivity would improve performance. It is noted that at the
current density of 1.00 A cm~2 the cell performance is not controlled
by the concentration loss as a rapid voltage drop is not observed. The
results show that although the anode-supported SOFC is considered,
the concentration overpotential at the anode is negligible because H,
can be transported quickly through the anode. Unlike the cathode
side, higher molecular weights of O, and H,O0 result in lower effective
diffusion coefficients that result in higher concentration overpoten-
tials at the cathode side.

Fig. 4a presents the performance of a SOFC-H™ cell with different
support structures (i.e., anode, cathode and electrolyte supports). It
clearly indicates that the electrode-supported SOFC-H™ provides as
higher performance compared with the electrolyte-supported SOFC-H ™,
not surprising given the impact of electrolyte resistance on cell behavior.
Individual ohmic and concentration overpotentials of the SOFC-H™ are
given in Fig. 4b and c, respectively. A plot of the activation overpotential
is not given as it is assumed to be independent of electrode thickness. As
shown in Fig. 4b, ohmic loss dominates the electrolyte-supported SOFC-
H* performance due to its higher electrolyte thickness, coupled with the
relatively low ionic conductivity of the proton-conducting electrolyte. To
reduce ohmic loss in the electrolyte-supported SOFC-H™, higher
operating temperatures and/or alternative electrolyte materials are
required. Fig. 4c shows the difference of cathode concentration
overpotential in the anode- and cathode-supported SOFC-H™. Since

(@)

1.4 0.35
1.2}¢ 1
1.0 P RNy 10.25 ¢
,/ \\ [}
) 4 N,
2 osf e . ] 2
<5} ¢ \ >
4 N, —
% 4 AN 2
= 06} 7 Y {015 &
> / N =
’ \ (<5
/ > =
04fF 4 A A &
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O 1 1 1 1 0
0 0.2 0.4 0.6 0.8 1.0
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1.0 T T T T
————— Anode concentration overpotential
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—A— Activation overpotential
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Fig. 3. The electrical characteristics of an anode-supported SOFC-H™ cell at different
current densities under isothermal conditions (T=1073K) and constant gas
composition across the cell: (a) open-circuit voltage, cell voltage and power density
and (b) overpotentials within the cell.

the transport of H, as a single component in the porous anode is quick,
the anode concentration overpotential in both the anode- and
cathode-supported SOFC-H™ is relatively small. From Fig. 4c, it can
be seen that the cathode concentration overpotential in the cathode-
supported SOFC-H™ is higher than that in the anode-supported SOFC-
H*. The use of a thicker cathode can hinder the transport of O, and
H,0, resulting in higher concentration overpotentials at the cathode
side. Due to the difference in concentration overpotentials, the anode-
supported SOFC-H' shows better performance than the cathode-
supported SOFC-H™; the anode-supported SOFC-H™ can be operated
at higher current densities and power densities. Therefore, the anode-
supported SOFC-H* was selected as the basis to investigate the effects
of structural and operational parameters on SOFC-H™ performance in
the next section.

3.2. Effect of electrolyte thickness

In order to further explore the performance of anode-supported
SOFC-H™s, the effect of operating current densities on cell power
density at different electrolyte thicknesses was analyzed, as shown in
Fig. 5a. Considering the present technology of fabricating a thinner
electrolyte in a SOFC, it shows that in order to avoid an increase risk of
breakage causing a gas leak, the minimum of the electrolyte thickness
is about 10 um [15,32-37]. Therefore, the effect of the electrolyte
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Fig. 4. Comparison of SOFC-H™ with different support structures: (a) power density,

(b) ohmic loss and (c) concentration overpotential.

thickness varying in the range 10-40 um on the SOFC-H™ perfor-
mance was studied. It is noted that the anode and cathode thickness
was fixed at 500 and 50 pm, respectively. At each value of electrolyte
thickness, there is an optimum current density to achieve the
maximum power density. As expected, the cell performance increases
dramatically when the electrolyte thickness decreases, because of the
decreases in electrolyte ohmic loss, as shown in Fig. 5b.
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Fig. 5. Effect of electrolyte thickness at different current densities on (a) power density,
and (b) ohmic loss.

3.3. Effect of cathode thickness

Fig. 6a presents the characteristic curve of the anode-supported
SOFC-H™ at different cathode thicknesses (25, 50, 100 and 150 pm),
with the electrolyte and anode thickness fixed at 10 and 500 pm,
respectively. The simulation results show that the cell performance
slightly decreased when the cathode thickness increased. As expected,
the increased cathode thickness hinders the transport of O, from the
surface to the cathode/electrolyte interface, and the transport of H,0
from the porous cathode to the air channel. These results lead to an
increase in the concentration overpotential, as demonstrated in
Fig. 6b. Considering the durability of an anode-supported SOFC-H™,
it has been reported that it should be fabricated with a cathode
thickness of at least 50 um [3,4,7,18,25]. It is noted that the anode,
electrolyte and cathode thickness of 500, 10 and 50 um are set as the
standard cell geometry for a performance analysis of the SOFC-H* in
subsequent sections.

3.4. Effect of operating temperature

Fig. 7a shows the cell power density as a function of operating
current densities for the anode-supported SOFC-H™ at different
operating temperatures (873, 1073 and 1273 K). The individual
overpotentials are shown in Fig. 7b-d. As shown in Fig. 7a, the
cell performance increases significantly with increasing operating
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Fig. 6. Effect of cathode thickness at different current densities on (a) power density,
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temperature. This is due to the fact that the ohmic loss is highly
sensitive to operating temperatures; it greatly decreases with an
increased temperature as illustrated in Fig. 7b. Conversely, the
activation overpotential (Fig. 7c) and concentration overpotential
(Fig. 7d) increase with an increase in operating temperature. It is
noted that the effect of operating temperatures on the performance of
SOFC was analyzed without the consideration of the degradation
effect of electrodes. The result indicates that although the activation
and concentration overpotentials increase with increasing tempera-
tures, the SOFC-H™ performance is improved. This is because of a
remarkably decreased ohmic loss at high-temperature operation. It is
noted that in general, the proton transport number decreases while
oxide-ion transport number increases with increasing operating
temperature. However, the proton transport number of pure SCY
(larger than 0.9) decreases only slightly as the temperature increases
over a wide temperature range [38,39].

3.5. Effect of operating pressure

The effect of operating pressure on the characteristic curve of the
anode-supported SOFC-H™ cell is shown in Fig. 8a. It can be seen that
cell performance can be slightly improved when the operating
pressure is changed from 1atm to 10 atm. This is because O, can
easily diffuse to the electrode/electrolyte interface when the SOFC-H™
is operated under high pressure operation; the concentration over-
potential is reduced as can be seen in Fig. 8b. It is noted that although

the performance of SOFC-H™ is improved due to the high pressure
operation, it may result in the brittleness of the SOFC materials [5].
Therefore, a choice of operating pressure should be carefully selected.

3.6. Effect of water content

Unlike conventional oxide based SOFC, here it is necessary to
explore the impact of water content on the cathode side of the fuel
cell. Fig. 9a and b show that increasing water content in the oxidant
from 0.1 to 12.0% decreases the cell performance. Even though,
increasing water content results in a reduction of the concentration
overpotential (Fig. 9¢), higher water content in oxidant also decreases
the concentration of O, required for the electrochemical reaction that
causes a reduced open-circuit voltage. This leads to the deterioration
of the cell performance. It is noted that the overall effective diffusion
coefficients on the cathode side are based on three components (O,
H,0 and N,). Although the effective binary diffusion coefficients of O,
and H,0 in N, are almost constant when water content increases, the
difference in the mole fraction of O, and H,O results in an increase in
the effective diffusion coefficients and thus, the concentration over-
potential is decreased.

4. Conclusions

A detailed electrochemical model of a SOFC-H™ was presented in
this study. The analysis of gas diffusion through the porous electrodes
was developed based on Fickian diffusion to determine the concen-
tration overpotential. The developed SOFC-H* model shows a good
agreement with experimental data reported in the literature. Based on
the developed model, the electrochemical performance of a planar
SOFC-H™ was analyzed with respect to different design, structural and
operational parameters. Under the standard operating conditions
(T=1073 K and P=1 atm), it was found that an anode-supported
SOFC-H™ provides the best performance in terms of an achievable
power density across a wider range of operating current density. This
is because an ohmic loss in the anode-supported SOFC-H* is lower
than the electrolyte-supported SOFC-H™. Concentration overpoten-
tials become more significant for a cathode-supported cell. Consid-
ering the anode-supported SOFC-H*, the ohmic loss is still a major
loss due to the relatively low proton conductivity of electrolyte. The
performance analysis of the anode-supported SOFC-H* shows that a
decrease in electrolyte thickness and an increase in operating
temperature can significantly reduce the ohmic loss. Further, it is
found that the anode-supported SOFC-H* performance can be
improved by decreasing cathode thickness and water content and
by increasing operating pressure.

Nomenclature

Daest effective diffusion coefficient in the anode side (m?s™1)

Deeff effective diffusion coefficient in the cathode side (m?s~1)

E°Y open-circuit voltage (OCV) (V)

E° OCV for standard temperature and pressure and pure
reactants for the H, oxidation reaction (V)

F Faraday's constant (C mol~!)

Fair molar flow rate of air (mol s~ 1)

Fruel molar flow rate of the fuel (mols~")

i current density (A m~2)

ig.electrode  €lectrode exchange current density (A m~2)
L cell length (m)

n number of electrons participating in the electrochemical
reaction

P pressure (atm)

Di partial pressure of component i (atm)

Rohm ohmic area specific resistance (Q m?)

R gas constant (kj mol ' K™1)

r electrode pore radius (pum)
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T temperature (K)
%4 operation voltage (V)
w cell width (m)

Greek symbols

« transfer coefficient

e electrode porosity

Nact activation overpotential (V)
Tcon concentration overpotential (V)

Oelectrolyte i0NIC conductivity of electrolyte ("' m™")
Tanode  anode thickness (m)

Teathode Cathode thickness (m)

Telectrolyte  €lectrolyte thickness (m)

3 electrode tortuosity

Superscripts
I electrode/electrolyte interface
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Appendix A. Effective diffusivity coefficient

Gas diffusion in a porous material is mainly described by two
mechanisms; namely, ordinary diffusion and Knudsen diffusion.
Ordinary diffusion occurs when the pore diameter of material is
larger in comparison to the mean free path of the gas molecules. On
the other hand, when the pore diameter is much smaller than the
mean free path of the gas molecules, Knudsen diffusion becomes an
important mechanism. The Knudsen diffusion coefficient can be
predicted using the kinetic theory by relating the diameter of the pore
and the mean free path of the gas [3,6,7].

For straight and round pores [3], the diffusion coefficient of the
gaseous component A becomes:

_ | T
Dy = 9774 [ — A1l
e A (A1)
_ 2e
r= —— A2
SaPB A2

where S, is the surface area of the porous solid (m? kg~ '), pg is the
bulk density of the solid particle (kg m™3), ¢ is the porosity material,
and M is the molecular mass (kg kmol~1).
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and (b) concentration overpotential.

To account for the tortuosity of the material, the Knudsen
coefficient has to be modified in terms of an effective coefficient [3,6]:

€
Dy eft = Dak (é)

where ¢ and § represent the porosity and the tortuosity, respectively.
The binary ordinary diffusion coefficient in the gas phase can be
determined by using the Chapman-Enskog theory [31] as follows:

(A3)

1 1\1/2 172
Oa+ O
Opp = 25— o) 2 (A.5)
A C E G
Qonp = 7B + exp(DT) + exp(FT) t (A6)
T= kT (A7)
€aB
ens = (eags)'” (A8)

where p is the total pressure (atm), k is the Boltzmann's constant, Oag
(A®) is the characteristic length, and Qpagp is the collision integral
based on the Lennard-Jones potential which can be obtained from gxp.

Fig. 9. Effect of water content at different current densities on (a) power density,
(b) cell voltage, and (c) concentration overpotential.

eap (K) is the characteristic Lennard-Jones length. The values for the
characteristic lengths and the constants appearing in the collision
integral are reported in Tables A.1 and A.2.

Similar to the Knudsen diffusion, the effective diffusion coefficient
for the binary diffusion has to be modified in order to account for the
tortuosity of the material:

Dag et = Dpp (g) (A.9)
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Table A.1
Lennard-Jones potential.
\P3 0, H,0 Hy
o 3.798 3.467 2.641 2.827
&i/k 71.400 106.700 809.100 597.700

Table A.2
Collision integral constants.

A B C D E F G H

1.06036 0.15610 0.19300 0.47635 1.03587 1.52996 1.76474 3.89411

Both ordinary diffusion and Knudsen diffusion may occur simul-
taneously. For self-diffusion transfer, the effective diffusion coefficient
can be written as

1 1 1

= A.10
DA,eff DAB.eff ( )

DAk‘eff
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