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Performance analysis of SOFC with proton-conducting electrolyte
for internally autothermal reforming operation
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ABSTRACT

This study presents a performance analysis of a proton-conducting SOFC (SOFC-H")
with internal reforming of methane. The autothermal reforming within the SOFC-H" stack
is considered to be a potential solution of the carbon formation problem facing in
operation of -internal steam reforming SOFC-H'. A one-dimensional, steady-state model
of the SOFC-H" coupled with a detailed electrochemical model is employed to
investigate its performance in terms of power density and fuel cell efficiency. The
simulation results show that when SOFC-H" is operated under an autothermal reforming
-environment, the presence of carbon monoxide, which is a major cause of carbon
formation, in the fuel cell stack decreases. Effect of key operating parameters, such as
temperature, steam-to-carbon and oxygen-to-carbon feed ratios, current density and
fuel utilization, on the SOFC-H' performance in terms of electrical efficiencies and
energy demand is also investigated. The results indicate that operating temperatures has
strong influence on SOFC-H" performance, carbon monoxide production and heat
generation.

‘Keywords : Proton-conducting SOFC; Direct internal reforming; Autothermal reforming; Theoretical
analysis
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1.1 anmuauasanudiguesdnym
Uagdunsvenefesssmnnsuasnisigsyiviamanasegiauasgaavnssanioty
adnmas liaudosnsldndinunslulssmedusinanfivanntu Tuvasivsuaes
Wewndseada (fossil fuel) (ldun Thiudlasidey fesssued wazehufiv) Tdudomdmen
TunsrdandanuEuiviinuantesas Ml dudedinsig ﬂwuusnﬂwmwmwm
mna'nmummmumulﬂ’l,uLmeawawumuamumsmmqLﬁswﬁna uenININS ARSI
wlmmmnnivmumimam'msauwLnan‘uaan'umsLm‘lvmL%@Lwaawaamamﬂaﬂﬂaaanwmﬂu
uafiudedananden 1ty feiFeunszan (greenhouse gas)  Bndne FatunsRaLIMIEIY
wasnululagtuisjuiuludinisuemnmiuvadmwdasnumauni (renewable energy) wasfAndu
Lwﬂiuiaalunﬁswamwaaﬁu‘lw%maman‘lwwuﬂmmmwmuauLﬂumsmammaau \waa
\Weunds (fuel cell) fodnduBnuilwdsnumadon (altemative energy) firtdsldsuninuie
Tullagiu weeSufiunumdrdyronsrdandanuliihndlulssme Wownwadidomaandy
gunsalidandnulniisfianinsawdsundsnuiaivesiedemduas firgeenduauriluidy
wasnuliildlnenss Inglidesandonssurumsiening dwsliivadidomadivszansamly
nsudmndenulifihdeutnags uasdadulinsrofwanden uazidasnnnansaeiilfdudenh
VigviSuazrayfeuwindu Sshifimsuanudesfelederifuansmeenedngne
| wadierndwineanladuds (Solid Oxide Fuel Cell: SOFC) iuiwadiFormstnmils
ﬁﬁmmﬂwau‘lﬂu,asﬁ']é’qﬁmiﬁ'wmﬁ’uasjmms'wmaluﬂm;ﬂ’u iesnnadideinaaniind
ausasfiunuldfigumgiigdutag 600 f 1000 ssrgadea ulsvanamlunisnan
wdanuliihgeantuvadidomaeingun ansad lussgndldanulinanvanesusnnanan
Tihounadndlfluasaeu Wlulssnugnaunssy mamf\m“Lﬂuiswam‘lvmwmﬂ’[mw
annsauandglni litsguufls 4 Fovosmsiduauiiguvniigs fe UfAseludad
mmsnmmu'l,ﬂamwmm‘[mlumLﬂumaﬂ‘umLsaﬂgnim‘[awmmmqu mmsmaan’Lﬂj
WWowmadlduanevans (tu fesssued fnu lenuea wmuea wenluile wiethdufise)
wazfeauisairfedindeninmsifiteivesadifoindsdidianmgiganldnuly
nszuIuNsHAnndsuaeioudin wiehwildnuiutugunsaidug Fadunmsiiy
UssAvdnmlaesuvesszuunsudalwiialy (Hussain wazane 2006) wenaniin1sléBidning
Tadflfuroauds (waiin) Selifilgmnmstmdietussninmeiuiisewesssuvvesad
Wowdiarliifanisinnseusndne
dofinsanviavedidnnslasfiausmianlflusadidomasrineonleduds wud
annsalddidninsladla 2 At Aouvuiifianuaiuisalumsihesndiaulessu (oxygen-ion



conducting electrolyte: SOFC- 0%) ndmieeendulossuidiuasniusy zyludidninslad uas
wuuiifianuannselumaiivseey (proton -conducting electrolyte: SOFC-H") ndmie
Iﬂwamﬂumiwws"ﬂuaLaniwslam wezidornnemuuanslunisilessuy FUNUITDINTG
Lnﬂum‘lmmﬂﬂgn'smlw%hmwumLsuaawaLwaamaawumwmmLmnmanuma Iﬂwzjaa
waLwawummmmm’lumsmaaﬂsmulaaau mmmmumamumua‘luﬂ muwaawmwaa
"V]:Jmmmmm‘lumsm’lﬂwau dasfinunisdutauaing 1N5E519A TR RuIn
mLmaﬂmumﬂwuuwmwmsﬂnmLLavwcsummmmULsuaawaLwawumaanlsumwmwmm
aaﬂsziLﬁlulaaaunuaEJ'NLLW'ma’lEJ (Chan uazAmeg, 2001; Aguiar wasAe, 2004; Hernandez-
Pacheco uwasAmy, 2005; Hussain wasAme, 2006; Patcharavorachot wasamy, 2008;
Arpornwichanop wasAMy, 2009) LLmuaumiwmunam‘mLﬂuaanT,sumLLmawummmmszﬂ,ums
m‘lﬂsmaummu msﬂnmLnsnﬂ'uLszfaamal,wawumaanlwmquwuﬂﬂsmauﬁmsmmmu
unumdAglumsidsuasWaunswdnlwfianeedidomas osnnisintaileann
Uifselataiinsshudaualng silfeudidusesirelalnsmumethueustrfuindy
LWi’]s‘lﬁQﬂﬁa%’Nﬁ’Jﬂﬁ:ﬂ dwabindndluiuaslssansamuosvadilemas A iusnaums
U#e (Demin wag Tsiakaras, 2001; Taherparvar Lazag, 2003; Epifanio wagag, 2008;
Jamsak WazAty, 2006; Ni wasamg, 2008; Zamfirescu uas Dincer, 2009; Arpornwichanop
uagAty, 2010; Patcharavorachot Wasmes, 2010) Lmamﬂsnmmmnmamuwmwiﬂ
mmmnmLnmnuammuv"uaqLfaaaLmaLwawuﬂaarﬂﬂmmeqummaansmulaaauuauuw
wm’lﬂsmau lnglduvvdrasslnfiadvenvadifomawineonlefueildiaglalasiauiy
wmwaa (Patcharavorachot wagmalg, 2008; Patcharavorachot uazANg, 2010b) wuinneld
msaanLLUULLavan'nvn'ﬁmLuumumennu (9eungil 750 BeAwALTEALAYANLAUUTTEINTA)
memsmﬂmwmLLﬂIww’uaaLsuaaL‘UaLwaaﬁuuﬂaafﬂ.%mufuaLLUUmuﬂﬂ‘smauavm‘lwmﬂnﬁlw%
NGB (wsamﬂnaﬂw%awaﬂmLsuaawamaammmwamlm) umaqn'msuaamat,wawum
sonloaufawuuitheondiaulessufinnu uilwagidomndsineenleduisuvuiiiivsnoy
ansonanfddlnilddesnituastdensndnnssudliiuruniteaditomaaiaaanlss
wlawuuitheendiaulessudeudiann ﬁ'ﬁﬁaﬁmawé’nﬁﬁﬂﬁammuwamaa‘t.%aLwaqﬁaaaa
siaflmuuandnfifeinisiilessu (onic conductivity) wesdianinslas TnediEninslanuuu
fifinmiluseouiirnisihlessutiosnda mawa‘lmnmmﬂnE’J‘lwﬁﬂamLamuaqmnmmmumu
T A5 ERnslas (ohmic loss) mnmﬂmﬂmman‘[mﬂamu,uwumimaansmulaaau
- egnlsiddeRnsaniednsmsiademamtomelslnsiou (fFuel utilization) ve9
wadidoudshaessliaudmuiisadifomdssinoenlofudnvuitiusneuiinislifie
lelnstauegheanysal vililsisndufesdinszuiumsininifelslasauiinge (fterbumen
denalisrurenvadiiomadnoonledudwuuithivsrouiussuuiihouasiivuadn uay
FalinelfiAnuannenseimeafiinainnsinludiefivdedngie uenaniannisinen
aussnuzvenvaditemdinoonledufuuhesndiaulessunasuuuithlusneunieldnis



sndunufigumgfianeg (Patcharavorachot  uazamy, 2010a) wuiUssavSnimuenead
L%aLwaq‘uﬁmaaﬂ"LsuﬁLL%aLLUUﬁﬂIUsmaususﬁmmnnfhmaév‘?‘?aLwawﬁmaanhﬁu%mwﬁﬂ
aan%LaulaaauLfiaLsuaéL?}'aLwﬁaﬁwLﬁumuﬁqquﬁs‘haﬂusﬁw 650 @i 710 aeruwadea Faann
wamsasanssuLnsatRRuhaainsalunmsilusreuredidninslaesidanniu
legaumgfianas vsemasnanilitusadideumamineenladufuuuiniusmoumnetums
'ﬁ‘hLﬁumuimhaamwnﬁmunma (intermediate temperature) lneiiloiadifomasaunsa
mLuumulmumqasuvmumaqﬂxm’l.wa'mwmaan‘Lmam’menwmau'\n‘uu suwwznaaﬂ
Aldfinelunmsasaaditomas mm’l*usvavnaﬂumsﬁ‘lﬂua"waﬂLﬂiaalﬂauaama mammu
meammuu‘uamaaLmaLwawumaanlsummLm‘uuﬂ,ﬂimauavmamsauﬂumswamlﬂﬁwm
nwedidamdiineenlefuduuueondnylossufin uhwaddemawineenlesuduuy
mI*tJsmaumﬂauﬂiumuwummmaﬂaLLa.,m‘lmums'mau.auwsumnuamwmuaq’luﬂmwu
mumnmﬁuiﬂlmmummiwsumwaawmwawuﬂaanlsumwawam‘lﬂimaulwumw
\euhiusadifeimdwiseenlesuiuuuihooniaulossy Tnefissuursagadidomad
sumﬂLann'ml,asmmmsnmLuumu’Lumaqquumnfnma
nnfinanludaduiizaditemdniineanlaiufsmunsndenldidomadanarnans
meumsﬁwLﬁu\ﬂuﬁamwnﬁawmLsuaél,%”aLwawﬁﬂaanlsdﬁlﬁﬂmm 600 94 1000 8411
\waeatiy LﬂumqammumErmunwlmemjaLwaammm.nﬂnmﬂaausﬂ (reform) Tiidufine
Fuaswiiifulusetialelnsiou muummmsn{]aum%wmwaqmmumﬂﬂmLsuaawauwaa
siineantusufomeddauelus LLmnwwmwawuLnﬂmsLUaausUmduwaawamaa 1naly
Tndudesltiniesinesumosaneuen (external reformer) I‘umiLUaEJmULUumsu‘laImiLﬁm i
Tiduyunissdauagssuumsniniaiududeuanas (Fellow, 1998; Ahmed uag Foger, 2000)
FeazBonnisdudumsiinsiesvesuiwentomdenelusadidomas (ntemal reforming
SOFC: IR-SOFC) uanmnumswlaimmuﬂn‘lsﬂumwamnsvLLa‘IWWﬁamqmaLuaa wﬂwﬂgnsmw
Lnm*’uaan‘uniumumsLﬂaausﬂmmmsmal,waq (reforming process) uiuUfAseniisifnsae
Naulmamamu mﬂﬂgn’sm‘lﬂamaaummmnmu mNa’[,vnﬂs~awﬁmw‘lunflswam1w%°umwaa
Hewdsdiauiutumuluge fhidmundiedumdaifnnnmssidunueisaddomas
‘uuﬂaafﬂﬂmwannﬂmsswasumma’[,wfuaawamaq (Achenbach, 1994; Ferguson WazAE,
1996; Demin wag Tsiakaras, 2001; Aguiar WasAtde, 2004; Assabumrungrat LLa::ﬂtu” 2004,
Assabumrungrat wagAly, 2005; Jamsak wazAts, 2006; Jamsak wagaug, 2007) Luawmsm
nsxmum‘sLﬂaaugﬂwaqm%wmwaa (reforming process) wuinfAsen3vasutisidnisfnu
wasiluldusgrsunivarsiithafu 3 U§Asende uiAtersvesuiafieledh (steam
reforming) Uiseneandinduunsdau (partial oxidation) uasufisenivesufiswuvesiames
ffa (autothermal reforming) lefimsanmsiisavesuiimesieidamaimelusadidonsds
wuinssurumsasunminianlddulvgie nssuaunsiwesufivaelemh faififunsae
WHunszurunsitlinaldvesfelslnsiousnnilan (Rabenstein uaz Hacker, 2008) uaziile



wmssmmmmmmszﬂ,umsLLanLUaaummsauwmwuuma‘lwuaamaLwammwmw ALSEU
mﬂaaamﬂﬂgmsmmaLsuaamaLwaqmmsnmhﬂ‘ummwgnimmmmmsaumaamunmmsu
319 Iﬂangnsaﬁwgsumaﬂmmmiautw&wauwaammsawmaﬂm venniidaidumeyi
vliradidomdnduas inldanaudesnislunisdeueiniavsduualnalinniiune
amﬂsnmnmnmmummuwawmmﬁsmﬂgnsmiWaiummeﬂawLﬂuﬂgﬂsmmmmsau
gan m‘lwaammaqmswaamuﬂsmmmmn‘lumimmumuﬂgmfen uanﬁnnuﬂuamnﬂmﬂm
mmumimmJgnsEnswaimmmslamma‘lwuaawaLwaa fo lewadidaimdeduiuaululy
szeznilnd dussufAsenssidonaninas muLi’JuLwswvﬂﬁmmﬂgﬂimsmsummEJ"Lam
ma‘LuwaawaLwam‘lamamvanmiavamaqmsuau‘luiumwmsmmumu (Laosiripojana
ey Assabumrungrat, 2005; Dokmaingam uasAme, 2010) dewalddeeiinistauinlsnniy
wotiletosfunsiintigmsionan (Hiei wasans, 1996) uasanHaNURITelEins A
aussouzvesadifoindruinoonledudanuuihivsnoy Adndununeldansnnsiied
Wosuisesieiimuneluvaddamdsdnensy (Arpornwichanop uazang, 2010) Taensld
wuusians 1 fafannsasihtufunuusasmslaiinng wuidmdunissidunuveusad
Joumdwineenledudwuuiithlvsaey ffnsindvesuiseledhvesfaiimunelugad
\ounaslnense (Direct intermal reforming: DIR-SOFC) wiimsadntmsdaualnaasyitlilasn
ﬁnsﬂw%quwgqumm‘uuﬂmm meiwmammmu,aiucvm"dsmmmmwﬂumaﬂgnsem?
wgsumuawgnsmaamammawﬂuaaaauu L'Uua']mm’[mmm’h’flumimﬂﬂgniammanmaw‘w
nun'lsuﬂfliuauuauanlwﬂumewa aama’tmmmmiuauuauan'l%ﬂﬂsmgaa’lu‘uaamﬂuamm
wmwmuﬂsmmaqaa (Uszunmu 25 wWesigus) mmﬂumsumiuauuauanlfmavauaeﬂ,uwaa
wamaamunmmuqummm‘lwuhmamvanmsuauasamﬂulfaaawaLwaa Tnganfuaud
Lnﬂmuuua}uwﬂwmLLaﬂmmmmmLsaﬂgﬂsmamaa daaliianssouzvengadlomaanamuly
fe mammuwwummwEna'mm"wwmnsumumaLﬂaausﬂmaam%waLwaamnﬂwmalu
waawamemmsmamamummﬂgnsm LAENNSODNLULLEARLTaINES (Fellows, 1998; Al
Qattan wazAME, 2004) mnmimswmmﬁ]emmumwmmmwumszjaanmmumlﬂmﬂgnsm
Inlosufissheloth (FlAAnUFRTeN e SuTiwuestameia) uanmnﬁ]uammmmmmﬂums
Joundsunnneuenuds (Authayanun wasamy, 2010) widsanunsadudamsifinnsasay
voem1$ueulaBngie (Laosiripojana wag Assabumrungrat, 2005; Laosiripojana WawAsis,
2007 Aafulunsfinwaussausveusadidoindinoanledufauvuitilusnouiitinns
Waujisenivesuiisvveslnmefifavesiadoindiinislugadifomadasnse Sufudesd
ihaulawasiinnuimeduedrann LW's']umiifmﬁ’usm'jwﬂﬁﬁ%m’%waéuﬁaﬁaa‘lmfwLLav
Ugnimaanmmumamu s’mmﬂgﬂsmlwwﬁm,ﬂmaqwaammwm g linsivasuuuasi
mmuuavmsﬁmmnsammamqmuwaamums’tuwaawaLwawwmmwsﬁaumnmu
uenanilunssdalifiasenssuaunsiinandndufesinnsanisasidnlumaiuing
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1.2.1 Lﬁaﬁ’wmLmué’ﬂaaamaﬂgﬁmmam%ﬁuaamaévﬁaLwﬁwﬁmaan"l.%ﬁl,t,%mwﬁﬁﬂ
Iﬂsmauwmmumummmumunf:mu,a,.,.umsmmﬂgnsmiWasumuwaa‘lmmaiua"umnw
funnglueadidoma

' ¢, /) LwaﬁnmammuwaaLsuaél,%aL‘wawﬁﬂaafﬂﬂjﬁwﬁ\iLLUUﬁﬁWIUsmauﬁﬁ'nﬁumuﬁ
gamgfiviunannasiimsifnuiiseivesufuuvesTameSlavesiefimumelumadifomas

1.2.3 \fiefnwinavean1nsmssiiuey Ananeaussauzn SRl waznAn
msamsuauuauan‘lsummLfaaawaLwawumaan"lmmmLLuuwuﬂIUmauwmLuumuwammu
Uunansuagfimsiinufisedvesusiuuusslamesiavestefimunislusadidomnas

1.3 Uaulunv89lATINIsIe

1.3.1 Rauuwuudiaesvesveueaditeindesineanlesudauuuiiilusnoud
mLuumu'ﬂamwnmmunmaLtasum’smmJgnsmaWaiumLmuaaimmasmamaqmsummuma‘lu
iwadleainds Tnsldaunisnaina aunisnawdany aun1sUPiseluiiuedl uasfizenadi
LﬂEJ’J‘UENﬂ’IEJIGIL\iau‘l‘Uﬁﬂ’]’Juﬂ\W]’J

1.3.2 #nwravesaninznmssndunuresaditomas 1w guull dndrunistou
gatlothroemas dadumstioureseendinusiedomae ﬂ’J’m‘Vi'u']LL‘lJ‘Llﬂi“LLﬂlWﬁ’]LQaEJ uay
snsnslddenas maausmuvlumswam‘l%lﬁwaqwaawaLwawuﬂaanlemmumwm
IﬂsmauLLa"msmﬂmsuauuauaﬂlw

133 fAnvmarednniznissnduiursasadilomas Wy gaungll dndaunstiou
sadlethroidemas aﬂmumsﬁawmaanmLaumawmwm m'mwmLtuunizualwﬁmaa uas
Sansiidenas frensnanndanuauiourearadidemna



1.4 sa.08UTTIe -

141 Anymdnnisituguveneadidomds wadidendiineenleduds wad
Founswdnsenisfuduuuiithivsnou uaznszurunisinesufiuvveslamestaniiina
meluiasmeusnigadifemds mmdimurudeyatasarseunasideiidetuwad
Wewmdmiineonleduds iwadifomdaineenladuauuuiihlusaeu nsesnuuuiwadiFaumas
slineenladuds maimuuuudassvenvaditoinds doyaiuguilisdestuufaselnii
Lﬂﬁmaiuwaéﬁ?aLwaqLmsﬂﬁﬁ'%tnLﬂﬁﬁLﬁmﬁu‘LunszmumsL*U'é"augﬂL*??al,w?m WAZANNITUERN
Smsmafiaufisen efudeyadosudmsumasniumiluiuneusuy

142 Fanuuuasmenvadidemaninoenluuduuuihilusrouiisndumd
puvpiivunanuasiimsifiaufiteniwesuiiuuvsslamesiavesfeimunelusadifomias
Tngldanmsnaua aunsnandseu wasaumsufisoliiiadmelddeulvannzasi Taavi
mMswSsuifisuanugniswesuuanstudeyanansmeaesiiafuilunsansinms

1.43 Anviasssouslumsuinliihussaddomdmiaoonlasuduvuiiiivsneud
sdunuiigumgiuiunanwesiinnfaujizedvesudiuvvesiameffavesineiivunsly
wwadidounas

1.44  Fnwwavesanmznisanivau fldeaussouslunisudalvfuasysunm
msupusuenlusifnturewaditemaineanlafufuuuiilusnou

145 Anwravesannemssnivny idenduanufouiiistulusadifomas
siingantsdudauuiitlusneufisinisifinufAzeIvesufauvvesinmefiavesinafimuniely
A aINES

1.4.6 Anszvilazasung wasdnwIuuIIBULasUNAIATIN SINERTININEUNS

1.5 Ustlewiffimadtesidsu

1.5.1 WHeadmnuiiiisadesfumadifomasiinoonladudwvuiiinTusaoud
suiunuiigumgivunansuasiinmafsuiisoBvesufiuuveslamesiavesinwiimuniglu
wadiaunds fawnsathildussgndlddmiunssamdsnulnihneludssmels

152 Wuuvieswndamanivonsadidomainoenleduuuuiiilusmeud
sSuren1sAsuudasessusenauvesfing nanssanesveanssudlniiuasdndlnigaded
Antuneluwadidewds Tnsanusmiuuviaensedidomaililuiinssaussousua
penuUUsTUUTBRTadfainds sanniluldlunsmannsmssuduimnsauveaged
\HouwasdlaBne

153 mwﬁqmsﬂisqﬂsﬂ%ﬂismuﬂﬁLﬁmﬂﬁﬁ%m‘%‘ﬂa%mﬁaLmuaaimma‘iﬁaﬁl,ﬁﬂ%u
melugaddoinasinesnleduduuuihilusney



1.5.4 3 uiwasasanmzmIsniduinudiee fiveussdniamniswannssualndia
vougaditeindsrineenlesudnvuiiiilusnou fidduauiiguvgiviunansuaziins
Winufiteivesufuuselnmeitaveadamdimelusadidomas

1.5.5 arsadwanldanmsideludusnmdunsesnuuy Wauuasu$uss
ussﬁ'ﬂ%mwﬂmaswumiwamwé’mulﬂﬁﬂma‘l.%’vvaéﬁaLwﬁwﬁmaaﬂ‘lﬁﬁuﬁqLLUU*?‘iﬁWIUsmau

1.6 AMNIINVBITIBITY

Tunsinauesisauaduifliudsesnidu 5 un Tnsunit 1 Aeuniifuuniinaue
AR uasfinveslymiiinnisidy swieinqusrasd  wsun seloudtnnsive uas
Usslemiitlédsulumsidesne duundl 2 wsthiauenguiuassausiunaaiideiiedesiunis
Wauuuusaewadiamaniventadidonduinoenlesuds utedfeiisatentu
msfnviraddembninvenisruduuuiitrmaunsalunsiilsmeudie

Tuundl 3 suanwuusiaemadamansveavadiondineenledufsuuuii
ruannsalumailusneuiifinisfisswesufiuuvsslnestanelumaditomnas dauund 4
sghiauerarasMIaTeaussausnsini e svadiomas Tnsfinrsanunuimvssangly
nssilu (gungfl Swsrdiuveslathdeaisuou Sandruveseendiau AnnuruiLy
nssudlnih uagshsnisliidemas) Adedussouzvensadifomds mainmduaueuonlss
uazauSouivedifomandnl uosunil 5 zuamsnisayUnanisite
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nnmslifunuaivayunisinideananidumeluladnsseesmnddnunmis
aanszit nuuauRuIUYssInuRuTeld Ussditeudssuna 2555 fideldihmanside
vvdnluwesunslumsussyumamnsseduununmnd Tulensussys the 22nd European
Symposium on Computer Aided Process Engineering FednTulutuil 17-20 ey 2555
\lnsneuneu Ussinaansvernndng lnenanuidesnanldadiuilunsasmisdvimsseiu
UIWUA Computer Aided Process Engineering atiufl 30 § 2012 w1 307-311 ?&aagﬂu
grudoya scopus Mnranwan n usnnilfiinanuitogseniunsfinsanffuilunsms
NNIVINITILHVUIUYR Chemical Engineering Research and Design (IF2011 = 1.968) "Elx‘iat;l:
Tugudeya IS fanarwIn
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Mqvgttazmuwwmawm

2.1 Wwadidemas

wadioImaY (Fuel Cell) \Dugumsalmdliiiedifdsundanuaiivestedamduay
fgeanBuauillundnulifilaense FelifinsgadessninnsitBsudomdadunduny
AT Mnndwuanueudundiny wasndwunalddundenulni vleediomas
i‘nJssﬁw%mw’[,umiLU?{sJuLLﬂaqwé'\muLﬂﬁﬂJmL%@LwﬁﬂﬂLﬂunsvua‘lw%ﬂmi'm 45-60% (Minh
uay Takahashi, 1995) uanﬁrlnul,ummnwamﬁuemmiﬂmnLeuaawmwaqLUumemusamﬁLLau
anudeuiiy nmsUdesveudelaudueud (zero emission) Fududetivanilovvadidomas
Tldluenuwanue (Singhal, 2002; Larminie wag Dicks, 2003) Bslunintugadidomsady
syuuiidmnulslaududounsisussnouludessdussnouiiios 3 duu tgud ’s’i"liW’]'tJi"ﬁlWiEJE)
WBninslad (electrolyte) ﬂuaamsanmaiumwmamnimm (electrode) 2 42 #p Sauelun
(anode) wazdualnm (cathode) uasiipsanlifidiuiiaioud SeluifnsduiinelnAndss
m‘lumuuaqLﬂuwammmsmLsaaawaLw?mlﬂicé’fmuluqﬂnmﬂlwﬁwLmuwnww?inéha (Barbir,
2005; Hayre wagAuy 2006)

waawammwumswwm‘uuuﬂuﬂﬁ]wuumeamﬁu 5 Uszian aufanilddudidning
"LamszmlvauwuﬁﬂuammﬂumimLuumwumwaamamaa TR wadewmaauuneanila
(Alkaline Fuel Cell: AFC) wadifomasnuunsavaanasn (Phosphoric Acid Fuel Cell: PAFC)
L%anjal,wamwwaLLanLUaauT,Uimau (Proton Exchange Membrane Fuel Cell: PEMFC) \aa
mewamwmsuamwaaumm (Molten Carbonate Fuel Cell: MCFC) LLastuaawaLwaaLwU
ssnlasuds (Solid Oxide Fuel Cell: SOFC) Tnanvadoindslndouiuuasuaniudsulusnoy
ﬁﬂhaamwnﬁi‘umiﬁﬂLﬁumus’hﬁaﬂﬂiumm 80 aaradea luvasiivadfomawineanlys
Lmumaamwnﬂummuuumuawaﬂﬂiuumz 1000 aamwawaa lagd9guugiluns
fiiunuszannsalateinvesiudemdils mmuwaawmwawmLuumumaemmum
(PEMFC, AFC uag PAFC) gadlélalasiauiudemaarinu 1umm~mLsdaal,%al.waawmmumu
Meganlgs (MCFC wag SOFC) anunsaUsy ané’fl‘uﬂ'nemfuaLwaqla‘[ﬂsmsuau 1U ANYSIINTIRA
iy LumuaaLLaVLamuaaLﬂuwaLwaq‘lm IﬂﬂL‘uaLwaammuﬂvmm'ﬁmﬂaausﬂL‘Uu‘laimmulﬂ
melugadidoinds Suimunfindrindannsadeniimmumusedadevurensadidoma
usazviniae

g (=3 =
2.2 \waddawasyiinaanlonnds
& a o o 2 1 ¢ 5 a o £ .
PnUTEIANTRLLadiawndia 5 vlia aziulaiigadiliomdssineentuauds (Sotid
¢ X a aa ' e ¢ <
oxide fuel cell: SOFC) Huwadweiwawiinnuiiaulawsiznslddidninsladiduveauds



(19911in) %v‘fﬂmajﬁﬁ:gmmﬁmﬁ"ﬂﬁLﬁﬂ"ﬁuuas{]mummaﬁt,ﬁmn'ﬁﬁ'ﬂns'au wenaniinag
ﬁﬂLﬁumuﬁamuﬂﬁaﬂwﬁN 800 fi1 1000 psmwaidsa dwaliwadifomnduinoanlusuded
Use awsmw‘lum'sNaﬁmiuu,a"l,w%mm'lwaawmwawuﬂau waziltefaragmiuun laun
Ugnsm‘lwW']mummu‘lﬂﬂima‘lumt,ﬂumaﬂ*‘um'aLsaﬂgnsaﬂawwmnmuwa annsadentd
Fouwdsldvanevans (9u Sy wmues CIPRL) mTemdazannsadanisinesuisly
meluwadidonaa umwwuwumaaamaﬂum LLm'muImeLwaﬁlaimmsuawu
asrUsEnovIDImsusuNeuanledfiny uay mmmmmwaanmnwaawamaw\mammuaa
slgnulunsEuIuMIHBANS 1UALSauTY
Tnssadanilonhevewvaditowdineanlesugs (single SOFC cell) Ussnaudnea
Bilinnsauuuily (porous electrode) 2 47 I8u ueluauasualng uensenaniulaesEning
ladveaudauuuniu (dense) Tnsunfudadidninsladiianusaldlaluwaditomdaiasonlys
udadl 2 uuy ﬂaaLanimlammumma’mﬁm’Lunﬁmaanmﬁm‘laaau (Oxygen fon conducting)
wazdidninsladidansaunsalunsiilusney (Proton conducting) AW 2.1(a) uaz 2.1(b)
LLangnsmmLnﬂ‘uu“luwaawaLwawuﬂaaﬂ"lsmu,suaLmUwummmmm’l,umsmaansmu
lossunagiuuiifiniaaansalunmsihlusnou audsy AMNNENANRaNSEWINgBLEnInslad
weinfofumisenhiiwadidoimisnansoudela dwsudidninsladfifeuanansolunisi
sonfiaulovouihaziiatulududusTun Tuwnefisidnnsladiifauansnsolunsihlussey
Trazifatulusushualng
LﬁamaérﬁaL‘wﬁwﬁmaan"LsaﬁLL%a’h’f‘étﬁﬂiwﬂaﬁﬁﬁmmmmm’[,um'sﬁﬂaaﬂ%LﬁJulaaau
meluwaddemdazfasondioulossy (07) Tufitausing Fsloosutuavindouiiinudidnns
ladlugsiuiaszuinedauelunfudidningles (anodelelectrolyte  interface) a UStamudl
senBaulessuawrifisentulalasiou indndnsidulinanareniuasdidnasou (&) sonun
ImaaLanmauﬁ]vmnama‘lﬂamaﬁmauan wdrundudhugATedusendiauiitaualne
wums mwmuﬂiwmnuamﬂimﬂam (cathodelelectrolyte interface) vililineandiaulessu
nadndls (Raamdl 2.12) mnmimﬂﬂgnia'flw%l,ﬂu’lul,evaawaLwawuﬂaan‘lﬁﬂlmma’[,‘ua
dninsladuvufivhesndiaulossy mmu‘lmqm%waLwawsonmamﬂmammanm LagAn
#ndluifhvesvaditomdsiaziidanas IunimuﬁnLﬂmammiﬁaumaLwaa‘memﬂuwamam
fwdoindendurldlnl iferdanaveanisiimifindrieenly dusuwadidowmawin
sanleduiuiielddidninsladiidanuausolunsinlusney felalasauiitemdinieda
Fruslunsziinufiseroondindu lngerdeisaljisenladudifnasounaslusneu (H) lna
duinaseuszgndsdieludasnisusnudiasrundumndeiaualng adunszualiia lu
vaziinfulusasussindouiiiudidninsladludiuaing ugresvhujiserfueendiaui
Jeudrummesudaualnauasdidnaseuiiinnmeasaisuen dalulanaveshiuin
amdi 2.10)  Teelunsdiflisndusedludaindomas msizhlailgiAeduduuelun
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1 v

uiisentniuedifiAntuluwadidomdsiinesnledufuileldsidninslasuuuiiivsney uans
e (2.142.3)

Fauelun H, < 2H +2e (2.1)
fitaualun 1/20,+2H +2¢ >  HO (2.2)
Ujnsensau H, +1/20, < HO (2.3)

Excess H,

0, Excess O, 0, Excess O,, H,O
(a) (b)
= [ o [3 A’ a a & @& a o €l
AN 2.1 wann1svinnuleLwaaanaviseenlesids @) saninsladnianuanuisaly
mstheendiaulesey was (b) dldninsladnilianuanuasalunisilusneu

nnMsdisnaATeitinundduuiAdedungiiuinyieadidomaiia
sanledudeiilididninsladuuuiitheandiaulosou seralsisudt 1982 wahara wazans 19
vhms'nﬂaaaa%"lmaél,%aLw?1wﬁﬂaan"l.'mﬁu%aqquﬁqaﬂ%’amamﬁuu%ﬁ‘anws'\ﬁn (SrCeOs5-
based  ceramic) {Wudidnlasladuasldunanitududidninse vazthwdiotwadidenaa
Frefumsiiiuanuiigungilugie 800 i 1000 sarusaldoa wuirdidninsladuiaiil
auansalumsilvsasulfinsazdanaaintnintunadudauelus uiilofiansundn
fdalnihneeniildvmeadidomdwilininuindaesdulugsbivmns funisldnusse il
dermnlumadeildldised domaiituddninslasmnis 05 Dadwns damalandndludi
aydodloamnausunulididiegamailusos

2.3 AUTIULVBUBARLTDINA

aussnuzvengadifamdsamnsofinsanldnndulfiiianuduiussninad
dnglniduanszualnii (voltage-current  curve) fanwil 2.2 Ardndlningaunivien
dndlwitmaguiifusdndlnirgeiaaiiadifomdsrannsondsls Tnerdndluiimia
nguiannsofmnaulasaunisveaisa (Nernst equation) agnlsAnanslefinszudlwiliriuidi
ndagadidomds Adndlihilldsanasmnadndiniimamgquisiidesanifneugyde
meluwadidonds somgiseilisdnsnihilidatiosndnAdndlifimisquijianess
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wanalunnii 2.2 Tﬂaﬂ'nuatgtﬁwanmnmu’[uwaawmwam 3 wila fe (1) Andlnihgade
onnanuiisenlwiued (activation loss) (2) Adndlvihgadeideaninanudumaulii
(ohmic loss) way (3) mnnzﬂwﬁwqmtﬁamaomnnawmmsmeﬂauma (concentration loss)
Tasnalnvasrdnglnihgydeusaseinfasiinnuddlutadnssualwiiiuansiafugae &

.ﬂ’]Wﬁ 2.2

Theoretical EMF or Ideal Voltage

Region of Activation Polarization
/ {Reaction Rate Loss)

Tota} Loss

=
o
1

Region of
Concentration Polarization
(Gas Transport Loss)

Cell Voltage

Region of Ohmic Polarization
o {Resistance Loss)

o
[9)]
1

Operation Voltage, V, Curve

0
Current Density (mA/em2)

.S ¥V a \ ﬂl o ' ) 4
A 2.2 asminansandndluliinuriads Ardndlviihiigauaid uasArdndlnigeydene
WUNTEUARIY
- Hirschenhofer et al., 1998

Cathode interconnection Current fiow

Electrolyte

Alr #
electrode
(cathode)

Alrflow Fuel electrode (anode)

(a) (b)

@ ! - - « ' '
ﬂ'\Wﬁ 2.3 dnwurMsoanuuuTsLTadiaindsriineanlynud (a) wuuve waz (b) WUUUNU

£
LY

ﬁm:h : .pg.siemens.com/en/f fi r/in
http://www.doitpoms.ac.uk/tlplib/fuel-cells/prin h
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2.4 prsPRnNUURARLIIBINE Y

Imaﬂnﬁué’aﬁﬁﬁ’nﬂw%ﬁlﬁmnstaél,%aLwamaa‘ﬁmﬁ]uﬁmﬁaandﬁ 1 Toad Sodulums
NARNTY ua‘lwﬁwmnwaawmwaanmLﬂummmLeuaawmwmwaammmmanmwuaunm
\efleevliladndlninniy 3 szmvwanmsmwaammaaunsunuumaum (stack) Tuilaguu
N58BALUUIUTNUBY (geometry) mamaaLmaLwawumaaﬂ‘lwwa"l,ﬂvrmwummwimsumm
Tl 2 viafenuurie (tubular) waswuLy (planar) faanslunnd 3 earnmnuuansing
Tumsesnuuuadifowmas e‘ﬁ!qmia%"mwaéﬁaLw?aﬂmwiau'sﬂLtuuﬁu%udalmﬁmmmLmnﬁh\ﬂu
Laumems‘lwa“umnivLLaLLaummmmmsmsaaﬂu.‘uusﬂswma“lwuaawamawLmnmqnu Tu
‘Uﬁ]ﬁmu‘lﬂumimLauam‘saiwwaawmwaqLmumﬂﬂ'iﬂaswimw (Self-supported) gu19a
a319le 2 wuude wuuildBidninslafifulassadesassu (electrolyte -supported) wazly
Buinlnsmfulaseadnesesdu (electrode-supported) uuuisnivadiemailesEninslasidy
Iﬂsqamiaai‘uauaanLLUU‘I,WUuaLan‘[mﬂammmmwmmnmm @1nna1 150 lulasiuasg) Tuves
fidvdidnTnsadaumunlsiuin sawumanim‘lamwuwuna“lwanmmneﬁwﬁwammmuaamn
ANuFuUlATmulUme Lwaaﬂmm'mawmau LfaaawaLwam’lfuat.animlamﬂu‘[ﬂsaaiw
iaaiummimmumuma‘lmammumq Usvanm 1000 sarueaidee luvasiimadidomadily
Fa5EnTnsadulassatasessy mLLaIuwsamLm‘[wm"ummwmmnmm (Ussueu 2
fiadins) Tuasiidudidninslasay LUuEl\‘iﬂU'iuﬂEJUV]U’I\WIﬁﬂ m’lwmmmammﬂﬂeﬂw%}amLaa
\Hosmnanudumulninadl IﬂalfuaaLsuaLwaw’hmmanTmsmLUuIﬂNas'Nsmsummmu
dasumssniuanulurasgamafivunans (Virkar uasame, 2000) uasiiiodsianuiseiiny
mwmmmﬁmmu’twmmLuuﬂnmammuuma‘lw%maqLsuaawaLwawumaan‘leammuuw’w
‘U’JLLE)IUﬂLiJumS’eJ\‘\iU (Aguiar WagAME, 2004; Amornchai LLavﬂmu, 2009; Amornchai tlasaug
, 2010; Patcharavorachot uasmmly, 2010a) ifesnwadidemasildtauslumiulassatte
iaqsmuumﬂnﬁlw%ammaLummﬂwamaamimsﬂaumamrm inldansasiunuead
FemBaftan1izanumnuunssua (current density) léigenda dmalildmnumuiniu
Adalniin (power density) mrmnmLevaaL‘U@Lwaqﬁﬁiﬂsaa%‘]al,l,uuﬁue]cé’ha (Patcharavorachot

LlasAay, 2008; Patcharavorachot wagmg, 2010b)

2.5 mafinsweuiinmeluwadidowatinoanladuds

waddaundineenlusudennsaldidemadidvainuans Wy Sy e wiel
muea udiiemdstandisndudesgnivdsugulfidufedaunseidlifnglalasiaudy
oerUszneundndandusenaieufisenliueiiidauelundenou wuamailsdunsgeu
‘nJL%@Lwaaﬁﬁan'lﬁLﬂﬁﬂuiﬂL%aLwaﬁuLﬂ%ﬁWaé'mua%mﬂuan (external reformer: ER-SOFC)
ﬂaumnwm‘lﬂmﬂaumawaawaLwaa ama‘lsnmmuanummwuwmaﬂﬁmﬂamsulaausﬂ
L%Lwaama‘luwaawamm (internal reforming: IR-SOFC) LuaaﬁnnamwnﬂumimLuumu‘um
wadilaundswineenlefude (600 H9 1000 o vaToa) aa’tu‘mmenumsmﬂﬂgn%ms
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weosufiudamadluifufelalasiay mummsauw’tmmﬂgnsm‘lw%]mu (Ufnsenmennu
Fou) %mn’l‘?ﬂuniumumﬁmium (UiiSegarudew) Sudumsifinussavsaminesiuun
ssuuiwadifonds Inswwadidendsnineenladufefiiinnisinesuinieluvadifomas
gnunsasiuiuauld 2 guuuy fle mafieufianivesuismeluadifomnaidasdon (ndirect
internal reforming: IIR-SOFC) wasmsiinufifenivesufianeluvedidonadaenss (direct
internal  reforming:  DIR-SOFC) Tnaunfudanisiinivesuiiinsluwadifonalnenseass
Usia‘zjﬁmnmfﬂmiLﬁﬂ‘%wm‘uﬁ'qma‘LuLevaa‘L%aLwadﬂaé'au fafidesnnlusewinedivad
L‘UEJLWﬁ\W]"N’]u%uJJﬂ’]ﬂ‘dﬂﬁ‘d‘lﬁiﬂiLi]u’eJEl’NGlEJLU?N aawalwama‘uaaﬂgnimsWasumnmaau‘lﬂ
MWN m’lwmmnﬂaau (conversion) veuilpinGafiniu
a'msunsvmumsmaauiﬂnwmmwm (reforming - process) fianunsainlaluiad
wmwm flogiu 3 wuuwdng fie nszvaunisivedufisdaeleth (steam reforming) nszuausen
Buatuundru (Partial  Oxidation) wavnszUIuMsTefuisuveelmmesita (autothermal
reforming) ImanszmumsLﬂﬁaugﬂL%aLwaaLLsia:,'LwUﬁuwIﬁmSLawuﬁ (agent) Tunigdin
ﬂg‘jﬁ‘%mLLasqmwQﬁiunmﬁﬂﬂﬁﬁ%mLLmnﬁhaﬁ'u %uﬂuwalﬁmmmwfﬁmﬁ”wé’aLﬂﬁuﬁlﬁﬁmm
“uaaﬁw‘la‘[m&.auﬁumnmqﬁ’uﬁw LJJE]W%’]im’m']‘EL‘UaEJH‘i“lJﬂ’]‘UL‘U@LWﬁWN 3 Asdnudn
mumi‘swgsummalamL‘Uuniumumsvﬂmnuuwswmaiumsmammsdlaiﬂmw,wmu‘lwwa
”I,Wuaalaimt,wﬂsmmawaﬂLuammmuniumum‘ssWaiumauﬂ (Rabenstein way Hacker,
2008) LLm'lmﬁmauﬁ\lmmnﬂgﬂia'ﬂw"ﬂwmumEJ’LuwaawaLwawvmmsnmm‘hﬂumiﬂgnisn
sWa‘summalauwmmmswamulumsmﬂﬂgnsmmmumnnmu muﬂgﬂsmaanmmu
asGeil! m"UL‘UE]LWﬁ\‘iﬁ]“VI"IﬂQﬂﬁiﬂﬂU’e)aﬂ‘UL%ULLa’JLﬂﬂmiLN’ﬂMNLL“U‘UhJﬂ:J‘UiiL! LLmq‘Ugn'ia'mav
Wuuiteraeanuiousaslidesnsanudeusinneuenini winszurunisilinaldues
‘LaimmuﬂaumqmLLaumsLmlwuwluauumummﬂum'squﬂimmmsuauuauanlsuﬁlwn‘u
sTUUEAdLdaINAS 'lwmmﬂgnsm3Waiuu\umuaa‘[mma'iuawuﬂgnﬁmmLﬂunmqmqmm
Jou mmﬁmauwmmummJgnssnmsJmmiausumﬂ;]nimaamjmmumqmummmmﬁau
Iwnuﬂgnimmmmmiawawgnwwsﬂasumma‘lam aawa‘lwmimaausﬂ"ummsﬁwmwaqma
UgnssmwasmmLLUUaaimmasuamlummmiwamumnLmaawmmumauanmuauﬂgnims
wosuiladagleth u,auaa‘lwwa"lmaq‘laimLﬁmaqmwﬂgnsmaanmmmumamu (Hoang  uas
Chan, 2007; De Castro Wagane, 2010; Authayanun uasamy, 2010) aalﬂn';'muaqus'ma'm'n
nszvaunsAsugUvasineldandsineujiseiwesuiiuuveslmmestailonialunisiin
miveunauenlyiasinmiveuarauteenifiSeiwesuiishelothuasufiseneendindu
UNaIU (Hayre wasaus, 2006) '
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= o’

o o
2.6 MUeNine1tag

2.6.1 miAdeiRedoatunuuasmendineanivengadidomawinoanleduss
maﬁmsmaumsmsmﬂﬂgﬂiaﬂw%LﬂuwmmmimLauaaumsvﬂﬂiaama
ﬂﬂeﬂw%amaawanumsf(,uwaaL%@Lwawuﬂaaﬂlsummm 3 yila (AVAngIningeyde
lesanemudumulaii mﬂné‘lWﬁ'}amLaaLuaamnﬂgnsaﬂw%mu LLauﬂ’]ﬂﬂEﬂ‘V\lﬁﬁaﬂJLaﬂ
esmnuavenisdielowna) Aeutranannuans mmumme‘ﬂﬂﬁwamLamuaqmnﬂgmm
Iliafiaunsoeduelddeaunis 3 suuuu Tdun aun1shildaduvesysians-toaiues
(Butler-Volmer) ain1snina (Tafel equation) wasaunsauduwusildainnismeass (semi-
correlation) amﬁ‘snmmual,ﬂsaumaur»msmnmaq‘lummﬁmsm'mﬂsﬂwﬁwaml,amummn
Ugﬂsm"l,wﬁ%ﬂw”lmmaumim 3 JULUULEINUD aums"l.mmau‘uawmaas 10aNOTIR
mmnnmaqmnmam (Hernandez-Pacheco uagmeuy, 2004) ’LumuwaqmmmmmsuLLaIWW”n
wanudey (exchange current  density) ‘tjx‘iL‘Uu‘W'ﬁ'mLM’eJiVlﬁ’]ﬂaﬂuﬂﬁﬂ’IU’Jmﬂ’lﬂﬂEﬂ‘Wﬂ’l
qzyﬁmﬁmmnﬂﬁﬁ%en"LWW']Lﬂﬁﬁv’u ABTadunieldsmualfiduangt (Chan LazANe,
2001; Li wag Chyu, 2003; Burt wasmmz, 2004) Tuvsiiunemuddeldinauainainimsy
ﬂsxLLﬂ‘lWﬁ'nLLanLﬂﬁauLﬂuﬁqﬁﬁuﬁuqquﬁ AmdsnunsERu uazAIANLFuLDEURENIRIgY
LasNARA N (Costamagna wazmtlg, 2004; Hernandez-Pacheco Wagatuy, 2004; Qi LasAS,
2005) wenaniimamndunseuglnfiuaniudsusiannsaldinanmaduiusuuuiionis
wﬂaaqéﬁmﬂumﬁsﬁuﬁ’uammﬁLLa“ﬁqwé’amunsvﬁumm%‘aﬁﬁnimﬂ (Aguiar LagAnz, 2004)
dnsuranuituniulifi (ohmic  resistance) Guaaﬁmamﬂneﬂw%amamummn
arugumnuliagy Tuunenddeletinssmual i fusasd (Nagata Wavmmus, 2001;
Haynes, 2002; Burt WagAniz, 2004) agaslsimnuiiosninaaiudumulniiitnnuduiug
regampiiiueghann dnfuniddedulmldfnsunhianudunmmidliihessiasduiy
geunniiludAg (Ferguson uazamy, 1996; Aguiar uazams, 2004; Ni wasAne, 2007) lng
Aguiar UagAy (2004) Wag Ni uagane (2007) Widuairmamuiuniuwesdidninsladvint
ﬁ“ﬁuﬁ’uqmmﬁ Tuvassdl Ferguson uazAms (1996) Iéinaue A uiumurediininn
uasBinnsladfidiuiugumgl
daumdndlifihgdeidesmnnaveimsmelewnafiinanuamsunsveafngnielug
W'a;u'*uama‘[uﬂu,azLLﬂIwmmmsaa%ma‘lﬁmz\aaumsmidw‘laumamalugwqu (Aguiar LazAeg,
2004; Qi uagAmg, 2005) vislaemsiuuannutunssualnindia Burt wasmus, 2004) fi
16 Inguniudansineleuinanaendidninsafifinguaiunsaesunslasuuudaesesiin (Fick’s
model) wUUSIABINARLAE (dusty gas model) vdauuusaesaariu-wundiaa (Stefan-
Maxwell model) ilofimsanuuushasni 3 sumswuiitlifenlduvusaeaaniu-uindia
wszldsrunanisunsvesfingmenaln Knudsen (Knudsen  diffusion) winlulusuns dnfine
uwsthugngumenaln Knudsen WudiAgy nsvinnenisunsvesinginugnsussuuuiiasy
, ﬁaﬁuﬁa%ﬁmmgné’mmnni’nmuﬁﬁaawaﬂﬂ Suwanwarangkul wasmg (2003) Tas1e9u
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La'll"a"hme‘haaaﬁaﬁ”uﬁmﬂmmmﬁamﬁmmzﬁuﬁusswﬁw H,-H,0 wag CO-CO, mnﬁqﬂ
waswuzihldluszuunaessfuszneuagna Hy-H,0- CO-CO, $aa Tne Suwanwarangkul kag
At lﬁﬁuE“J'u:hLL'UUﬁi’ﬂaaqﬁaﬁuﬁaﬁmﬁmmanéfaamn“gmﬁawaéﬁamﬁaﬁnﬁumuma’tﬁ
anmeAMLdunTsuEg mmwmwummsmmm LLav'sWiumawuaLan‘Imﬂmmman agals
.nmuumqqumaamammeummmmmamiLwaaamfdmaiuswsulﬂnnmaamnmw
qumaawmmnmu wikvudraesesitafidengniunlduinnituasiwnldlahenda
wuuaesdERLAd wszaunsiumsiaseiidunuudaey (eprCIt expression) 39@13150
adunsnmsunsvssieliiondt lunsaduuudeswassaditemduineanleius fvuide
é’m’aumnﬁﬁnmmin"]sﬂlaummﬁ'lsumsﬂuaLéfﬂmﬂﬁﬁgw;u‘lmams’l%’uuuﬁ"nawumﬁﬂ (Chan
et al., 2001; Aguiar et al., 2004; Ni et al., 2007)

2.6.2 MAdefifedestuiraddomdmineanleduduuuilusaney

Demin @ Tsiakaras (2001) Aiasizviussavinmmansslulaunfindveavaditoina
iineenlasudeildtidninsladuuuilusreuiioldfdlolasaududomas Tnefivrsanwave
mmu%awémaaﬁwlaimwu AU UYD991IN1A WatsnsnslAelalasiauuazenls
(hydrogen and air utilization) maaﬂnmwa*uaaammm‘l,um'smLuumumaﬂs saANSnNILLTad
Hoinas mnmsﬂnmwmwwaawmwawumaan"LsammmLmuwmiﬂsmaulwﬂsvamﬁmwaarm
wadtemdarinoenluiuduuiioondiaulonsy

Demin wasamy (2002) Winausanuduldldlumslideiwdeifiosdussnouvesfine
msuauuauan‘lsuﬁ“lwfaaawmwawuﬂaan"lfuqumem‘lﬂsmau Luanwmwuaﬂumﬂmﬂu
Woumadusyuud mﬂneﬂwﬂnquwgﬁuaawaawaLwawuﬂaarﬂmﬂLL‘uaLLuwm‘IUsmaumnm
qmmvuwmaanmwlaaau dlewadidoundaidesslasdunumelddeulmesniiue
Wendu fefulssanvBningaanveavadifemasmiseonleduduuuiithlusreussdidannnda
wadiTaindwiinoanladufwuuiitheondiadleseifa 15 Wedeud udedidlsfimulunuide
maaqawmmmumwENmﬂneﬂﬂﬁwquwglulmwm3zu'nﬂ"|ﬂnsTlW1N'1amLaawansuumalu
wadiTaumnas

Jamsak uasAnE (2007) Anwiaussausvasvaditomainoanlasuduilolfionuea
Hudemadasinsannavewiaddninslanild Binlasladihinlossunasilusney) on
Afeiingn Uamsak wegag, 2006) wuiassousnmuivessaditomaniaoenled
waiildBianinsladaidanuanunsalunisilysmeulfaussausfinninsldsdninsladad
anuaurselunisihesndiauleseu uhifiovnisinsizkaussousaenvadidoinaiin
oonledufeiiuiads lurnAfoinndsdnuiwavesaugydeidesnasiumladh
ﬂ')’]iJ?JigLﬁEJLﬁﬁ]\‘lmﬂmﬂﬁﬂﬂﬁﬁ%m‘mﬂﬂLﬂﬁ LLazmmgzyLﬁﬂé'uﬂ fiddewadidoindsing 1n
msfnwwuingadidewmdwineenlydudildsidninsladisinuanansalumaheendiau
losou (N-YSZ|YSZ|YSz-LsM)  nduliausseusiivialadininsadidomawineonlosudeilldd
dnlnsladfifianuaunsolumsiilvseeu (PUSCYPY Taerranumunuiuidslnihgegadild
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mnvaaawmwawuﬂaanlmmLL‘uaw’LmaLaﬂiwilawummmmm’lumsmaanemu"l,aaauuﬂ'\aq
riwvuiithsmeufis 30 wh uenandfmuinnsiwaddomaatnonlesudiliasnins
1aﬁmumwummsn‘tumsuﬂﬂimauiwammumwwqwammwLmumaanﬁmaaulaaau AW
waa*uuﬂumlummummammmmumusm’mmmwnnunummmmumumnﬂﬁuunuL‘daa
_waLwawuﬂaanlsuﬂLLG{NLtuuuwaansuLaulaaauﬂlm aglsiifnsanfisanuduniuvesdidn
Insladorvazdshiifemeiiasusul panssousvesvedideimdeineenlusudsilasiininglad
wuufiilusmou ﬁaﬁ"’umiﬁmmﬁmmﬁmmu‘luﬁ’m%‘uq \hsmde Tusidedldinaus
aumﬂumsmmﬂnEﬂwﬂmmamummﬂmimﬂﬂgﬂiaﬂﬂﬁuﬂmm gAAndlviingeyde
lesanamugnumumsluiiia amq‘l:snmu‘lmﬂ'suLuummﬂnaﬂwﬁﬁammaLuaamﬂwamsma
Toumannn1ImMnaewes wahara (1996) Faninsnagivlfilowadifomaiitunuiiany
nuuwiunseuglninges

Ni waganz (2008) iwunuudmemsiiieiifiofnvivedidomdwineenludud
Iﬁﬁwﬁmuﬁluv‘ﬁaLwaaﬁ"’mwﬁlﬁﬁLé‘nimlaﬁﬁmmmmm’(,um'sﬁﬂﬂsmauLLawﬁﬁaan%wu
loasu IﬂaLLuumaawmsuuwumwmmwmﬁﬂeﬂw%hamLaﬂm 3 wiln wuudaesvasdangn
umﬂmwaaﬁmamsma‘laumawmmwmaaqﬂﬂsuﬂmmmmuma‘l.uamnimwmwsu Tog
mstﬂiauma‘uma’lsuaLaniwﬂammmwuﬂnuaEmavt,aaﬂuumwﬂwmﬂamnalnmsmmumm
wadiamdsrineanlamuinta 2 wuuldbuesem uazdemnursaustundsddiviilfiAnen
dndlnihgayde Jrnadudeyafiduussloniromawannssuurensadfamamwiaoonladuda
IgivoluTuswnan

Patcharavorachot  wazAniz (2010b) Wiausuuuiraamslnfiiafivesvadidemaa
wmaafﬂ.ezjmwawau'ﬂﬂwauamaa“Laammwmicu'lmﬂn'eﬁw%amt,awanuma’[,umaa
Howdatan i dndlihgadsiiinnaiuguniuliii vnufiSenliiied uazann
AsuAndTeIadiduresEns wuaswesiiagniunldiiseiutenisundvesfnely
Bidnnsafifignyu uanmnum‘lﬂmmaaummanmawaaLmeaaﬂmamiL‘Uiaumamu‘uaua
NnnansaaosiTsnulunuIdefiiium T,msJqumaaqmnamnmm‘[ﬁluﬂ"ﬁfamsﬂm
ammuuwaawaaLmaLwaqmumaanleummemeumwaLarﬁ,wﬂamummmmm‘lumsm
Tusnou Fainrsmmaresnisesnuuuigadidomas (ifu msldlassadrsatuayuiudaueTun
H1unlnn wazBidninslad) JUdn (Bu mnumuvesesduszneureusad) uaswisiines
Renfumsduiiun (g gamgll Anudu uasesdiusenauvesing fildednvasymalwihaes
\Wowmdwdnoenladudeidiininsladianuanuselunsinlusmeugnamadey kaeinnis
Frassnssurunsuantiiifivingeddemdminesnleduduvuihiiusneuddidauelumdy
Tassadatuayuuaniaussougnsihnuiiafiganeliguvgilunissuiunu 1073 e’
wwarANiuUsIEINa  lneadugaideinaruiumulindudnglnihgeydevdnluead
Howdwieuiind ewnimmathlusmeuvesdidninsladiirrsudneh
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dninveananan H3ZoNINAINIANIZY

o
unn 3

o = = = o d
qumaawmﬂmmmaﬂéﬂaawaétﬂamawuﬂaaniqjéu%aLmuuﬂmmauwﬁms

a = o & ta' & o ¢ &' =
nasvasuilsuvaalamasianieluwadidowmas

3.1 gUirveusadidamasiiléadrauuusians

wadifoundeinoanleduamvuihlusaeudliluntsiraninssuiuns WWuivad
L%amawﬁwﬁwﬁﬁgﬂinuwuciuLLasﬁ‘uzoLLaIum'fJuIﬂsaa%asaa%’u Tnewwadidoundmilonie
Uszneumetiueluauastaualnefignusnsenainiilaedidninlad danmd 3.1 ToeYanild
\Judidninslad Ao Yb-doped  SrCeO;  (SrCeyesYboosOre %38 SCYD) Fadutanis
Anuasolumailusaeulaeiiidiuiuntsdisloulsnougs dawaniiunlfidud
Bidninsndounaniity Tnsuwanfituiiienumsuarannsmisnlfidudueluauasdaunina
stwmf"rLtwamﬁﬁ'nﬁﬁ']LLaﬂc?Fiﬁ"'[unﬂsLs'aﬂf]ﬁ?mqa wazdailiafigsnmiumsiieujisenoend
wiunarIdniuneldanneussenme uenanigadutaniilviiliasndae

Fuelin CH,+ 20, <5 CO, + 2H,0  Unused H,,
(CH, 0, H,0)  CH,+ H,06 CO+3H, H,0,C0, CO,
CO+ Hy0 «> CO, + Hy
CH, + 2H,0 & CO, + 4H,

Oxidant in Excess Oxidant,
H,0

o a < .&' a a °
ﬂ'lWﬁ 3.1 LmumwmsmLuumu‘uawuaaL‘uatwawumaan‘lmﬁu%euuum‘iﬂmau

137291
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3.2 masnflunureaadifombiineenledudwuuiTuseoufifinaisinesuis
wuveslmnasiianeluwadidemas
ﬁm%"uwaéﬁmwawﬁﬂaanlsvﬁu%aLLUUﬂﬂIﬂsmauﬁﬁnmﬁm‘%‘v@a%mﬁaLLuuaaImma%ﬁ'a
meluwaddomds fenaussuneding "Lamu,auaanmwanﬁaumamaawamaamqmwm
nslvaveadeinds (fuel channel) mamsmaLwaqmnanmawaawal,wawymmﬂgﬂsmmu
"UUﬂ’]EJ‘LuLGZIaaL‘U’e)LWN 4 Ufiten Ao Ugnsmaaﬂmmu (aunsdi (3.1)) Ugnamsﬂasummsﬂa
thassfion (aumsi (3.2) Ujisemewnosufiatvl (auntsdi (3.3) wazUfisendaundurans
\Andion (aunnsit (3.4)

CHg + 20, —> CO, + 2H,0 AHags « = -802.7 ki/mol (3.1)
CHg + H,O € CO + 3H, AH,06 ¢ = 206.2 kl/mol (3.2)
CO +H,0 —> CO, + H, - AHy = -41.1 kJ/mol (3.3)
CHg + 2H,0 —> CO, + 4H, AH,o6 ¢ = 164.9 kJ/mol (3.49)

lelastauiindnlsnnuiizeinedriuazgnesndladnanedulusneunasdidnnsou
meudauelun Tusasfilusaeurdouiludidninsladnndruelunluddaunlng sondiouds
{!auv?hquaéﬁyaLwaamqﬁ'm%’aLLﬂIwmw‘hﬂg‘jﬂ'%mﬁ'uiﬂsmauuasﬁ]zwamﬁﬂ“gﬂuﬁﬁqﬁ Ufnsen
Tiupisuiithetulueaddomamiseenlsduduuuinusrounass aunisi (3.5)

H2 + 0502 —> Hzo (35)

[ & &’ o =Y ¢ L3 dcﬂ - | ¢ o

3.3 uUUINavdvBNYantanassinsanledudsnuuirlusnaunnisiinsnosuiis
E D
wuvsalawmasianisluwadioinas

LUV NAdineansTondadiiamassdneanlesudinuuiilusneulszneusie

] ]
a 124 @

duAITANAANIA 2 @uns wasaunsiiigtesduuuudiasannaldiiaidsdudusiv

o alay )

aaﬁﬂsvnawaaL%aLwaqLLaummﬂLLavamwnwumﬁnsﬂWWq Arenumuunsenaliin wazdn

Lquausmuﬂ'nmnmmmnu ’lumiwsumLmumaawaaLeaaawat,wawuﬂaanleummLLUULqu
LLavummm'i'iwgsummmnwumumaﬂ,u m‘lmauummummmu

wadiamAsiidunuiianmiensih (steady-state) LLasqmwQﬁﬂaﬁ (isothermat)

- wuudeedldidnume 1 8 (one-dimension) Aedamisifimesanaqiinig
Wasuwamndunenisivavesinelunuiunu x tieaunuien

- fhavnulafidnuasiuivgaund

- fifissfalalanauiiAnufiseneondinduy

- qmﬁuﬂ‘ﬁmawaa‘lwammmﬁ

- mudlunslvavesdemduareimatisadinaeaduvnanisiva



19

321 dunIaufaug

nnausAgwiduamsoaiisaunsaugamalagondeaunisoywus (differential
equations) mlﬂjaﬁmsjmiLﬂa‘auu,ﬂaammwu‘umjmﬂwmqsﬂwaamﬂwammL‘vammuau
IMARAeRRLETB TRt IdRaumsrelus

H09n1sinavendoinge:
| ac,, 1 1
— = R — (3.6)
dx Us jef—(5)} hf
i €{CH,,H,0,,,0y,,,CO,H,,CO,)}
#9975 vavesernia:
dcC. 1 1
Lo p R (3.7
dx u, je{%)} 2 ha

ie{H, O e Orens Na }

3.2.2 aunseauemans
muﬁ%’aﬁ'ﬁnaumiﬁmﬂmiLﬁmﬂf]ﬁ%awaaﬂﬁﬁ%maan%wﬁu Ujisensedfuiisingledh
Uiiisenemesuiiall waeujisendounduvesmsifialimuinaineuddeves Halabi wasans
(2008) lngansimaiauisendinans uanssaunig
ko Pey .Po, ku;pcmpo2

i = e\ o - (3.8)
(I+ Key, P, +K3 Do) (1+KCH4pCH4 +K5 Po,)

= k, /pH2 (pCH,, Puo— pHZ.pCO q2) 2 (3.9)
(1+Kcopco +KH Py, +KCH Pcy, +K, ,0Pu,0 /sz)

= k, /PH2 (PcopH o~ Pn, Pco, /Keq 3) (3.10)
(+ Ko Pco + Ky , P, +KCH Py, K 1,0 Pr,0 /pnz)

= k, /P}iz (pCH4pHZO _sz Pco, ' Keps) (3.11)

(+KeoPeo + KHszZ +Key, Pon, + Ky0Puo0! Py, )

mM3f 3.1 uAg 3.2 udAeAn Arrhenius kinetic parameter sssmnAsilumsiinufiseuas
Van’t Hoff parameters dwiunsgaduvesansudazsigaiunldlunismunnsnsms
WAaUiseuasamsiiauna audnu
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P> | 1 P a aan . . .
M99 3.1 mﬂ\mamgalumimﬂﬂgﬂiEJ']LLas Arrhenius kinetic parameter

Reaction k, (mol/kg,,s) ka; (kJ /mol) K, H,;
1 k, 8.11x10° bar? 86.00
k, 6.82x10° bar? 86.00
k, 1.17x10" bar®? 240.10 5.75x10" 11476
k, 2.83x10" bar®’ 243.90 7.24x10'° 4639
k, 5.43x10° bar™ 67.13 1.26x1072 21646

13197 3.2 Van’t Hoff parameters dwisunisaedusesans

Species K, AH,,, (J/mol)
Ko /" 1.26x107" bar™ -27.23
Ko, 7.87x107 bar™ -92.80
Koy, 6.65x107 bar™ -38.28
K. 8.23x107° bar™ -70.65
K, 6.12x107 bar™ ~82.90
Ko 1.77x10° 88.68

lunsiwndasmsiinufitedesdiliiinisiiianisaraloussninseynia Tneth
AusmsIMsAsURsedien effectiveness factor (77,) efidudu 0.05 0.07 0.70 waz 0.06
MNEPU (Halabi wazmAnuy, 2008)

dudasnsifnuiiserliiedissdenudutusiuarumuiniunssudlnd (curent

density, ) fignuanfulapiwadiFeimae dniuaunisuansdnsnmsifinu]isewefiselnin
wilagansaideuld dedlaums

A 0.}
R, = e (3.12)

3.2.3 aumsiiiedeaiuufiserlniiad

aumslwiuaifafuaunisfiosuenalusenirimsidsuslasdomadidundsnu
Ifagiunldlumsineaiaussauzvesvaditomdwinesnleduds Inonisfiansan
muduiussewinaumusiunssualiii aanusnadng wasdrdndlwiingadediingulu
wadifonds meldnsdiiunugeua wadideindsransananlninlégeaamameuids
SaninAdndlniiungi9andn (open circuit voltage, £ egalsfinuadndlniwouvad
Wowmdeilglusswinesmssuiuauaie (operating cell voltage, V) azfiftfaaniiardnglu
Y95 UnEND Lﬁaamﬂmmméhumuma‘luLLazﬂ'nﬁ'nsTlWﬁ']ngLﬁaﬁLﬁm%umﬂluwaé
emds Tnsunfudadndlniihgydessiiedietu 3 ¥in fo (1 ndliingadedownain
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Ufiisenlwinadl (activation  loss) ‘d\‘lLUuﬂ’J’mamLﬂEWILﬂEJ’J‘UENﬂUﬂ’l‘SLﬂﬂUgﬂSEﬂlWﬁﬂLﬂuVI
fuiiveedidnings mamnua‘[umawm‘[m (2) mﬂnsﬂw%amLaaLuaamnmmmumulwﬁﬁ
(ohmic loss) ﬂammamtaaLuaqmﬂmmmumumslwawaﬂaaau’l,uaLaﬂim"l,am waz (3) An

ndluihgapdaiiesmnnavasnistrelouna (concentration Loss) Meens) \Dupnugeyded

_mwuamvmsmaiawmmfdmimmumaammman‘lmm Tnsaunsinfiadvensadidoinas
%Uﬂa’oﬂl‘ﬁﬂu‘ﬂx‘lLLUUU’]IUSG]E)‘L!‘I@LF’]EJ‘L!']L’d‘UE]l?LLa’JI‘u\‘Hu'JQEJﬂE)uWLJ’I‘UENN'J’ilEI
(Patcharavorachot wasaue, 2010) Iﬂﬂ‘lﬂﬁiﬂ‘lﬁumi’m'ﬂ 3.3

3.2.4 AUTIOULVDUYARITOINAY

Tunsussinadaussourveradilomafianizaii sgtiuuusiasietad
L"i"}'al,wawﬁﬂaarﬂfnﬁwﬁaLmuﬁ'fhlwaw‘z’iwisnaué’w’aaaumsamama wazaunsiniuadl souda
aumigasMsiinuitenimsdualaeldlusunsy MATLAB  Taelunisiuiadessun
nseualufiade ( jave) Sasnslidlemas (U) wasdndhunistieuannia wialdlunissunam
Smsnslvavendomnas (F) LLaummmnmLﬂumaaﬁaumawaawamaa (F.) lnAnaussaus
‘uawuaawamawmumlm A9 ANUNUIMUUAAIANT (Psord)  LasUseavEanasudad

\Wond (&sord) neawneqaansadenulfsaaunis
javeL W

pm e (3.22)
2F(4yey, )1
2F E
2 —% (323)
-]aVe
PSOFC = javeV A (324)
o 1005 62

£ =—
SOFC ( gH LHVCH )F

mm%uaum‘l‘w Lsuaavua LWﬁQ“UUﬂE]E]ﬂ‘l‘UﬂLL‘U\'iLL‘U'U'U’]I‘L]iGIEJUWILUUQ’IUﬂ']ElIG]ﬁﬂ']’J%JEUMﬂJJﬂ\WI
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Open-circuit voltage >N,

0.5
EOYY — O +5RT In Pu,an) Po, (ca)
2F Ph,0(ca)

Operating voltage (V):

V=E oY 77act,an = 77conc,an - ”ohm . nact,ca — nconc,ca
Ohmic loss ( onm):
ele

7Iohm = j‘Rohm : Where ‘Rohm = Tele/o—

Activation overpotential (7],

AN ankF ( I- a) nF
J=J 0,electrode exp W nact,electrode —€Xp —T 77act,e]ecu'ode

Concentration overpotential (conc):

ﬂconc a — y 11’1 -—p?z G
T 2F | Py

0.5 1
nconc'ca ~ & In poz(ca) szo(ca)
’ 2F

I
Po,(cs) Ph,0(ca)

RTz,, .
where pll»{z(an) =P ‘(P _Pﬂz(am)eXp (mJ]

an,eff
1 mTTca ]
Po,) = Poye ™5 D - J
RIT

1 — il S
Pu,0(a) = P,0(ca) AFD J

ca,eff

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

(3.21)
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A15190 4.1 ReulunisAniiney juswesgaduazauaudivesiagiildlunisdiaes
nszuIunsvenRdaindsrineanlududuuuthivsnou -

Operating conditions

Operating temperature, T
Operating pressure
Air feed

Fuel composition

750°C

1.0 bar

0.1% H,0, 20% O,, 79% N,
S/C=2,0/C=02

Average current density 5000 A m”
Fuel utilization 0.75
Air ratio 8.5
Dimensions of fuel cell elements
Cell length, L 0.4 m
Cell width, W 0.1m
Fuel channel height, hs 1 mm
Air channel height, h, 1 mm
Anode thickness, 7., 500 pm
Cathode thickness, 7, 50 pm
Electrolyte thickness, 7. 20 pm

Material properties

Electrolyte protonic conductivity, Oue

Electrode exchange current density, jo electrode
Catalyst density, p,,,

225.92exp(-63x10°/T) Q'm"

800Am”
1870 kg/m’
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Molar flow rate of gas (mol/s)
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Level )
Parameter Unit
1 2 3 q 5
T °c 600 650 700 750 800
S/C - 2 3 4 5 6
O/C - 0.05 0.10 0.15 0.20 0.25
Jave Acm’ 0.3 - 0.5 - 0.7

Urel - 0.65 - 0.75 - 0.85
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UTemperature BS/C BO/C
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Abstract

In this study, a proton-conducting SOFC (SOFC-H") with internal autothermal
reforming of methane is proposed to overcome the carbon formation problem facing in
the SOFC-H" with internal steam reforming. A one-dimensional steady-state model
coupled with a detailed electrochemical model is developed to investigate the
performance of the SOFC-H* (power density and fuel cell efficiency). The effect of key
operating parameters such as temperature, H,0/CH, and O,/CH, feed ratios, on the
SOFC-H' is also determined in this study.

Keywords: Proton-conducting  SOFC; Direct internal reforming; Autothermal
reforming; Methane

1. Introduction

A solid oxide fuel cell based on a proton-conducting electrolyte (SOFC-H") has been
considered an attractive fuel cell technology. In the SOFC-H', high H, partial pressure
at the anode side can be achieved because H,O is produced at the cathode side, resulting
in an improved open-circuit voltage and enhanced efficiency of the SOFC. Moreover,
the proton conductivity of the SOFC-H" decreases when it is operated under low
temperatures. This can be implied that the SOFC-H" can operate at intermediate
temperatures (600-800°C) which offers more cost-effective fabrication and a wider
range for applications (Patcharavorachot et al., 2010).

Typically, the SOFC-H' can be operated at high temperatures (600-1000°C) which the
primary hydrocarbon fuels, e.g., methane, methanol and ethanol, can be directly
reformed to hydrogen-rich gas within the SOFC. As a consequencg, the SOFC-H" with
direct internal reforming (DIR-SOFC-H") operation can eliminate the requirement of an
external reformer, leading to the improvement of overall efficiency and the reduction of
operating cost (Aguiar et al., 2002). Theoretically, the reforming process mostly used
for the DIR operation is an endothermic steam reforming reaction to which the heat
released from electrochemical reactions can supply. However, it was reported in our
previous work that the SOFC-H* with internal steam reforming of methane provides
high CO content in the fuel channel (25 mol.%) that may cause a carbon formation,
thereby hindering the SOFC-H' performance (Arpornwichanop et al., 2010). To
overcome this problem, air or oxygen is introduced to the methane and steam feed
streams of the SOFC-H', which results in an autothermal reforming operation. The



2 Y. Patcharavorachot and A. Arpornwichanop

advantage of this approach is to decrease the requirement of an external heat for the
reaction and also to suppress the carbon formation (Halabi et al., 2008).

This study aims to investigate the performance of a DIR-SOFC-H' where the
autothermal reforming of methane is carried out within the SOFC stack. Simulations are
performed using a one-dimensional steady-state model coupled with a detailed
electrochemical model. The effect of key fuel cell operating parameters, i.e.,
temperature, H,O/CH, and O,/CH, feed ratios on the DIR-SOFC-H' performance in
terms of power density and fuel cell efficiency is also determined.

2. Mathematical model of a SOFC-H" with internal autothermal reforming -

A single planar anode-supported SOFC-H" has three main parts: the fuel channel, the air
channe] and the solid part that consists of a ceramic electrolyte, anode and cathode
(Pt|SCY|Pt). The cell geometries of the SOFC-H" are as follows: the cell length (L) of
0.4 m,.cell width (W) of 0.1 m, fuel channel height (%) of 0.001 m, and air channel
height (h,)-0f 0.001 m. The thicknesses of anode (z.,), cathode (z,) and electrolyte (z)
are 500, 50 and 20 pm, respectively.

2.1. SOFC-H'" operation

Considering the operation of the SOFC-H' with internal autothermal reforming of
methane, a gas mixture of methane, steam and oxygen is fed into a fuel channel. There
are main four reactions occurred within the SOFC-H": the total oxidation (Eq. (1)), the
methane steam reforming (Eq. (2)), the water gas shift (Eq. (3)) and the reverse
methanation and (Eq. (4)).

CH,+ 20, - CO,+ 2H,0 )
CH,+ H,0 < CO +3H, @)
CO +H,0 & CO,+H, 3)
CH,+ 2H,0 © CO,+ 4H, @)

Hydrogen produced from these reactions undergoes an oxidation reaction to produce
protons and electrons at the anode side. The electrons flow from the anode to the
cathode through the external circuit while the protons move through the electrolyte to
the interface where they react with oxygen molecules in the oxidant fed to the cathode
side and here the water is produced. The overall electrochemical reaction in the SOFC-
H" is shown below:

Hz + 0.502 d Hzo ) (5)

2.2. 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, all
gas components have ideal gas behavior and hydrogen is only electrochemically
oxidized. By performing mass balances, the differential equations describing the-
changes in the concentration of gas in fuel and air channels along the axial direction can
be written as follows:

dac, 1 1
a2, ©
1t is noted that for the fuel channel (k = f), i denotes CH,, HoOn), Ozqany » CO, H; and
CO, and j represents the reactions (Egs. (1)-(5)), whereas for the air channel (k = a), i
denotes H;0y), O, and N, and j represents only the electrochemical reaction. The
kinetic rate equation and parameters for the total oxidation, steam reforming, water gas-
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shift reactions and reverse methanation were reported by Halabi et al. (2008). The rate
expression of the electrochemical reaction based on the amount of H, and O, consumed
and H,0 produced is related to the electric current density (j) by:
J

Re]e - IR . (7)
The electrochemical equations describing the mechanism of fuel conversion to electrical
are employed to predict the performance of the SOFC by correlating current density
with cell voltage and voltage losses found in the fuel cell. Under the ideal condition, the
SOFC can achieve the maximum voltage, referred to the open circuit voltage (E°).
However, in real operation, the cell voltage at the closed-circuit condition (V) is always
lower than E°V due to the presence of various voltage losses, i.e., activation 10ss (7.c(),
ohmic loss (7onm) and concentration loss (7conc)- The electrochemical equations of the

SOFC-H" used in this study were reported in our previous work (Patcharavorachot et
al,, 2010).

2.3. SOFC performance

In order to evaluate the steady-state fuel cell performance, the model equations of SOFC
consisting of mass balances and electrochemical equations as well as the kinetic
reaction equations are simultaneously solved by using MATLAB. In this study, the
average current density (fu.), the fuel utilization factor (Uy) and the air ratio (1,) must be
specified to determine the molar flow rate of fuel (Fy) and air (F,) supplied to the fuel
cell. Therefore, the output parameters explained the SOFC performance are the power
density (Psorc) and the fuel cell efficiency (£sorc). '

I)SOFC = javeV (8)
frone = 30 g0y ©)
(J’ca, LH ch, M
j — JZIVCI-IW (10)
2F(4yey )y
2F(y2)F,
N (1)
G LW

In thi.s study, the SOFC is assumed to be operated under isothermal condition; therefore,
the heat duty of the SOFC (Qsorc) can be calculated based on the energy balance
equations as:

Qsorcz[ Z nH, - Z anl]+[ Z ”:_Ht’f Z ani)_PSOFC 1
in,anode out,anode in,cathode out,cathode

where #; and H, denote the molar flow rate (mol s) and the enthalpy (kJ/mol) of
component /, respectively.

3. Results and discussion

Under the nominal condition, DIR-SOFC-H" is fuelled by methane, steam and air with
the H,O/CHy ratio of 2 and the O./CHj ratio of 0.2 at the fuel channel while the dry air
{(~ 0.1% H,0) is fed at the air channel, The SOFC-H" is operated at 750°C and 1 bar,
whereas the average current density, the fuel utilization and the air ratio are set as 0.5 A
cm?,75% and 8.5, respectively. Fig. 1 presents the molar flow rate profiles of all
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Fig. 1. Component profiles at the fuel channel under nominal conditions.

components in the fuel channels along the cell length. At the entrance of the fuel
channel, the total oxidation and steam reforming reactions are mainly occurred and thus,
CHy, O, and H,O are consumed immediately while the generation of H,, CO and CO, is
observed. When CH; is completely consumed, H, decreases along the length of fuel cell
because the electrochemical reaction becomes important. In the case of the SOFC-H",
H,O is produced at the cathode and thus, the amount of H,O in the fuel channel is
relatively constant. At the exit of the SOFC-H', the compositions of the fuel stream are
38.89%H,0, 5.52%0,, 11.04%CO, 23.7%H, and 20.84%C0,, whereas the oxidant
stream consists of 4.91%H,0, 18.07%0, and 77.02%N,. It is noted that the DIR-SOFC-
H" with autothermal reforming of methane can suppress the CO formation compared
with in the case of steam reforming operation (Arpornwichanop et al., 2010). At these
conditions, the power density and fuel cell efficiency predicted are 0.26 W cm™ and
37.95%, respectively. In addition, it is found that the SOFC-H" provides the net heat of
0.16 kJ/s to maintain a constant operating temperature.

3.1 Effect of operating temperature

When the SOFC-H' is operated at a lower temperature, the power density and fuel cell
efficiency are expected to significantly decrease. However, it can reduce the CO
formation in the fuel stream (Fig. 2a). This is because the water gas shift reaction is
favored at the low temperature operation and thus, CO is more consumed to produce H,.

3.2. Effect of HO/CH, feed ratio

In this section, the effect of the H,O/CH, feed ratio on the fuel cell performance and the
CO formation are investigated. The H,O/CH, feed ratio is varied from 2 to 6 while the
0,/CH, feed ratio is kept constant at 0.2. When more H,O is added to the DIR-SOFC-
H', it is found that the CO formation in the fuel channel can be reduced. This is mainly
because an addition of HO can promote the water gas shift reaction (Fig. 2a). However,
adding more H,O to the DIR-SOFC-H" system may slightly deteriorate the power
density and fuel cell efficiency due to the dilution of H, concentration in the fuel
channel. y

3.3. Effect of O4CH, feed ratio

In the case of SOFC operation, an addition of O, along with CH, and H,O should be
carefully determined, due to the fact that O, is a poisonous gas for the electrochemical
reaction at the fuel channel. In this section, the effect of O,/CH, feed ratio (0.05-0.25) is
studied. In general, adding O, strongly affects the methane conversion rate via the total
oxidation; a significant generation of H,O is observed instead of H,. Moreover, the
result indicates that the amount of CO is reduced when the SOFC-H" is operated at a
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Fig. 2. (a) CO content and (b) Net heat at different operating conditions.

hngher 0,/CHy feed ratio (Fig. 2a). As a consequence of less concentration of H,, an
increase in the O,/CH, feed ratio leads to the decreased cell performance.

3.4. Heat produced from the SOFC-H" with internal autothermal reforming
Considering the net heat obtained from the SOFC-H', the operating temperature is
found to be the key parameter that strongly affects the net heat of the DIR-SOFC-H"
(Fig. 2b). When operatcd at a lower temperature, the higher amount of heat is generated
by the DIR-SOFC-H' to maintain at the isothermal operatlon Thus, it can be seen that
the net heat energy obtained from the DIR-SOFC-H' is higher when the operating
temperature decreases.

4. Conclusions

In this study, a SOFC-H" with internal autothermal reforming of methane is investigated
by using a one-dimensional steady-state model coupled with a detailed electrochemical
model. The results shows. that the DIR-SOFC—H+ operated at 750°C and 1 bar with
average current density of 0.5 A cm , fuel utilization of 0.75 and air ratio of 8.5 gives
the power density of 0.26 W cm’ and fuel cell efficiency of ~38%. Interestingly, the
autothermal reforming operation in the SOFC-H' is beneficial to suppress carbon
formation. The results also reveal that increasing H,O/CH, and O5/CH, feed ratios and
decreasing operating temperature can reduce the CO content in the fuel channel.
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Abstract

This study presents a performance analysis of a proton-conducting SOFC (SOFC-HY
with internal reforming of methane. The autothermal reforming within the SOFC-H" stack is
considered to be a potential solution of the carbon formation problem facing in operation of
internal steam reforming SOFC-H'. A one-dimensional, steady-state model of the SOFC-H"
coupled with a detailed electrochemical model is employed to investigate its performance in
terms of power density and fuel cell efficiency. The simulation results show that when
SOFC-H" is operated under an autothermal reforming environment, the presence of carbon
monoxide, which is a major cause of carbon fohnation, in the fuel cell stack decreases. Effect
of key operating parameters, such as temperature, steam-to-carbon and oxygen-to-carbon
feed ratios, current density and fuel utilization, on the SOFC-H" performance in terms of
electrical efficiencies and energy demand is also investigated. The results indicate that
operating temperatures has strong influence on SOFC-H" performance, carbon monoxide

production and heat generation.

Keywords: Proton-conducting SOFC; Direct internal reforming; Autothermal reforming;

Theoretical analysis



1. Introduction

A solid oxide fuel cell (SOFC) has attracted considerable intérest for distributed’
power sources due to its higher efficiency, compared with other types of fuel cell. Typically,
SOFC is operated under high temperatures (800-1000 °C) and thus, a waste gas released from
SOFC stack at high temperatures can be used as a heat source for cogeneration applications
and bottoming cycles to further enhance the overall efficiency of a power system (Akkaya et
al., 2008; Santin et al., 2010). In addition, various hydrocarbon fuels, e.g., methane, ethanol,
methanol, ammonia and biogas, can be directly fed to the SOFC anode side where hydrogen
is generated through reforming reactions and used for power generation (Arpornwichanop et
al., 2009; Arpornwichanop et al., 2010; Shiratori - et al., 2010; Vakouftsi et al., 2011;
Hajimolana et al., 2012; Leone et al., 2012). This operationis referred to as a direct internal
reforming SOFC (DIR-SOFC). The benefits of DIR-SOFC are that no external reformer is
needed and the overall system efficiency is, higher. as.well as the operating cost can be
reduced (Arpornwichanop et al., 2010).

In general, there are two types of electrolyte (i.e., oxygen-ion and proton-conducting
electrolytes) possible for use in SOFCs. For a conventional SOFC based on an oxygen-ion
conductor (SOFC-0%), oxygen ions migrate through the electrolyte from the cathode to the
anode and react with hydrogen at the anode side to produce water and electrons. Water
generated at the anode always dilutes the concentration of hydrogen, and thereby decreasing a
fuel cell efficiency. In case of an SOFC based on a proton conductor (SOFC-H"), protons are
formed at the anode side, move to the cathode side and react with oxygen to produce
electrons and water. As a result, the performance of SOFC-H+ is not influenced by a dilution
effect. In addition, because SOFC-H" exhibits a high proton conductivity at intermediate
temperature operations (300-700 °C) (Epifanio et al., 2008), it is possible to use SOFC-H" for

vehicular applications with an acceptable start-up time (Zamfirescu and Dincer, 2009). Due



to the advantages of SOFC-H', many researchers have concentrated on deﬂlelopment of a
proton-conducting electrolyte for SOFC-H" (Taherparvar et al., 2003; Jamsak et al., 2007; Ni
et al., 2008; Zamfirescu and Dincer 2009; Arpornwichanop et al., 2010; Patcharavorachot et
al., 2010; Ding et al., 2011; Bavarian and Soroush, 2012); however, works on design and
analysis of SOFC-H" in either stack or system levels are quite limited, especially on the
SOFC-H+ with DIR operation (Jamsak et al., 2007; Ni et al., 2008; Arpornwichanop et al.,
2010;).

Theoretically, the reforming process for the DIR operation of SOFCs involves an
endothermic steam reforming reaction to which the heat released from electrochemical
reactions in fuel cell can supply. However, the high endothermicity of steam reforming
reaction and the unbalance of reaction heats may cause a large temperature gradient across
the SOFC stack. This factor leads to high internal stresses in the cell component and
consequently, a mechanical failure (Aguiar et al., 2004; Vijay et al., 2012). In addition, a
complete internal reforming of fuel may lead to a carbon deposition at the anode side,
resulting in loss of the SOFC performance (Chen et al., 2011). It is also reported that when
the SOFC-H' is operated under the internal steam reforming of methane, high content of
carbon m-onoxide (25 mol.%) exists in the fuel channel and would cause a carbon formation,
according to the Boudouard reaction (2CO — C + CO,), thereby hindering the SOFC-H"
performance (Arpomwichéﬁop et al., 2010). To overcome such a difficulty, oxygen or air is
fed to the SOFC-H" coupled with methane and steam feed streams. The combination of steam
reforming and partial oxidation, also known as an autothermal reforming operation, provides
efficient heat balance and can decrease the requirement of an external heat for the reaction
(Hiei et al., 1996; Authayanun et al., 2010; Dokmaingam et al., 2010). Furthermore, it was
reported in the literature that the addition of air to the steam reforming reaction suppresses

the carbon formation (Laosiripojana et al., 2007; Halabi et al., 2008). To improve its



performance and achieve its optimal design, the SOFC-H* with internal autothermal
reforming should be further studied and analyzed. Operating conditions should also be
carefully determined to compromise the SOFC-H* performance and operation.

This study aims to perform a detailed analysis of a DIR-SOFC-H* in which the
autothermal reforming of methane is carried out. A DIR-SOFC-H" stack model coupled with
a detailed electrochemical model taking into account all voltage losses is employed for steady
state simulations. Effect of key operating parameters, e.g., temperature, steam-to-carbon and
oxygen-to-carbon feed ratios and fuel utilization on the DIR-SOFC-H* performance in terms
of power density,.cell efficiency and carbon formation is investigated. In addition, the net

heat produced from the DIR-SOFC-H" is also considered.

2. SOFC-H" with internal autothermal reforming of methane

A single planar anode-supported SOFC-H" has three main parts: the fuel channel,Athe
air channel and the solid part that consists of anode, proton-conducting electrolyte and
cathode, as shown in Fig. 1. The most common materials used for the electrodes and
electrolyte of fhe SOFC-H" are Pt and SrCe.0sYbo 05034 (SCY), respectively. The SCY
electrolyte is established as a proton-conducting material with relatively high proton
conductivity and has been used in several studies (Taherparvar et al., 2003; Potter and

Baker,2006; Pekridis et al., 2007).

2.1 SOFC-H' operation

When SOFC-H" is operated under the internal autothermal reforming of methane, a
gas mixture of methane, steam and oxygen is fed into a fuel channel. There are main four
reactions occurred within the SOFC-H': the oxidation (Eq. (1)), the methane steam reforming

(Eq. (2)), the water gas-shift (Eq. (3)) and the reverse methanation (Eq. (4)).



CH,+ 20, — CO,+ 2H,0 AH, . =—802.7 kJ/mol (1)

CH,+ H,0 < CO +3H, AH,pq  =206.2 kJ/mol @)
CO +H,0 <> CO,+H, AHyg, =—41.1 kJ/mol 3)
CH,+ 2H,0 «> CO,+ 4H, AHg . =164.9 kJ/mol @)

Hydrogen produced from these reactions is oxidized to produce protons and electrons
at the anode side. The electrons flow from the anode to the cathode through the external
circuit while the protons move through the electrolyte to the interface where they react with
oxygen molecules in the oxidant fed to the cathode side and here the water is produced. The
overall electrochemical reaction in the SOFC-H" is shown below:

H,+0.50, = H,0 (5)

2.2 SOFC-H' model

A mathematical model of SOFC-H" consists of two mass balances around the fuel and
air channels and an electrochemical model that relates the fuel and air compositions and
temperature to the fuel cell voltage, current density and voltage losses. The assumptions used
to develop the model of the DIR-SOFC-H" are as follows: (1) steady state operation, (2) one-
dimensional variation in a gas flow direction, (3) uniform operating temperature and pressure
over the fuel cell geometry, (4) all gas components have ideal gas behavior, (5) hydrogen is
only electrochemically oxidized and (6) constant fluid properties. In addition, the velocities

of fuel and air are assumed to be constant along the channels (Arpornwichanop et al., 2010).

2.2.1 Mass balances

By performing mass balances, the differential equations describing the changes in the

concentration of gas in fuel and air channels along the axial direction can be written as:



Fuel channel:

dc,
Sur 1 R

1
v, R, — (6)
de g iy "h,
ie{CH,,H,0,,,0,.,,CO,H,, CO,}

Air channel:

dC,

1 1
1,a — Vi R o (7
dx ua je{%)} v ha )

ie {Hzo(ca)a 2(ca)’N2}

where “an” and “ca” stand for the anode and cathode sides, respectively, C;s and Cia
represent the molar concentration of component 7 in fuel and air channels, respectively, v;; is

the stoichiometric coefficient of component i in reaction j, R; is the rate of reaction j, urand u,

are the fuel and air velocities, and A and h, are the height of fuel and air channels,

respectively.

2.2.2 Kinetic model
The kinetic rate equations for the oxidation, steam reforming, water gas-shift

reactions and reverse methanation reactions are obtained from Halabi et al. (2008) as follows:

klaPCH,poz klbpcn4 Do, 8
7"1 = ox ox 2 + ox ox ( )
(1+ KCH4PCH4 + Koz Do, ) (+ Kcm Pen, Ko, Po, )
= ky! Px%x,_s (Pen, Pryo —pl?lzpCO 1K ) 9)
’ (+ Ko Peo + KHZPHZ + KCH,, Pcy, + KHZOpHZO / Dy, )
k! Py, (Pcopﬂzo ~ Pn, Pco, / K.

1= > (10)
1+ Ko Peo + KHszZ + Kcm Pcy, KHZOPHZO / Dy, ) )



k,/ p13~125 (pCH,, p}zizo _p}izpco2 / Keq,4)

¥, =
(1+KeoPeo + KHZ Py, + Kcmpcm + KHIOpHZO /PH2 )?

(11)

where rj is the rate of reaction j (Eqs. (1)-(4)), k; is the kinetic rate constant of reactions J»> Kegj
is the equilibrium constant of reaction j, K is the adsorption constant of component i (i =

CH; and O,) in the oxidation reaction. The reaction equilibrium cons;.tants and Arrhenius
kinetic parameters are listed in Table 1. The Van’t Hoff parameters for species adsorption are
given in Table 2.

To account for the intraparticle transport limitation, average reaction rates are
determined by muitiplying the reaction rates (Egs. (8)—(11)) with the effectiveness factor (77)
that are #; = 0.05, 72 = 0.07, 3 = 0.7, and 54 = 0.06, respectively (Halabi et al. (2008)).

The rate expression of the electrochemical reaction based on the amount of H, and O,

consumed and H,O produced is related to the electric current density (j) as:

RI-=L - (12)

2.2.3 Electrochemical equations

The electrochemical equations describing the mechanism of fuel conversion to
electricity are employed to predict the performance of SOFC by correlating current density
with cell voltage and voltage losses found in the fuel cell. Under an ideal condition, the
SOFC can achieve the maximum voltage, referred to as an open circuit voltage (E°CV).
However, in real operation, the cell voltage at the closed-circuit condition (¥) is always lower
than E°% due to the presence of various voltage losses. In general, there are main five loss
mechanisms at a given current density. They are: (1) activation loss at the anode (7actan),
which is the voltage loss caused by the hydrogen oxidation at the anode side,_ (2)

concentration loss at the anode (7concan), Which is caused by the transport of gaseous fuel



through porous anode, (3) ohmic loss (7m), Which is due to the resistance to the flow of
protons in the electrolyte, (4) activation loss at the cathode (7act can), Which is- the'voltage loss
caused by the oxygen reduction at the cathode side and (5) concentration loss at the cathode
side (7conca), Which is caused by the transport of gaseous oxidant through porous cathode.

The electrochemical equations of the SOFC-H" used in this study were reported in our

previous work (Patcharavorachot et al., 2010), as summarized in Table 3.

2.2.4 SOFC performance

In order to ‘evaluate the steady-state fuel cell performance, the model equations of the
SOFC-H" consisting of mass balances and electrochemical equations as well as the kinetic
reaction equations are simultaneously solved by using MATLAB. The average current
density (fave), the fuel utilization factor (Uy) and the air ratio (1,) have to be pre-specified to
determine the molar flow rate of fuel (¥y) and air (F,) supplied to the fuel cell: The output
parameters showing the SOFC performance are the power density (Psorc) and the fuel cell

efficiency (&sorc) as:

= JaveI:nW (23)
2F(4 Yeu, V¢
ﬂ, — 2F(y01 )F; (24)
: jave‘L W
PSOFC = javeV (25) . .
LorclW__ 100% . - (26)

& = -
W (, LHV e F;

It is noted that in this study, SOFC-H" is assumed to be operated under isothermal condition;
therefore, the heat duty of the fuel cell (Qsorc) can be calculated based on the energy balance

around the fuel cell stack as:



QSOFC =( Z niI{i - Z ni]{ij+( z ni‘[{i - Z ni}{i)_‘PSOFC (27)
in,anode out,anode in,cathode

out,cathode

where n; and H; denote the molar flow rate (mol s™') and the enthalpy (kJ/mol) of component

i, respectively.

3. Results and discussion

Table 4 shows the values of operating condition, cell geometry and material property
for simulation of the SOFC-H" with internal autothermal reforming of methane. Under the
standard conditions, the DIR-SOFC-H" is fed by methane, steam and air at the steam-to-
carbon ratio (S/C) of 2 and oxygen-to-carbon ratio (O/C) of 0.2 at the fuel channel while the
dry air (~ 0.1% H20) is fed at the air channel. The proposed models as described in the A
previous section are employed to predict the distribution of gas composition along the fuel
and air channels and all the electrochemical-related variables (e.g., open-circuit voltage,
activation, ohmic, and concentration overpotential and cell voltage) as well as the fuel cell
efficiency and power density.

Figs. 2(a)-(b) show the molar flow rate profiles of all components in the fuel and air
channels along the cell length. As seen in Fig, 2(a), CHs, O, and H,O are consumed suddenly
at the inlet of the fuel channel while the generation of Hp, CO and CO; can be observed. This
is because the oxidation and steam reforming reactions are much faster reactions. When most
CH,; is completely consumed, H, decreases along the length of fuel cell because the
electrochemical reaction becomes important. Regarding the SOFC-H' operation, HyO is
produced at the cathode side as shown in Fig. 2(b), thereby the amount of H,O in the fuel
channel is relatively constant. At the exit of the SOFC-H', the compositions of the fuel
stream are 38.89% H,0, 5.52% O,, 11.04% CO, 23.7% H; and 20.84% CO,, wherea§ the

oxidant stream consists of 4.91% H,0, 18.07% O, and 77.02% N,. From the simulation result,
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it is obvious that the DIR-SOFC-H" with autothermal reforming of methane can reduce the
content of CO compared to that with steam reforming operation (Arpomwichanop et al.,
2010). For the DIR-SOFC-H" with steam reforming, H,O is required to shift the steam
refoming toward and convert CO to H,. However, due to the generation of H,O at the
cathode side, there are less amount of H,O appeared at the anode side and thus, the high
content of CO is observed. Unlike the DIR-SOFC-H" with steam reforming operation, use of
the autothermal reforming can suppress the CO formation. The addition of oxygen in the fuel
channel increases the methane conversion and more H, and H,O are generated by the
oxidation (Eq. (1)) and steam reforming (Eq. (2)). H,O produced from these reacfions is
sufficient to convert CO and thus, the amount of CO-in the exit fuel stream of the DIR-
SOFC-H" with autothermal reforming is-lower.

Under the standard conditions, the cell voltage, power density and fuel cell efﬁciency.
predicted are 0.53 V, 0.26 W cm? and 37.95%, respectively. When considering individual
voltage losses, it is found that the activation losses (7actan and actca = 0.3274 V) represent a
major loss in the SOFC-H', followed by the ohmic loss (7omm = 0.207 V), cathode
concentration 10ss (#concca = 0.10052 V) and anode concentration 10ss (7conc.an = 0.0008 V).
It is noted that the anode activation loss is equal to the cathode activation loss because the
exchange current densities of the anode and cathode are assumed to be the same (Table 4).
The results also indicate that the anode. concentration loss. can be negligible, compared to the
cathode concentration loss. This is due to the fact that there is only H, at the anode side,
thereby it is easily to transport to the reaction site, leading to a lower concentration loss.
Unlike the anode side, there are the reactant O, and the product H,O in the catﬁode side? the
H,0 molecules hinder the transport of O, resulting in a higher concentration loss. In addition,
the simulation result reveals that under the isothermal condition, the SOFC-H" generates the

net heat of 0.16 kJ/s.

11



In the next subsection, the effect of key operating conditions, e.g., operating
temperature (7), S/C, O/C, average current density (jue) and fuel utilization (Utie)) on the
DIR-SOFC-H" performance is examined. Table 5 summarizes a range of operating conditions
studied here. Fig. 3 presents the influences of operating temperature, S/C and O/C on the
power density, cell efficiency, CO content as well as the net heat produced- by the SOFC.
Furthermore, the results of changing in the average current density and fuel utilization are

shown in Fig. 4.

3.1 Effect of operéting temperature

The DIR-SOFC-H" performance is improved when operating temperatures increase.
A raise in the operating temperature strongly increase the rate of chemical reactions; more
hydrogen produced from the reforming reactions (Egs. (1)-(4)) is highly consumed by the
electrochemical reaction (Eq. (5)) and thus, the cell voltage is higher. Moreover, a higher
temperature operation causes a reduction of the ohmic loss and consequently, the power
density (Fig. 3(a)) and the cell efficiency (Fig. 3(b)) are enhanced. However, the increment of
the operating temperature results in a higher content of CO in the fuel stream, as illustrated in
Fig. 3(c). This is maiﬁly because the water gas-shift reaction (Eq. (3)) is favored at a lower
temperature operation.

In general, the DIR-SOFC-H" with autothermal reforming operation, which is a
mildly exothermic reaction, should generate more heat when operating at higher temperatures.
However, the simulation result shows a decrease in the net heat produced by the DIR-SOFC-
H' (Fig. 3(d)). This can be explained that when oxygen is completely reacted with methane
via the oxidation reaction, the steam reforming reaction is more pronounced and its reaction
rate increases with the increased operating temperature. Thus, the reaction heat released by

the electrochemical reaction is more consumed to accomplish the reforming reaction. It is

12



noted that the amount of oxygen fed to the DIR-SOFC-H" is generally limited for a safety

reason.

3.2 Effect of steam-to-carbon and oxygen-to-carbon feed ratios

In this section, the effect of S/C and O/C feed ratios on the power density, cell
efficiency, CO production and net generated heat is investigated. As seen in Figs. 3(a)-(b),
the increases of S/C and O/C have insignificant effect on the fuel cell performance.
Increasing S/C (at constant O/C = 0.2) causes a slight decrease in the power density and cell
efficiency due to the dilution effect of Ha. However, the use of excess H,Q is beneficial to the
decrease of CO, as demonstrated in Fig. 3(c), because an addition of H,0O can promote the
water gas-shift reaction.

Likewise, the DIR-SOFC-H' operated at a higher O/C ratio (constant S/C = 2) can
reduce the generation of CO. Adding O, strongly affects the methane conversion through the
oxidation reaction and a significant increase in H,O generation is observed instead of H,. As
a consequence of the H,O production, the presence of CO in the fuel channel reduces (Fig.
3(c)). The addition of O, along with CH4 and H,0, however, should be carefully determined.
It is also found that the increases of S/C and O/C feed ratios have less influence on the net

heat obtained from the SOFC-H" (Fig. 3(d)).

3.3 Effect of average current density

In this study, the average current density and fuel utilization factor, which are used to
determine the molar flow rate of fuel and air supplied to the fuel cell, are key parameters
having an effect on the SOFC operation. It is found from the results that an increase in
average current density results in the increased power density even the voltage losses increase

(Fig. 4(a)). Unlike the power density, the cell efficiency is hindered when the SOFC-H"is



operated at a higher operating current density (Fig. 4(b)). Under this operating condition, the
molar flow raté of fuel fed to the fuel cell is much higher and thus, the cell efficiency is
strongly reduced. Fig. 4(c) shows that the increment of average current density hardly affects
the CO formation.- Since an increase in the average current density cause a higher

electrochemical reaction rate, the DIR-SOFC-H" generates more heat to the surrounding (Fig.

4(d)).

3.4 Effect of fuel utilization

As mentioned above, the fuel utilization is a key parameter to indicate the
performance of SOFC. For operation of the SOFC-H+ under high fuel utilization, a
concentration loss becomes the dominant loss due to the large reduction of H, fuel at the fuel
channel, resulting in the reduced power density (Fig. 4(a)). However, at high fuel utilization,
the chemical energy of the fuel can be converted into electricity, leading to the improved fuel
cell efficiency (Fig. 4(b)). Furthermore, it is noticed that the content of CO reduces when the
SOFC-H" is operated at higher fuel utilization. Due to a higher consumption of H,, water gas-
shift reaction is shifted toward the product side and thus, a lower amount of CO is present.
(Fig. 4(c)). In addition, the net heat obtained from the SOFC-H" can be raised by increasing
the fuel utilization (Fig. 4(d)) as can be explained in a similar way with the effect of the

average current density.

4. Conclusions

In this study, a performance of a SOFC-H" with internal autothérmal reforming of
methane is analyzed based on a one-dimensional, steady-state model of the SOFC-H"
coupled with a detailed electrochemical model. The results show that the DIR-SOFC-H"

operated at 750°C and 1 bar with the average current density of 0.5 A cm™?, fuel utilization of
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0.75 and air ratio of 8.5 gives the power density of 0.26 W c¢m and fuel cell efficiency of
38%. Interestingly, the introduction of oxygen to a steam reforming environment, known as
an autothermal reforming is beneficial to the SOFC-H* operation; the presence of CO, which
is related to the possibility of carbon formation, in the fuel cell is reduced. The simulation
results show that CO generation can be significantly reduced by increasing the S/C and O/C
feed ratios as well as decreasing the operating temperature. Furthermore, the SOFC-H" with
internal autothermal reforming release heat, which can be used for other energy-demanding
units in the SOFC system. For the efficient operation of the SOFC-H' with internal
autothermal reforrhing, it should be operated at high operating temperatures and low average

current density to achieve a high efficiency.
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Nomenclature
! cross section area of reactor (m?)
C,, heat capacity of component 7 (J/mol K)
Ci molar concentration of component i (mol m™>)
Dy et effective gas diffusion coefficient in the anode side (m?* s™')
Dy ety effective gas diffusion coefficient in the cathode side (m?s™)
E, activation energy (kJ mol'l)
E,,; activation energy of reaction j (J/mol)
E°Y open-circuit voltage (OCV) (V) i
E° OCYV at standard temperature and pressure (V)

15



F
Fair
Fuel
ha
hg

AH . ;

H,

J
 Javerd

j 0,electrode
K

ko

k,

J

k

o

kwaesr

LHV

Psorc

Faraday’s constant (C mol™)

rﬁolar flow rate of air (mol s’])
molar flow rate of the fuel (mol s™)
air channel height (m)

fuel channel height (m)

adsorption heat of components i
heat of reactions j (J/mol)

average and local current density (A m?)

exchange current density (A m?)

equilibrium constant for water gas shift reaction

pre-exponential constant for reforming reaction (mol s’ m? bar)

rate constant of reactions j (mol/kg s)

pre-exponential factor of rate constant for reactions j (mol/kg s)
equilibrium constant of reactions j

adsorption coefficient of component i

adsorption coefficient of component 7 for oxidation reaction
van’t Hoff parameters of component i

pre-exponential factor for water gas shift reaction (mol s m? Pa?)
cell length (m)

l_ﬁwer heating value (kJ mol™)

number of electrons participating in the electrochemical reaction
absolute pressure (kPa)

partial pressure of component / (kPa)

power density (W m?)
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Rotm ohmic resistance (Q m?)

R gas constant (kJ mol” K
R; rate of reaction j (mo] m™ s'l)
T temperature (K)

Utel fuel utilization

Uy air velocity (m s™)

ur fuel velocity (m s'l)

operating cell voltage (V)

w cell width (m)

Vi mole fraction of component i
Greek symbols

o transfer coefficient

& porosity of catalyst:

ESOFC fuel cell efficiency (%)

Tact activation overpotential (V)

Tleon concentration overpotential (V) et
Tohm ohmic overpotential (V)

Cele conductivity of electrolyte ("' m™)
Tan anode thickness (m)

Ta cathode thickness (m)

Tele electrolyte thickness (m)

1 effectiveness factor of reactions j
Pt - density of catalyst (kg/m?)
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Vi stoichiometric coefficient of component i in reaction j

Superscripts

I electrodelelectrolyte interface
in feed inlet condition
Subscripts

a air channel

an anc;de

ca cathode

cat catalyst -

ele electrolyte

f fuel channel

i component

j reaction

k _channel
References -

Aguiar, P., Chadwick, D., Kershenbaum, L., 2004. Dynamic Effects in Autothermal Systems:
Application to a Coated-Wall Internally Reformed Solid Oxide Fuel Cell. Chem. Eng.

Res. Des. 82, 259-266.
Akkaya, A.V., Sahin, B., Erdem, H.H., 2008. An analysis of SOFC/GT CHP system based on

exergetic performance criteria. Int. J. Hydrogen Energy 33, 2566-2577.

18



Arpornwichanop, A., Chalermpanchai, N., Patcharavorachot, Y., Assabumrungrat, S., Tade,
M. 2009. Performance of an anode-supported solid oxide fuel cell with direct-internal
reforming of ethanol. Int. J. Hydrogen Energy 34, 7780-7788.

Arpornwichanop, A., Patcharavorachot, Y., Assabumrungrat, S., 2010. Analysis of a proton-

- conducting SOFC with direct internal reforming. Chem. Eng. Sci 65, 581-589.

Authayanun, S., Arpornwichanop, A., Paengjuntuek, W., Assabumrungrat, S., 2010.
Thermodynamic study of hydrogen production from crude glycerol autothermal
reforming for fuel cell applications. Int. J. Hydrogen Energy 35, 6617-6623.

Bavarian, M., Sofoush, M., 2012. Mathematical modeling and steady-state analysis of a
proton-conducting solid oxide fuel cell. J. Bavarian Process Control 22, 1521-1530.

Chen, T., Wang, W.G., Miao, H:; Li,"T:, Xu, C., Evaluation of carbon deposition behavior on
the nickel/yttrium-stabilized zirconia anode-supported fuel cell fueled with simulated
syngas. J. Power Sources.196,2461-2468.. . . ...

D'Epifanio, A., Fabbri, E., Di Bartolomeo, E., Licoccia, S., Traversa, E., 2008. Design of
BaZry Y2035 Protonic Conductor to Improve the Electrochemical Performance in
Intermediate Temperature Solid Oxide Fuel Cells (IT-SOFCs). Fuel Cells 8, 69—76.

Ding, H., Xie, Y., Xue, X., 2011. Electrochemical performance of BaZr, ;Ceo7Y0.1Ybo103-5
electrolyte' based proton-conducting SOFC solid oxide fuel cell with-layered
perovskite PrBaCo,Os+5 cathode. J. Power Sources 196, 2602-2607.

Dokmaingam, P., Irvine, J.T.S., Assabumrungrat, S., Charojrochkul, S., Laosiripojana, N.,
2008. Modeling of IT-SOFC with indirect internal reforming operation fueled by
methane: Effect of oxygen adding as autothermal reforming. Int. J. Hydrogen Energy

35, 13271-13279.

19



Halabi, M.H., Croon, J.M., Schaaf, J., Cobden, P.D., Schouten, J.C., 2008. Modeling and
analysis of autothermal reforming of methane to hydrogen in a fixed bed reformer:
Chem. Eng. J. 137, 568-578.

Hajimolana, S.A., Hussain, M.A., Wan Daud, W.M.A., Chakrabarti, M.H., 2012. Dynamic

- modelling and sensitivity analysis of a tubular SOFC fuelled with NH; as a possible

replacement for H,. Chem. Eng. Res. Des., In Press, Corrected Proof, Available
online 12 March 2012, doi:10.1016/j.cherd.2012.03.004.

Hiei, Y., Ishihara, T., Takita, Y., 1996. Partial oxidation of methane for internally reformed
solid oxide fuel cell. Solid State Ionics 86—88, 1267-1272

Jamsak, W., Assabumrungrat, S., Douglas, P.L., Laosiripojana, N., Suwanwarangkul, R.,
Charojrochkul, S., Croiset, E., 2009. Performance of ethanol-fuelled solid oxide fuel
cells: Proton and oxygen ion conductors. Chem. Eng. J. 133, 187-194.

Laosiripojana, N., Assabumrungrat, S., Charojrochkul S., 2007. Steam reforming of ethanol
with co-fed oxygen and hydrogen over Ni on high surface area ceria support. Appl.
Catal., A 327, 180-188.

Leone, P., Lanzini, A., Ortigoza-Villalba, G.A., Borchiellini, R., 2012, Operation of a solid
oxide fuel cell under direct internal reforming of liquid fuels. Chem. Eng. J. 191, 349-
355. |

- Ni, M., Leung, D.Y.C. Leung, M.K.H., 2008. Modeling of metHane fed solid oxide fuel cells:
Comparison between proton conducting electrolyte and oxygen ion conducting
electrolyte. J. Power Sources 183, 133-142.

Patcharavorachot, Y., Brandon, N.P., Paengjuntuek, W., Assabumrungrat, S,
Arpornwichanop, A., 2010. Analysis of planar solid oxide fuel cells based on proton-

conducting electrolyte. Solid State Ionics 181, 1568-1576.

20



Pekridis, G., Kalimeri, K., Kaklidis, N., Athanasiou, C., Marnellos, G., 2007. Electrode
polarizafion measurements in the FelSrCe.95Ybp 0502 975/Au proton conductiﬁg solid
electrolyte cell. Solid State Ionics 178, 649-656.

Potter, A.R., Baker, R.T., 2006. Impedance studies on Pt|SrCeo 95 Ybo0sO3|Pt under dried and
humidified air, argon and hydrogen. Solid State Jonics 177, 1917-1924.

Santin, M., Traverso, A., Magistri, L., Massardo, A., 2010. Theﬁnoeconomic analysis of
SOFC-GT hybrid systems fed by liquid fuels. Energy 35, 1077-1083.

Shiratori, Y., [jichi, T., Oshima, T., Sasaki, K., 2010 Internal reforming SOFC running on

4 biogas. Intt J. Hydrogen Energy 35, 7905-7912.

Taherparvar, H., Kilner, J.A., Baker, R.T., Sahibzada, M., 2003. Effect of humidification at
anode and cathode in proton-conducting SOFCs. Solid State Ionics 162— 163, 297—
303.

Vakouftsi, E., Marnellos, G., Athanasiou, C., Coutelieris, F.A., 2011. A detailed model for
transport processes in a methane fed planar SOFC. Chem. Eng. Res. Des. 89, 224-229.

Vijay, P., Hosseini, S., Tadé, M., A novel concept for improved thermal management of the
planar SOFC. Chem. Eng. Res. Des., In Press, Corrected Proof, Available online 15
September 2012, doi:10.1016/j.cherd.2012.09.004,

Zamfirescu, C., Di'_ncer, L., 2009. Thermodynamic performance analysis and optimization of a

SOFC-H+ system. Thermochim. Acta, 32-40

21



Figure captions

Fig. 1 Schematic diagram of the SOFC-H+ with internal autothermal reforming of methane.
Fig. 2. Component profiles along (a) the fuel channel and (b) the air channel, under the
standard conditions. .

Fig. 3. The effect of ope;ating temperatures, S/C and O/C feed ratios on: (a) power density,
(b) cell efficiency, (c) CO content and (d) net heat generation.

Fig. 4. The effect of operating .current density and fuel utilization on: (a) power density, (b)

cell efficiency, (¢) CO content and (d) net heat generation. -
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Fig. 2 Schematic diagram of the SOFC-H+ with internal autothermal reforming of methane.
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Fig. 3. The effect of operating temperatures, S/C and O/C feed ratios on: (a) power density,

(b) cell efficiency, (c) CO content and (d) net heat generation.
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Table 1 Reaction equilibrium constants and Arrhenius kinetic parameters

Reaction k, (mol/kg ,s) E, ; (kJ/mol) K, H,
1 k. 8.11x10° bar™ 86.00
k., 6.82x10° bar™ 86.00
2 k, 1.17x10" bar®* 240.10 5.75x10" 11476
3 k, 5.43x10° bar™ 67.13 1.26x107 -4639
4 k, 2.83x10" bar®’ 243.90 7.24x10'"° 21646
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Table 2 Van’t Hoff parameters for species adsorption

Component K, AH ;. ; (J /' mol)
CH4 (combustion) 1.26x107 bar™ —27.23
O, (combustion) 7.87x1077 bar™ —-92.80
 CH4 6.65x10™ bar™ —38.28
CO 8.23x107° bar™ —70.65
H, 6.12x10™ bar™ —82.90
H,0 1.77x10° 88.68
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Table 3 Electrochemical model of SOFC-H'

Open-circuit voltage (E° Y.

05
OV — O 4 RT In Pu, ey Po, (ca
2F Py,0(ca)

Operating voltage (V):
V — EOCV . nact,an — nconc,an _nohm —nact,ca - nconc_.ca

Ohmic 1oss (7onm):

cle

nohm :jRohm Where ‘Rohm = Tele/o-

Activation overpotential (7,1):

.. anF (1-a)nF :
J = .] 0,electrode exp Ef nact,electrode 72 exp T\ C S =] nact,electrode

RT.

Concentration overpotential (7Jeonc):

=——In

RT | Py,en
”conc,an 1
2F P, an

RT " pl
L In [p Oz(ca)J szO(ca)

77(:011(:,021 X 2"F

I
Po,ca Pr,00ca

2FD__.P

an,eff

' RTt )
where p}I-lz(an) = P—(P— sz(an))exp [——‘“’ ]j

p’ —p RTT, >

g (ca) — y(ca)

0 =T 2D,
g BT

Ph,06a) = Ph,0(a) 4FD,,

e

(13)

(14

(15)

(16)

(17)

(18)

(19)
(20)

(22)
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Table 4 Input model parameters used for simulation of SOFC-H"

Operating conditions

Operating temperature, T 750°C
. Opefating pressure 1.0 bar

Air feed 0.1% H,0, 20% O,, 79% N,
Fuel composition S/IC=2,0/C=0.2
Average current density 5000 A m™
Fuel utilization 0.75
Air ratio | 8.5

Dimensions of fuel cell elements

Cell length, L 04 m

Cell width, 7 0.1 m

Fuel channel height, A¢ 1 mm

Air channel height, 4, 1 mm

Anode thickness, 7, 500 pm

Cathode thfckness, Ga 50 um

Electrolyte thickness, 7. 20 um

Material properties
Electrolyte protonic conductivity, e 225.92exp (—6.3x103/ T ) Q'm’!

Electrode exchange current density, jo etectroge 800 A m™>

Catalyst density, p,,, 1870 kg/m’
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Table 5 The range of operating conditions considered in the performance analysis of SOFC-. A

N
Parameter Unit bevel
1 2 3 4 5
T °C 600 650 700 750 800
S/C - 2 3 4 5 6
o/C - 0.05 0.10 0.15 0.20 » 0.25
Jave A em 0.3 - 0.5 - 0.7
Utuel - 0.65 - 0.75 - 0.85
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