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Research Title: Hybrid system of a proton-conducting SOFC with autothermal reforming
of ethanol

Researcher: Dr.Yaneeporn Patcharavorachot

Faculty: Engineering Department: Chemical Engineering

ABSTRACT

This study presents a performance investigation and design of a power system consisting of
proton-conducting solid oxide fuel cell (SOFC-H") integrated with an external reformer.
Although the efficiency of -the integrated external reforming and SOFC system is lower than
the internal reforming system, SOFC-H" always provides a high-temperature exhaust gas
which can be used for other heat-requiring units in the SOFC system, leading to a decrease in
the external energy demand. In this study, an autothermal reforming of ethanol is employed
for the production of hydrogen for SOFC. The aim is to design the SOFC-H" system integrated
with the autothermal reforming of ethanol. Simulations of the system are performed based
on a one-dimension fuel cell model coupled with detailed electrochemical models. The
equilibrium composition of the synthesis gas from ethanol reformer is determined by using
the total Gibbs free energy minimization method. The effect of operating conditions of
reformer (temperature and feed ratio) and SOFC-H" (temperature) on number of cell SOFC-H"
stack and CO content were examined. The simulation results indicated that the 25 kw SOFC-
H system can be both power generation and synthesis production units. in addition, it was
found that SOFC temperature has strongly impact on the number of cell SOFC-H' stack

whereas the steam to ethanol ratio affects on the CO content.

Keywords : Solid oxide fuel cell; Proton-conducting electrolyte; Autothermal reforming; Ethanol
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PEMFC AFC PAFC MCFC SOFC
Temperature 50-85°C 50-250°C | 160220°C | 630-650°C | 800-1000°C
Electrolyte fon exchange Alkaline Phosphoric Alkaline Stabilized
membrane acid Carbonate zirconia
mixtures (ZrO,)
Charge carrier H OH’ H" COs 0~
Fuel Synthesis Synthesis
Ha H, H, % Y
gas, CHy gas, CHy
Contaminant ‘ < 1-2% CO
<50 ppm No CO, CO, < 10-100
tolerance <50 ppm | < ppm Sulfur
No Sulfur No Sulfur ppm Sutfur
Sulfur
Corrosion None None High High No
Size (MW) 0.25 Very small 11 2 1-2
{ Small Power Power Power
o Transportation, . .
Application . power in generation, generation, generation,
small appliances
aerospace CHP CHP CHP
Efficiency <40 % >60 % 40-45 % 50-60 % 50-60 %
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Wudomasls Wesnnnsddunuisgamgliguiiewiudamidalnsaisusy
wehdannsanAsusudulalasuldngluradidomds Falidasnsliesasiviosy
wesnguen (external reformer)”

¢ 5 a o ¢ & v o« P-4 a :
wademaniineanledudiannsaldnsveunsuenladiduiemislalnense wsz
L s o X o g oy y .
Famdrdaiaunsmmiudedaievuludemdslags uenaniianiusuneuanles
Falidufivreigadiwamauiiniiie



- wadidemdnineenladudwdnfindsanmniaeiiuuselond Seamnsaiunlily
sulunszurunisednannufeusruuazihluldielugunsaidug Tngussansam
Tassmmesssuuisiutudiotadesinarinld

- femnisadifernduineenlesulddtdninsladiduends Jelifitamiludu
MsAANIBUTRTAG LAY AT ANTITILARDY .

udeglsimumsihanuiigamgiigavessadifomasiineanledudaenaralsinaudi
melunsiaun wWu lwadidamaenaiiansuaninuazdedinsdafiannsonusogumgiiadls
venmniigaduszuumainuiidesmsmsmuauidsinwihinse
Tssaimiloheveuvadilomawineonleduda (singdle  SOFC  cell) Usznaudaeti
Sudnlnsauuuils (porous electrode) 2 2 Ifun ueluauasuelva uenssnanniulpedidnivslad
vosudauuuuiiu (dense) Insunfudrdidintusladiiannsaldldlueaddomanineenladudsd 2
wuu fedidnlnslasiifimuaunsalunisiheendiauleseu (Oxygen ion conducting) wazdidning
ladifiarmannsalunsiilusney (Proton conducting) 3U 2.1 ag 2.2 wanwjiseniiindulu
waddandwinoonledufsuuuiifienuannsalunmsheendinulessunasuuuiiiiaruanunsely
nsilusneu mudiu amnutanmodnserinsdlninsladiiafemuniwenhiivaddemaa
aunsondald dwsuddninsladidiauannsolumsiheenduulessuhazisiiludiuiuelun
Tuvauzididninsladiifaruaumalunnilusrewmihesindilusutauelng
dlowaditemdrinoanleduidddidnlnsladiiauasolunisieeniiaulessy
meluwadidomdazinosndalessu (07) Fuiitaualna Fsloveuthisndouiinudidninslad
Wdfiufinszuintauelunfudidninslas (anodelelectrolyte interface) au USaautioandiaulossu
whuiisentulalasiou Iikndasiduluanavesiuagdifnaseu () oonin lauBidnasouazgn
dwielufnasnsuen uinunduduviuiisertusendiauiidauaing o fiufaseuiistaualna
fudiininslas (cathodelelectrolyte interface) siliifinoandiaulosaudnaimil (Feguil 2.1)
Ui liwaidfetulued domdninoenleduiuiielididnlnsladiifinamannsoly
nsthesnfaulesou fisil

fidaualun Hy + 07 €>  HO + 2 (2.1)
fidaualun 1/20,+2¢ > O (2.2)
Ujisensau H, +1/20, <> H,0 (2.3)

lunsdivewvaddondwineenleduduiioldtidninsladifianuaiisalunisiivsnou
fralalasiauitoudimieitudauelunasiinufisesendiadu Iﬂamﬁ'aﬁ’amﬂﬁﬁ%mlﬁﬂu
Sidnaseunaziusnou (1) lnudidnmseurvgnawieludnssnmeusnudiazaunduindataualng (i
Hunszualuit luvasioiulusreusziadeuiiudidninsladlugidaualne LLéwsﬁﬂﬂﬁ?ﬁfiﬂﬁ’u
sendtauiitoudunmaiutiualnauaedidnaseufiinainiesmeuen iadulianavesiun
Faguit 2.2



ujisenlwiediiistulumadidemdrdnoanlenudaliolddidninsladifinnuaiuisaly
nstlusneu waneisaunisi (2.4)-(2.5)

fitauelun H, & M+ 2e (2.4)
Fidaualun 1/20, +2H +2¢ <> H,0 (2.5)
Ujn3enTw H, + 1/20, < H,0 : (2.6)
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Anode | Electrolyte | Cathode

JU 2.1 wdnasvihnuesvadiiendsviineenteduiadelddianinsladniinwannsalunsi
sanfiaulasauy

Load ——-—1
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O |
o, | H
TR
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Tngundudrdnifodlugjuiiufnsueadifomdssineanladuduuuiisidninsladi
anuansalunsiteendaulessunsziauaissnwmaaivaziinuduniunisivaves
laaauﬁ?w (Aguiar wazmtuy, 2004; Assabumrungrat wasany, 2004; Hussain LazAny, 2006; Ni Lay
Atue, 2007; Patcharavorachot WazAny, 2008; Arpornwichanop wagmaly, 2009; Saebea WasAE,
2012) aglsfimumavasthifintumeiudauelus sxtidedudureslelnsiaudonias dua
ylsiendngluiiildanas uennilfifenderldielunsindomddimdenduulivsslon] ud
defimsmurtagidusenledudeiifiauaunsalunsilusrowdaty fsuiidniteuidiy
(Taherparvar wagmgdy, 2003; Potter way Baker, 2006; Jamsak WwazAy, 2007; Epifanio iagAaly,
2008; Ni uagAdy, 2008; Zamfirescu uwag Dincer, 2009; Arpornwichanop uagasde, 2010,
Patcharavorachot wagang, 2010) usnaulafnwuazimuniofuredidomawineenladui
wuuithlusmeu msisuenanazlifiyideatiomagndenaud thilintufitauelnaazannso
Uuugeendndlifiuaslssdvinmussadidemalddnsy

2.3 wadidamBrinesnledudsildionueaiuama

deRansanndnenmrasssmalnenudt majuenuealfidudemamauny
dmundandsulnihansadidemasiaudulld ewaneniusaauisandaliain
nszuumswinyesdunadaduiagiliansssumnanasfanmsomilaienolulssina 1y sy
duguds Sou 1Tudu venandlemusainuauiRndaumnzaninsiudomdunmedanius
Wureamanfianiiganusuusseinia siiliifuinedisuagdasadelunisvuds Tneluauves
Douvartzides uwasAqg (2003) 161"v‘1’wmﬁl,ﬂswﬁm%’auﬁauL%mwﬁwmawﬁm enudaimaai
wngandniuliflunssdanszualiiilusedidomas Tngsinneiaziansannnauvnanans
wagiinsiziludaasugaians Bnsavainisfnwmuineniueadudeindsasiliieads
Usvavsnmdusuiuaessesnnnisldfesssumaludomas uiiilofinnsenuLATYgenan s
wuhnsifiemueaiiudowdnziianumnyaunniian uasidsmnnsdiiunuiigumnigoes
wadiomasinoanleauds weteueniusadrdadiiemas toniusaszsifinnisiudsugy
(reform) melugadidordmeiutauelun IMdufesduenedfidiulufefglelnsuisduduly
maAaufseluduadl Tneenmssilumsuimsisidefudmoantemfanslumaddomas
(internal reforming SOFC: IR-SOFC) Fadiefivasmsduiunuludnuussinanaziilidununisuda
sagsruumskantinududeuanas fedliussansnmlunsudaliiiessadilomddlassiutian
ity dealiinafodulugauladnunsduivnueseadilemisineanlesudsiinnss
Wodufanmeluwadidamias (Aguiar HagAnly, 2004; Assabumrungrat wagaaus, 2004; Hussain uay
AUy, 2006; Arpornwichanop uasauy, 2009; Arpornwichanop WAy, 2010)

watlgmmaniinvlumssuiunisiiiaivesufisnslusadifomadegieiu 2 fefte
(1) qmv‘g:ﬁLmnﬁhameﬂumaéﬁaLwaaqﬁuLﬁaamﬂm‘sLﬁﬂﬂﬁﬁ%m@,ﬂmm%'auﬁqmm Faonaihlug
msuandinvaaadly war (2) Mamsazauvesmiveuiitauelusdsonaviilitrgaduuasiiaussauy



Tunisidiuauudas Tul 2007 Laosiripojana wag Assabumrungrat levinnnsanwianadululeluy
mslflemusadudemdsditouirgwaddomasenleduddaease wuildaisdeueniueaidng
wadlaonse Wesnnnsiininesuiweaeyusaiiliauysaiuudnssufiten NYSZ fiduuelun
awvililenueandousuldifudinu (ethane) uaziondu (ethylene) Fsansviadasiiazannso
Wisuguluduensueulding wiinssuaunisivefuivvesonusaszsuiunulngldsnsaanly
msteuletdeiemusamniuniediumsfigumnigiitaduannyfmneandeteiuliian
asuaufiony uimsliidemasemusatdsnsilamaluninfinmiverldie dwelhivaddoumaad
anglumsldaiuanad (Assabumrungrat  wagamuz, 2004) faluniduilefinsunanssauzvsaead
Fowmdswiasenleduduuuilusnouigndununielfannznissdesufiwesieiinunislu
(Direct internal reforming: DIR-SOFC) 17{’3Lﬂ'i’lzﬁlﬁilﬁﬂmaaﬁu‘uaa@ﬁ%’mmzﬂmz (Arpornwichanop
wavAmz, 2010) wuiraneldmsdndunuiiguugll 750 esrnalFea AuduuTIEINA was
#ndliivoasadidomds 0.7 Tad Tutesnisinaveadomdstiviuuesfemiuounsuanled
Usangegulunaman (Ussunm 25 Wesidus) Fiorvvsdumalifnnisazauvasnifusunasan
Us::ﬁmﬁmw‘uaw‘hLiaﬂﬁﬁ%mﬁag‘lu%’mduﬂ

v
oo aaR o

é‘faﬁ#mﬁwﬁnL?{aqmﬂﬁm{]mmﬁaﬂén ’lumuwaummmuamsﬂszqnm“ﬁm%ﬁvﬂa%m
wesneuen (external reformer: ER-SOFQ) Jaufiuwadiiamdwiinosnladuduuutilusneu e
Wasuguidowmduemuealdifuimduenegifiiulufefnlelaanaunouloudduaditomaa
wihnsesnwuussuuhnresaditemdwinesnlssudifunssuiunmsinesdweseviueasei
ausutou uasiivseavsnmlunisudaininlaesius winssdunusenfussinaiisudning
151915muuawu’aemamnsxLLﬁlWﬂwzﬁﬂﬁmmm?Tﬂﬂ'ﬁau@awé’w'\umﬂuszwﬁdw%u LagnIs
panuUUNsLandsundwiunislussuuegnaiussansam sxvialdssuunvousadidowaad
Uszﬁw‘%mwiﬂaswqﬁu

2.4 manaalalasiauaineniuea

2.4.1 UfRsensesuisiaelodh  unszuaunsiiasuszneulalasafusunnin
UfAsentuth Ieudndusidulalasau afusunsusnleduazarfuoulaoonled Tneviugasend
gamgiiuszanas 750-800°C FaduuiGenaamniey

C,HsOH + HyO —> GH, + 2CO 2.7)

2.4.2 U§jfisen Partial Oxidation f8@IN"# ﬁw&.%mwéwzgnLﬂ?iaugﬂxﬂuﬁwlaiml,?u
Tngonnadufingeantuaud Lﬁaﬂf}ﬁ%maan%m%’wﬁﬂ%u%ﬁﬂﬁlﬁmmm%@u‘ﬁuuaxﬁqquﬁqﬁu

C,HsOH + 1/20, — 3H, + 2CO (2.8)

2.4.3 UfiTereelaneiiainesuils Junszvaunsludfithdedveanssuiunsiwesy
fasgloth uaznszuIumsesndeduunsdnruiulsenmstiouiaihuasesndinudiierhufizen
fiuanslalasaiiveu

C,HsOH + 2H,0 + 1/20, —> 2CO,+5H, (2.9)
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ﬂ' <t I ¥ o v <l = & n‘; aa
A5 2.2 Wiguisuten-taideusnssuiunsnaninalalasiauna 3 35

NTZUIUNT tof taide
ofulisngloth | Idkdndusifelalasiaugs -Apamandanugelumsiiaujisen
sondadunnedin | -nssvaumshuiudunsadn | -ndndasifglalasoudiien

| m3aeanuiou \indutioy

-ABUAUBIBEIITINS? - \nAuaRweBnNINA (HCs, CO)
lisossuinszudesmuidou

solaiadiia Svloudls | -lifedldndsnugdlunis Indnfnsimelslasiauiiiiany
inufizen it
-AAATTUABINITYBIWANITY FessiingzisluiFoansaiuny
NSPUUMSISUAUBENTIAT Uifsenssningeanudounazany

anusoulviaunadu

s
=

M3 2.2 wamansisuliisuded-Todsveenssuiunisanfielalasiawta 3 33 da
wuimsudnfirelelasiauseiiiesudsnelathesausalindntasifialslnsaugeiian s
Foamsndauainaeuanguiteliiinufisen luvuziiugfseeelnnosiainesuis iy
nsruIunsilunatnemdeu esnnwdanuauieuiindnlfannisesndiaduueday
annsahanldlunisivefuiauuleohld dlitsentSunamdunisueniidesteuliuriades
Ufnsallé uenaniinszurunisdinandifedivatedu iy annsadentdiaglanainnany
Aldinelumsamusit uasfiiesonsudussuy Wesuisusunssurunisivesuiiaielah
wazdildnaldvesfnalelasiauganiinssuaunisesndiaduuasdaude faululasinisideills
Wenliisealavesiasvasulla

2.5 u3eeningades
2.5.1 nuidsiigteatunisienusaunladwiamislusadiinmistaosnlos
I
R

mAdelutligiulirnuaulafefumaimelulafisaddomaanidlunisudn
Iiifesanniiussavsnmguaselifnuaivmasmesh madanldidoumasiinildielulssme
wasfufinsrodundenasfunumamilsivilieadiFomadnanedumaluladlunsudnlviig
raulafuegnann menwiismfumsliomueafiudomdduad fomadine

Tsiakaras waw Demin (2001) Anwaussaugynameslilaunfindvesadifounds
yineanledudiildidemdnenuen Futermdseniusaasninufitenive fufidundedivefues
aelu Tnefiarsmianuuand1aesiieondunud téun YiAserivesuiadagleth (steam
reforming) UfjA3en3wesufissneaisuaulaeenled (dry reforming) wasufiseneandinduuiadu
#reenn (partial oxidation) Msfwmfiannzaumaaznszyiluteiilifinsfansueu tufiedas




11

) ]

gaumnfisewing 800 uag 1200 ey lavanuAlvdnsdussninieendunudsoiovusaiigaisusud
Arneqfu 91nnsAnwnUIY fgamgiinisddiuauiiaands 950 uazuInAin 1100 tAay wwad
Fowdswiaoenledudeiioundnfasiilinnuiasoivesuivhelothwesenueslivsensnm
goan Tuvasdinisdidunvlutigumgiviunans mstleundnsnusinléainfidersnesuiisde

asusulasaniadmazlviussananmifninlisenaug

afta LT

Douvartzides et al. (2003) l§vhnsinswidsuiioudomdmarseia e
midlemasiimnzandwiulilunssdanssualwi-lugadidemas laeslesgirinnsuiainga
vamaniuazdiaseiluluasugmans Mnsavesnmsfinwmuinenueadudeindansvilfiead
fuszAms i dusuivasssesmnaslifesssundudamas wiileRasanmsuassgaans
wuhnsliienuendudomaasiimnusmnyausniigs

Assabumrungrat  wawAniz (2004) Tnseisieazideanianedalaunindiiie
vwsrevinvasmsinmsueuluwadifamdmineenladuaudeiiinsfnivleufsvoudamas
ovueauuuAEly MINNISENIN & AnTvauganuinIsRusaTdmssniklethdeieniuead
oudirad Womdrunsnannaiieasuauld

Laosiripojana Wag Assabumrungrat (2007) lﬁv‘l”lmiﬁnw’lmmLﬂiﬂﬂiéﬂUﬂ’lﬂ%’
weadudewiditoudduadidamaenledudalaenss mnuanisinumuilimsiezld
wnueaiuiamdstoudrdiwadlnenss esnnsfinivesuficwenenusaiilsiauysaiuu
Ni/YSZ Tisnuuelun %v‘h‘lﬁt,amuaat,ﬂ?%augulﬁLﬂuﬁmu (ethane) uaztevdy (ethylene) Fsanswa
asstivanunsowFeuguluidunivauldte wihdamdnlunisteuladdeleniusassiidisnnuie
mifiunsiiguuniigsiitaduangiimnsauiietestuliifnaivou winisliidemdaenueaf
gensilondlunsiinarsueuldiie dmalieaddamasianglumslinuanag

252 MddsRindeiunmsssuusnsisedidamdwisesnladudtunszuiumss
osulisveseniues
Arteaga-Perez wavaniy (2009) Anwinisdiasinssuiunisvedssuuiings iy
svihaadilemaineonlusufuasnssuiunisine aflwanemusaielod Tnefansana
YDV (723 < T < 873 K), Sasndnlanluaveniviaieniuea (3 < RAE < 6) uazdisyavisns
THdamas (0.7 < FUC < 0.9) IﬂaﬁwﬁaamnﬂLﬂuaéL?ﬁaL'wawzgﬂﬁﬂmwammxﬂawﬁwjLﬂ%al.mlwﬁ
Weliaudeuludoniesuqlunssuinis mATeisliesnuuulaswieveusisuaniudsuainy
fou (heat exchanger network) waviun 2 wu Teswuiissuviiuveusadidomdseraunsa
fudunuldlagliifeioundinuanaieuen (self-sustain  process) Araidipszuudiiuanulagd
fudszandmsldidendadu 0.8 sumplivenaiedvesuweiidu 823 K uasdasrdlngluaves
yueased iy 1.5:5
Hernandez wag Kafarov (2009) ¥MN1598nlkUUASEUIUMNTIILEMTUNEANGNY
THennszuIuns e suiselatwendomadulelomusaasiadifemasiineanladuda
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wuhnsesniuusTUUTnTnTadifawmaiiimsuanasuterideunasinalagnissinAainen
senneutinelusveaadilemdwnsdiu thinsunsdusniufameslul warnswnlndigd
wdariiednluguansdsiy Wuniseanuuuilaiign eldussansaminesanvesszuudu 52.6
Weidud Fannnistieszdnaresanmglunsaudununuinssansnmmuninssuiunmssiiuty
mmmsLﬁuqmwgﬁmaanssmumﬁwa%uﬁaLLazé)”mwehuIm8Iua‘uaqluiawmuaasia1§w
PNNINUIIISTANSSUTE LR sl d e sAnwnssuunn T ey
gUL%mwﬁaLamuaa wazn1sAnwrsruuRInaITniugadidomasuinoenludide asdoald
nszuunsvefufisineleddundn lusasfinsuszendldnssuiunsive fufuuuesldne idiaf
finaiaula uastestwaniygynnsifinnsazanvesmsuaumeluniosvesuwesios sauded
frnanfululslumsianisaunanisnnudeudistiu Bslumifudlennsanifieatfunsdnuveasad
Weianinoenledudauuuiiiniusneu mAdsdulngtadulidmsduassiuasiinssvdnuas
miliivssiaseenludiifimnuaansalumsilusmeuminiy (Taherparvar uazaesy 2003; Fukada
wazAY 2006; Potter wag Baker, 2006, Suksamai uag Metcalfe 2007) Saddaunsdiuwintiui
aulafinwanssaugniswdansualiiitvessadonsinesnlosudawuuiinlusaoulaeld
Jomadlalnsedueu @wu woulTuily uazievuon) Jamsak uazAg, 2007; Ni wazatug, 2008,
Arpornwichanop waganiz, 2009) TN sAnwTisaufunssuIunsInes iveuenusase



U 3
Asn1sAiiueuy

awuﬁﬁaﬁau’lﬁxﬁnmswuiammmaéﬁ?@mﬁa‘uﬁmaaﬂ’lﬁjﬁu%qLmuﬁﬁﬂiﬂwauﬁ’umzmumi
Wesefufiwuveslaveiaveaeniuea suludiurediinsdufiunuazuieandiu 4 drundn
Tnevirdod 3.1 axedunanmsmvesssuusin ted 3.2 asdnausiimadunnedusznauuaafing
Fuaziflunssuiumsivesufis Wadedt 33 avuaniuuTasmndamansuauaditemain
sonladudanuuinilusnou witedt 3.4 radureiunounisFuumanssausUsTEUUTY was
Wadefl 3.5 AsuERINISATITHOULUUIADIMIARafER e Tad SomAwineanlasudawuudic
TUsmau

3.1 ssuusuveaadifawdeiineenlefudauuiiilusmeutunssuaunnisdrlasy

fauuveelamaiiiavasenuaa

U 31 uanswmunmvssszuuTenTaddamandasenluduiuuuiivilusneufy
nszuuMIAniwesufuuvesimmefiavaneniuaa Tnsduanansweuddléun weniuea i way
91w gnlimamidouusdiu andusztloudrdindosinesuues Fuzinufatenoelamadia
ynfufaduasyifiosnannedosiesumesdassneuiefeiinu (CHy) felalasiau (Hy) 1
(H,0) freafuauusuenled (CO) uasfwafuaulasanlad (€O, asgniiinaamgiinafinu
gumpisidunuresradifomds vimnfedueneiigungigauiasgniioudndwadifomas
meduiuelun Tusugfiomassgnioudmadauelne

fiuwelunfnedmuassinjisenduilasodenseuiumsivesufivagloth (auntsdl
(3.1))  fwasusussuanlasiiennujisinivefuishelothuasfwasveuseuanledlufineg
duarghasijisentuidelasedeuiisenewmesufadu (aunsd (3.2) Taefelslasiauain
fedauasiziuasiindnldainaunisi (3.1) uaz (32) aufeufiisentedy (@unsi (3.3) I
Tusneunazdiinaseusenin InglusnevasadeuiishuddninsladandaueTualuddauaing d
Sidnnseusriadeuiinuiasasuenidfsiaualne drusiniaiidaualnaesiiny fisenidndu
(aun1s#l (3.0) MulusounasBinaseu uasthaanin drumsivavesdidneseulunsasnisusnan
Fuelunluddaueinnrerdanszudlrifinsyuanss iiseriistuluead dowmasiineanlasuda
wwuthlusneufmneiuusluauazielne aunsoagUlasd

=1

aa.

UfRSeniinfunesutiualue

efudethtloth  CHg + H0 <> CO+3H, (3.1)
Taimesuiatn CO + H,0 < CO,+H, (3.2)
ganTadu H, < 2H +2e (3.3)

ﬂqaa =

AiseNAATUNIAIMIILALNA

Sandu 1/20,+ 2H + 2  €> H,0 (3.49)
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. ATR reformer
Alr Paas: N

Ethanol

Water PRE-HEATER

Reformate gas

The single SOFC-H* dimension are: 0.4(L)x0. 1{(#)x0.001(%) m. :
Anode-supported SOFC-H* has the thickness of '
anode/cathode/electrolyte as S00/50/20 pum.

Anode Cathode
exhaust gas exhaust gas

JUT 3.1 urunmkandssuusmvedwadfemasdaeanlvaudwuuihlusreutunszuiunisiing
Wosulauveslawasiavaaniusa

LOAR

Porous dnode Electrolyte Porous cathode
(Pt) (3CY) (Pt}

sUft 3.2 uwunmnsiuiunuvesradiemdiaeenlududwuuilsnoy
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3.2 MIAuInesAlsznautasingduaTeilunszurunSSHasulle

lumsmuanesrusenauvasieduassilunissivesuwedozendunisimseinig
waslulrunfindvesnszuiuniseslamesiiasnefufisveteniusa Fewslagldeaniuasmianisn
Aspen Plus tilefnwisaveswisifimesfiisadestuntssfiuausiieg wWu qmmﬁmaam?aﬁmﬁu
wes Sasdusznirnhdelevuea wazdnsidiuseninoendiausiolemuea Ainare AR
lalasiau asduszneuiianmzaunavasfiwdunmeiiidnniaiedesuwesasfnsailagliitnig
uitlymaniitosfigavesndanudasyuesid Tasaunnsaniie (equation of state) #iidlunis
ATINNIAINTBUBY Peng-Robinson Stryjek-Vera (PRSV)

3.3 wuiaemeadinmdnsvausadilowisiasanisdufuuuiivlusaou

wadidoindsrdnoonledudwuuilusnaunionieitsuinuuvusiulszneudie
Huelunuaztrualnaiignuensenaintulaeiininslad fguil 3.2 Tnetanildidudidninslad e
Yb-doped SrCeO; (SrCeqosYbgpsOs.q %38 SCYb) LﬁaamnLﬂufaﬁgﬁﬁmmmmsm’lumiﬁﬂﬂmau
Tngiifinumsaneleulusmeugs dutaniivhunlfidud-sidninsefeunandiy

wuudhassnsadamansveagadifomisiseanleudnisznaufeaunmsaugama
souqdasmsivaventomdazdasmisivaresennia uaraumsiieatesiuLuusaommslwiueg
Feduiusfuasdussneuesdoindsiazeonaasanmgiindedndluih dranuuiunssualudia
wazulsiugiiinrmuieatoiu lunsiannuuuiiae wotsad deindineanlesuduuuiud
fnsnavesfnadludumaientu wasiiinnmsivlefuivwesfefinuniely wwldaumfgiusendd

wwaditioumderiiunuiianizasih (steady-state) uargaungilai (isothermal)

- wuudaesildidnume 1 @R (one-dimension) feAwisfiwesaqiinsiudsunuas
audunMsiravssielutuiun x INesLnuLRe?

- fhanulieddnvasduivgauad

- ahaeadidemdnineanleduddudnuashuuisy

- Mdedvududomduaztmusbifenisireilumneluaddomas

- dmualdfeiinuaansadsusuiuinalelasou Aeanfusuneuenlesuazfing
arfueulneanlasiviniu uasiiiissfinelalasauiiinuffdsieendindy

- MANULANANNNALAUlATasINN

3.3.1 dun1vduganla (Mass balance equation)
Wowaddowasrinoanlosudniurnuiuuitianissnesufisvesfisiaings

a <

melu sfiufisenaiififietumelusadidemdsiovun 3 Uisen fe Ujfseivesuils rewmesufia
I wazufnselddaadl Woindeidoudndvesnisivarediomieazdsznaunasiiinu i

¢ « v ¢ o w & & a a ¢ & oy
rusuuauanles lalasiau wazansusuldoenlyd dmSuiuwadiliomaiinoenleauiawuuidl

o a o d. $ E‘; v c“
Anuasnsalunisitesndaulessunazuilusnou Iummzwmwaamﬂwamma'mmuu NN
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fsaunAeeendiau lulasiau uasih Mnauufguduasaadvaunaunaulalagatfuaunis
v ¢ . . . v a o v v & ' '

aYWus (differential equations) Mldesurenisidsundatanudinduraafiesaglureanislvaves

WIBWAILALDINIARABAAMUYIVBNIAATDINEY Iassaun1TRaludl

® RInMsinavoutainda

dCy
L —R .

dx uch, ( ref) (3.5)

dCH O(an) 1 3
2 — _ R A

dCe,
o R,—R

ar (Reet — Ryos) (3.7)
dc,

dx = " h (3Rref + Rwos y ) Rele) (3.8)
dC., 1

2 " R
dx ufhf( WGS) (3.9)
® YaIN5LYavaIBINA

dc,
—r = -0.5R

dx uh, ( ele) (3.10
dc,

dxz =0 (3.11)
dCH O(ca) 1

2 — R g
o N (Rae) (3.12)
oy = Cin (3.13)

Tl “an” war “ca” udnafannulelupuasuAlng MUaWU G Uaz G, Wanarsduduyesing
wiin i Tudssnsivavesdomndaazeinia ey

3.3.2 aun1sufiseuad
andnanluluadedt 3.1 fMeduaneiildnneiesinesuseuszneuluie
Frgfin fielelasian dh Areensusuueuusnles wasftsaiusulasenled WoRansmnnis
sinnurenvadiamdineanisiiwuuiiinn e ffiwedimunsluvadidomnaa ilefine
wjmwawwmumn{]aumamaawaLwaamwaan'ﬁlwamammwaa mszmmummmsaﬂasuma‘m
maawmwaamuﬂgni&mwasummalamuumLLaT,ummamaamaLwaa Faaunish (3.1) ‘Ugnsmu

174
2 ﬁl

LﬂUUﬂﬂiHWQﬂﬂ’NN‘SGUVIﬂWLuu‘lﬂlﬂﬂau%']\'i‘lﬂ Gl\'iUU"\NﬁllllW]']@ﬂ'ﬁ'm"l'iﬂgﬂ‘iEﬂLﬂWU‘LW]NL‘Uﬂ'il'mﬂ
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gn3NMsURSeIWeSUN (Rey) vutaueluaiiviienn Ni-YSZ anunsauansieauns (Achenbach and
Riensche 1994)
E
R = exp| -2
ef = o PcH, P( TRT]

P A i . 1 ) 1Y ¢ s -1 -2 -1

1il® ky and E, ADA1ALY pre-exponential KAZATWAIIUNTEAU TIUAUNINY 4274 mol s m  bar
-1 o w

wag 82 kJ mol ~ auany

nndufmaniueuseuuenlusdudundntusmasslfnufiseninesuiisiele
5ﬂasﬁfmﬁﬁ%mﬁuﬁgﬂﬁm§a duuisemawesuiaiv Iadufiwarsueulasenlenuazinglalasiay
faumsii (3.2) URsonawesufadmiulisomenmioufazgnausidin fisenfetunels
anmeaunaLail Imaaum’sﬁLLamé’mwmiLﬁﬂﬂﬁﬁ‘%muaLmaéLLﬁa*ﬁw (Rwes) Aluauidfanniumn
ANUYDY Herberman wag Young (2004)

4 N
Rycs = kyos X T, % PcoPu,o = Al LY
K,
103191

kyos =0.0171 eXp(_W_) .

_ 3571 2 1000
K., =exp(=0.2935Z> +0.63512 +4.1788Z +0.3169), Z=—=~1

I(K)

P o . -3 -2 -1 P o o ) aaa
W® kyes A® pre-exponential factor (mol m ™ Pa ™ s ) Uay K., ABANAINUBIAUAREMIUUANTEID
wosuAaTv
s ) a W W £ v & 5 v

nguawsuag  (Faraday’s  law)  asfienuduiusiundndvasansisnuuay
nanfurinensudanssualwianufizenliiued  aannguemhiunduaziiefiiissfinelalasiau
Wauifseeendinduiaufisenfissfimies Bnavediwlalasauwasiveentiaungnldlunis
WeufizeuasUinarenhvindriunsanmafauiiselndwadl (@unsin (4.7) was aunsi (4.8))
srduwusiuaamuniunssualnia (current density, /) Mgnudntulasigadilieind dsduannts
wanssnsimsiinuiisevesdfiseliiaadl (Ry) wwannsaeuls fetlaunis

1
R, = 3

3.3.3 aunsineadesiunisiiaufisenlviiuedl (Electrochemical Model)
Fmdunssflunuressadiiomdineenladuiasifivadesiuufiteneend
wiuveudemdsiidauciun u,asmnﬁmlﬁﬁ%m‘%ﬁn%’ummﬁwsdaan%umwﬁﬁ%v'auﬂim TRgAULANANY
sprisndndluiimanesluleunindvesufiseidadiininsaasvliiAnandnd i fidunduls
(reversible voltage) 38 Andlnirvazia9silia (open-circuit voltage: E°Y) Feanansoasueld
fzaun1silan (Nernst equation)

137857
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RT
+
2F

0.5
pH:(a)sz (c)

EV =E° In

(3.14)
Pu,00)

P “a_n @ < Vv o w 0 = o £ ) L
log#i “a” waz “c” wansdesiuuelunuasuplng auddiu £ Aednddndliiifianiizanudu
nasgu Feedidnuiiduivgamgilunmsduiunudaideves Ni wazauy (2007):

E° =1.253-2.4516x107'T (3.15)

sgnalsfmulunisiifiunusdwengaddomds definsvualvriwwadidowda
adngluinfiuiasadeadndlunisnissuiiueu (operating voltage) asilantiaanindndndluia
ymamgufiae fuaaduaunisi (3.16) iesnnadanszudliilhusaddondasiliiaany
fumunigluadioinds (intermal resistance) uazerdndluiansfifedastumsfinuiase
TiwafiifuiaseninedadidninsauasBidnlnslas (overpotential losses)

B V = EOCV _iROhm _?78(2[ _nCOHC (3'16)

U 3.3 Wunavluansdndndliihiuiaa drdndluinfigauad uazndngludin
adefianudunssuanaag mngﬂauﬁulﬁ'hﬁﬁﬁ’ﬂé‘lﬂﬂﬁqmﬁaLwiasﬁvﬁmxﬁmmﬁﬂﬁzyﬁmm
vusdunszualiuandieiu Ssmnumuiuiunseuainnunnedrainszudalniiiindalfrenis
wheiuiivesgadidomds Tnansiindndluihasshiianumnudunssasieg fiswazidundiil

1 251

1.0+ Region of Activation loss

0.8+

Region of
Concentration loss

0.6+

Cell voltage, V

Region of Ohmic-loss
0.4+

0.24 cell voltage

0 i i i i
0 0.4 0.8 1.2 1.6
Current density, mA/cm’

Ut 3.3 nsrluansrdndlniihfiusiade Adndlndiigaund wazerdndliihgedeiianuunssud
Y
FN99)
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(1) dndluihgediedleanainufiteluduadl (Activation  overpotential:
M) WurnuggdefifendesiunsiaufiSeiniaiiiuieddninsafiiauisidnlnse
ﬁamnﬁﬂﬂﬁﬁ%maan%lm?waaﬁ”wlaimwuu,asmsLﬁmﬂgﬁ%ﬂﬁﬁ'ﬂ“i‘i’umaaaan%l,ﬂuﬁ%v’aLLaIumLaz“if'a
ualne audiy TneadindliindudndeunainujisenlniivaiivewsasiasidnTnsaazannsa
Aunldnnaunisbidaduvesysiaes-seawes (Butler-Volmer) fail

i=i ex ﬂ . —expl — M (3 17)
0.electrode p ER T nact,eleclrode p iR T nac(,clcctrode ¢

electrode e {anode,cathode}

Tneil o AeduusyanSnstnemyseq (transfer coefficient) » Fosiuauvasdidnaseuiidslouludy
AMUAURATE UBY iy erecrode ABAIAIINUILUUNTZRALANUR Y (exchange-current  density,
Am’) .

(2) fndlrtihgeydeidasmnarudumiulni datuidowndreuduny
Fuwziuiitarea specific resistance = R, fnannisinaveslessuludidnlnslas sl
Fuifumnuvunvesdidnlvsled (2) uasAmsileasy (onic conductivity) wesdlanlnslad (o)
deuszyndlinguesleviusrannsauansmuanuiuiusssninssa s uwnsfuiay
ArauiRvesBilninslanlel feil

T 1rol (+
Rop = -0 (3.18)

electrolyte

Tagundudiitadidninsnazinnuannsolumsihlddhganirdimstilnivesdidninsladuing
fnhuFeennsaaziamanisiiliiludidninsals

3) dndluigadefissarnnisdnalaunia (Concentration  overpotential:
NMeone) Lflumw@zytﬁaﬁtﬁm*ﬁaqﬁ’um’sdwaiawaaﬁ'wnmiélu’aﬁumaam%ﬁLﬁﬂimﬂ IneAnugedey

fananinduiawinnisanasvesnuduturesfgawmdsiiindfazealaduall a v

[
=f

& a ' Y aa . a g I3 =t a a0 X 4 o & a a
WuN'Jig'VT'J'N"U'JaLaﬂI‘V]iﬂLLagaLaﬂI’Vﬁlam LLa%ﬂ'ﬂquLﬂﬂu THIUANUINYULLBDAGLUBLWAILASDBNDY

wauditaudndimadidomasgnideussieeiindu viedntunmniEndudivesmsdasusasy
dndueenvewdniasifaladiniinisUdeansialui
Adndlnihgydoidessnnismsaaleuna awnsafuinildanainuunnsiig
sewinddndlufiaranslaluteinisiva (bulk) wazArdnglriihvnzasesdafifuinsening
Flwduezaidninglas ) dadurdndliihgaudedesainnsnisdielounaveudomdin
senloruduuuiiiimwaunsalunimisendinulosauarlusnouedien il

_RT

7 EECN ELC (3.19)
conc,anode 2F

1
Py,

035
RT Po,© Pu,0(0)
n =——In =
conc,cathode 2F

l (3.20)
Po, Pr,o0)
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Weht py,, po, uaz p, fo arwdudosvedlalasiauiituinsevindauelunuardidninslas way
AuSutaYBRaNT LIRS IR TALa S S nTnslas ANEGU

‘Iumsmmmmmﬂné‘lﬂﬁwamaamaamnmsmsmsﬂauma ndusivadrininu
Fugesvaslalasiou 1h uazene fiuiasenindaddninsauasdidninslad Iumuulﬂamm'\
amwaamsmaiaumamaqmﬂﬂumaLafﬂmmaummsnaﬁma‘lﬁiﬂamsLstsuaamsszuiW'iuIﬂami
Tingueadien (Fick’s law) mmwuﬂlwﬂgnim‘l,w%mummu‘mwumsxmwmaLaﬂImﬂLLasaLarﬂm
lad uawamﬂmmws‘ummsmmuluaawummna”nuﬂ1wnnuamwmsmmﬂgnsaﬂw%mu nieny
AanananIadsuEnnmsuansimufugosvadlalasiau 1h wavenie FRuRIsEwinhsEnlnse
way aLaanilam (Chan wagmgue, 2001, Suvvanwarangkul wagAade, 2003; Hernandez- Pacheco uay

%, 2005b; Bird wavAnz, 2006) lHwad

iRTT
(=P —(P=p, , )exp| o cmoge. (3.21)
Py, ( . sz(a)) p 2FD“HP _
I jRTTcathode
Po, = Po,) ~ yu— (3.22)
2FD,
jRTTCﬂ NOGE
pH,o Puoy T AFD o (3.23)

c.eff
Tneil Dyefi W88 Deogr wnuduUsEAYSnNsunIUsEanina (effective diffusivity coefficient) s
G’ll’m‘ﬁ"ltm‘[umLl,aa‘ﬁ“l“?'lLLﬂI‘Vlﬂ%‘dQﬂE)"S‘UWBiﬂﬂﬁuﬂizawém'mwftwu ordinary wag Knudsen diffusions
(Chan wagAmy, 2001; Bird uazAnly, 2006) dvsuiwadidomaineonlomudwuuiifiauanunse
lunstheenBiaulesseumdulszdnssnisunsussansnantemuneluamuiuiinainAiaieves
HuuseAvdnisunsussaninavasinelalnsaunazin Turayfisnduse avinsunsmedudauaing
fuINININAEIUTE AV nMsunsUss Ansavesiaeendauuaylulasiau Tunsdveuradifamnas
sinoanleduduuuiifimuausolunishluseou s avasnsunsUssaviuanasuielun
AuIsINIINAFNUTEAVE NsunsUssAnEnavesfnelalasiau lurusfidnduussansnisuns
manutaualnefuananedul ssandnsunsUssavsuatesfraoniaunazi Ineanadeves
HUszavsnmsusastuiudndulaeluavesiesanade

D, eff mmmmmﬂmauﬂsuammmwsﬂsuawawawaam%la‘[ml,'«m (auns?i (3.24)) luvauzi
D off MunananAduUssansnsunsUssininavesine 3 via Ao sendu Tulesiou wasih
(@unsi (3.25) uazifiesnnnisdreleunavesiansduuainedeutedutiouiiowniiing 3
aaﬁﬂixnauLtwsaq‘lumuﬂim muumamﬂsxawsmmwaﬂizamwaima‘smmmmmmmﬂ

AuduRuSvee Stefan-Maxwell (Suwanwarangkul uazagdy, 2005) faaunish (3.26) fa (3.27)
Lt (320
Da,eﬁ' DH:-HZO,eﬂ" DHZk.eff

Py, Po,
Dc,eff = [ ;O ) Doz,eﬁ‘ +[_P—) Dnzo,eff (325)
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1ae@

I 1 1 1 1
= + - (=) (3.26)

0,k eff Doz -N, off D02-H10,eff Doz-Nz,eff

1 = 1 + l + L - ! (I—J’Nz) (3.27)

DH:O,eff DHZOk_eff DHZO-Nz,eff DOI-HZO,eff DHZO-Nz_eff

B9 Doger A Dyppoerr ABAUUSEAVENSUNTSEEVSHATEININ O, Uz H,O Tufelulnsiau muddu
wa vy, Aoruduliaveslulasauivsingoglufrawen

3.4 AMTAUIKIEUTTOUSANSHED ﬂlWﬁq‘UE}\‘ii&'UUiﬂu

Start \:
Set number of SOFC-H" stack in parallel

and series

Input 7, P and feed conditions

J, Mass balance [€—] Electrochemical modet

Power outputof\ NO

25 kw

Gibbs free energy minimization

method

|

Molar flow rate and mole

fraction of gas product

|

Input single cell dimension and

material property

|

tnput 7, P and V and

inlet air conditions

I )
>

U 3.4 TunsunsAuIMMaNsIauENIHARINThYesEUUT Y



22

SUT 3.4 uansusunmtursun st AANsInuznsRaa i essyuusan Tams
funaudieendu 2 duvdn dunsnfensdunamesduszneuresieduaseiilinniedes
wesuwes lnwSuanmsfmusanmsnssidunuvsanissdvefumes Wiud gumgll Amnudu uas
Snsrdumateudemas wasiimsduumessUsenevvasineduasisiitannzaugalasliitng
widgmaniiestianvemdssnudaszvasiud Gsaglisminmsinalaeluaveafitwulinsineg druiiass
fAamsAmuamaussnugassdaliihueeadidemddnoonisduduuuiluseeu Faduainns
sundeulusuduvenadidoinds fie sasmslvalaeluavesieuiameg (Wanededdnesy
we?) dasnisivalasluavessinia vunaveutad 1wy uagamuaiRvesianilly uasaniznng
fufiuveusadidemas 1oun sumgll aaudy wagArdndlii wesanlunisdrumasimua
fdslwihanesniwadidomddlinl 25 Alatad dfufesihmsdunammatadesunugadideinds
fmnsan Taglunmsdwranedmusdwausedilemastuuvoynsuuassuiy uasileldaunis
auparadmvaun liiaiiudnelimmhddliiheonun Mnturinissaaeudidsliii
nssfuiidiosnisvielyl Snsefiduannssiuan uidliivnsusuisnsunuesedidomaudnh
Mgl |

3.5 NMIATITEIURUUINGDY

\iesnnuuusassmsluineiive wvadidewdwineanlsdudwuuiilusaouddinng
Wanlifsurfuweditemawiineenladuduuutheendiaulosey ffunisifimesuid
AaIunuLiunssualiiuanUBadsddiisenulnenasmduinig wasilsainaunisnisd
‘ﬁmﬂ’l‘l’flumsmmﬁ’nsﬂw'ﬁwqmtﬁaLﬁaamﬂmidwiaumalﬁmmnaumsmsd'}aiaumaﬁa%uwmﬂ
wusaeesiiaiiaimuequiade fufuuuuasmiliiueivearadilomasinoanladuds
wuuiluseou (@in1sil (3.14) & (3.27)) inauelusiifsoninnasaseuanugnioatudeyail
¥nmsmaaesves Taherparvar uagany (2003) laslunsnnasswes Taherparvar uagaay Tani
WluadifomdsvinoanlesuduuuinTusnoudmdurindudiuelun Bidninslad wazualng Ao
PLISCY[Pt Fipnnamun 50 500 way 50 lailasauns audidu fedamBaazasnduaudiitoudng
wadomAildlurnues Taherparvar  wazae fe Malslasiau 10 wWosiwud (fiuszann 3
Wosiwusd) wavenmawks Ghindeuuiiaandt 0.1 Wesiwud) mudwiu Rl 3.5 uanmanisviue
snwarndliiieadidemirineanledudauuilusnoufldnnuuuiiaeuarann1smaasads
fuilununeldgumgdl 3 sefu (1073 1173 waz 1273 1AAIW) ANLAUUTIEINA 3INRANTIANY
wuiRailanuuuiasseianseaturuadildannismeassfieiiedinnamuuiunseualni
waniasuresihaidninsaiiainiu 800 wesuUsRomMINLRAS
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1.4 . . r .
Electrolyte-supported SOFC-H" : I, = 800 A m’
1.2¢ 1
Experiment ® T=1073K
1.0 A T=1173K .
> T=1273K
% 0.8 Model results ==+ T = 1073 K -
E 9_..‘1 ----- T=1173 K
= 0.6 =1273K
© .
0.4¢ 4
é-.,.
0.2} ' .
0 1 1 é.'. 1
0 0.05 0.1 0.15 0.2 0.25

Current density (A cm'z)

JUT 3.5 MmsiTeuiisudneuesnislwi e ueadwemdiineanleduduuilusnauiildnnng
TavanszuIuMshartayaiiliannsVaaaIay Taherparvar WagAn (2003)



uny 4
NANT3I1a89NSZUIUNTSHAZNITBAUSBNE

mMslesedaussousnindsliihannssuuuve wradidewdwinesnledudawuuii
lsmaudunsyurumsiinivesudsuvuselnvadiavensniuea ssgutufnyinazoins
Wasuulasannenssidunureunisdesuwesuasiwadiiowas nndensudniidlalasiau
Usinansifinansueunevanles uazswiumsvaditemddild Tnsanngnisidiunudediuuas
Falunsfnwweuniaodredueiiasvadiiomds wanaiams1ad 4.1 way 4.2 daumnsed 4.3
wamarwiweiildlunssasinssuiunsveraditamawissenlududwuunilusneu

A15199 4.1 anmznmsaiunudesdusaztislunisAnuvasadassnosuas

Parameters 4 Standard condition Operational range
Preheater - 400°C 3
Reformer temperature ' 600°C 600-1000°C
Reformer pressure 1.0 atm -

Ethanol molar flow rate 0.25 kmol/hr -

Steam to ethanol ratio 2 2-5

Oxyegen to ethanol ratio 0.5 0.1-1.0

M5198 4.2 anznisaiiunulasfunaz il un1sANEUDILAS BUTAALTDINAS

Parameters Standard condition Operational range
Operating temperature 750°C 600-800°C
Operating pressure 1 atm -

Cell voltage 0.7V -

Power output 25 kW

i . 1 o ¢ ¥ o dlll a a [ o
15799 4.3 amnsiiwesildlunmsTiasinszuiunisueaadisiwiwiineanloaudatuuiilusneu

Parameters Value
Cell width, W 01m
Cell length, L 0.4m
Channel height, h 0.001 m
Anode thickness, Tonode 500 um
Cathode thickness, 7 athode 50 pm
Electrolyte thickness, Tuiectroiyte 20 pm
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A151991 4.3 AsTwesRlluNTIasInsEuIUNsYRLadianawilseonlvauduutinlusaou
b))

Parameters Value
Electrolyte conductivity, Guectroyte 225.92exp(-6.3x10°/T) Q'm’
Electrode porosity, & 04

Electrode pore radius, r (um) 0.5 um

Electrode tortuosity, & 5.0 |

Electrode exchange current density, iy electrode 800 A m’

© 4.1 msfnwnszuaumskaalalasiauanufisersalameiiiaiviesulivaseniuea

nsfinwmavaInIsTasinszuaunsluhtel sxfnsaitsdunszriunsadafing
lalasiauanujiserselanesiaiesuilwosomusariisenszuiuniaiiien Tngagyinisdnywa
veansasunlasaniiznisdniuiuveaniodnefumeiifidefendndumild anzans
sufiuauiidnu dun guugll Sasdunsiiseieniuea uasdasdruntsiouarmadaemiuea
Tufites liAnymavesaiuiy Wessnnsidsuwlasmnusulinasevdinuigndndusiilades
1N

f137 4.4 uansauasn AL agavnliveaniasive e Tiine endnfasii
1% Taeusudsugamgiilutas 600 B 1000 ssruwaidea dunsfiresduqlumsnsd 4.1 faasd
NnnnsSassnsguaumssiuldinameldmsdudunuiianzausa eviuesasvgnliodreauysel
lunnqsaeamaiibinisdnm (Livsingusinaveseniuealufaniadius) Fadunsiliui
miLﬁu*‘ﬁvummﬁ'wlaimLﬁmﬁ"'uLﬁam*mnn'\st,ﬁu%u‘uawg‘jﬁ%m&’fauné’waaﬂ;‘jﬁ%mmmﬁﬂﬁmu
(reverse methanation reaction) Zvamwuldinfefivmuiviinuanas eRasanavdiuluaves
"LaimLﬁ]‘uwm'ﬂ,u‘uaqaﬁummaqmiaaswgimuasqumn 600 18u 800 aigadyd finalalasiauay
fRnfiniy Ltmmeuammuaammmwmtha‘uaﬂa‘lmmuﬂaummamaa il dumsnznsld
qquﬂumsmﬂgmm’mjemu‘LUﬁ]zmﬂmﬂgnsmaamamnmwmﬂmwunau feaztiiuleinusunm
famiveunauenlediiduisiuiazarsusilaoonlusanag

Namaammlaauu,ﬂaaamqmus"w’mmmaLamuaam{]aumLﬂsaasmsmua%ﬁﬁdamsn
WAnRAAlE uanadamned 45 Tesundwdrnisteuilulinasnnifunestissindediifanis
aunavetienInesulls mmm’lﬁlmmﬂa‘lmsL'«Juﬁimmawu uAINNANTTIIABINTEIIUNS
w1 wisnsnsivavesiendndusasfitiununafiusasdussrisidelenueainn ud
vdnilavesieldlasnslufeduaseiildnduiidanas Maddunssidliliiuiizeand
TWideSnamesinglalasiau wazainmsed 4.5 ssfiulduSinavesniveuneusnlynd
wlthasaudeimstoutinluduededre e finntumszisihniliuiisanemesufa

IAnlaRTu
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Abstract — In this study, an integrated system of SOFC-H" and
ethanol autothermal reformer is proposed. The optimal design and
operating parameters are carefully determined to obtain the best
possible performance of the integrated SOFC-H" system satisfying
a desired power output of 25 kW.

Keywords - Autothermal reforming, Ethanol, Proton-conducting
SOFC, Performance evaluation

[. NOMENCLATURE

h  Cell channel height, m 7, SOFCtemperature, °C
L Cell length, m W Cell width, m
T. Reformer temperature, °C

[I. INTRODUCTION

A proton-conducting solid oxide fuel cell (SOFC-H") in
which the electrolyte made of a proton conductor becomes the
most promising fuel cell technology for power generation. In
SOFC-H", water vapor is generated at the cathode side and this
factor can improve the open-circuit voltage and electrical
efficiency of cell [1]. In general, there are two approaches to
incorporate a fuel processor in the SOFC operation: external
reforming and internal reforming. Although the internal
reforming system has higher efficiency than the external one,
this approach faces some difficulties: the possibility of carbon
formation on the anode and the presence of a large thermal
gradient within SOFC stack {2]. Thus, a power system
consisting of SOFC-H" integrated with an ethanol autothermal
reformer is proposed in this study. The attractive feature of this
system is that the SOFC-H™ always provides a high-temperature
exhaust gas which can be used for other heat-requiring units in

the SOFC system, leading to a decrease in the external energy
demand.

The present study is aimed at designing the integrated
system by considering the SOFC-H" stack configuration and
operating parameters where a desired power output is 25 kW.

III. SOFC-H' SYSTEM INTEGRATED WITH ETHANOL
AUTOTHERMAL REFORMER

Fig. | demonstrated the integrated system of SOFC-H"
and ethanol autothermal (ATR) reformer. Ethanol, water and

air are fed to a preheater. In the ATR reformer, a consecutive

reaction pathways of the steam reforming and the partial
oxidation are carried out. The equilibrium composition of the
synthesis gas from the ATR reformer is determined by using
the total Gibbs free energy minimization method. Then, the
reformate gas consisting of CH;, H,, H.O, CO, and CO; is
preheat to the SOFC operating temperature before it is fed to
the SOFC-H'. At the anode side of SOFC-H”, the residual CH,
can further react with H,O via the steam reforming reaction and
CO can convert to H, via water gas-shift reaction within the

ATR reformer

Ed-—0

Air

Ethenol —»
—
Wates . ! PRE-HEATER

The SOFC-H* dimersion ara: G.A(L)=0. 1{A =0 00D m. I5
Ancde-supported SOFC-H* bas the thickness of 3
anodercathode/electrolvte as SCOI20 um.

ey CBLROGS

exhaast gus exkavst gas

Fig. 1. Schematic of a proton-conducting SOFC with cthanol
autothermal.
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SOFC stack. For the SOFC-H', H, is oxidized to produce
protons and electrons. The protons migrate through the
electrolyte while the electrons flow to the cathode. At the same
time, oxygen in air that is fed to the cathode side is reduced and
here the water is produced. Simulations of the SOFC-H' are
performed based on a one-dimensional and steady-state fuel
cell model coupled with detailed electrochemical models. The
modeling of SOFC-H" was reported in our previous work [2].

[V. RESULTS AND DISCUSSION

Under the standard conditions, the inlet molar flow rate of
ethanol is 0.25 kmol/hr, steam to ethanol (STE) is 2 and oxygen
to ethanol (OTE) ratio is 0.5. The reformer is operated at 7, =
600°C while SOFC-H" is run at 7, = 750°C under atmospheric
pressure. When the cell voltage is given as 0.7 V, the average
current density can be computed. In order to obtain the net
power output of 25 kW, the number of SOFC-H  stack is
determined both in parallel and series configurations. From the
simulation results, it is found that the arrangement of the
SOFC-H" stack affect the required SOFC-H' area. Table 1|
presents the possible SOFC-H™ configuration. The fuel cell
efficiency in all cases is ~31%.

TABLEI
POSSIBLE SOFC-H CONFIGURATION-FOR 25 KW
Gase Number of SOFC-H stack Requu’c]d area
in parallel in series total (m")
1 65 3 195 ~7.80
2 48 4 192 ~7.68
3 38 5 190 ~7.60
4 18 10 180 ~7.20

The simulation results alsoindicate that under these
conditions, the integrated system can generate both electricity
and high amount of synthesis gas (Fig. 2). Due to the usc of a
proton-conducting electrolyte, the high content of CO (> 20%)
in the anode exhaust gas may cause the carbon deposition on
the anode side and thus, this issue should be concerned in the
operation.

# Reformate gas ¥ Anode exhaust gas (case 4

o
ta
<

&
s
<

<
—
<

= e

CH4 H,O CcO H> CO,

Mole fraction of gas
=
"
<o

,-
pe)
S

Fig. 2. Product distribution under standard condition.

Next, the impact of operating conditions on the number of
cell stack and CO content is examined, as summarized in Table
II. The simulation results reveal that the increasing reformer
temperature results in a very slight increment of CO content

EFC13

whereas it has no significantly effect on the number of cell
stack. Therefore, the reformer temperature of 600°C is selected
for further investigation since it requires the lowest heat input
and provides the lowest amount of CO. As expected, the SOFC
temperature has strongly influence on the SOFC performance.
Under the same desired power, the higher temperature
operation requires a lower area. As a result, the number of cell
stacks is strongly decreased. However, the CO content is higher
because the water gas shift reaction is unfavored at high
temperature operation. Regarding the effect of feed ratio, it is
found that the CO content can be reduced by increasing the
STE while changes in STE and OTE have no impact on the
number of cell. This is because a higher steam can convert CO
to more H,.

TABLE Il
THE OPERATIONAL RANGE OF EACH PARAMETER AND SIMULATION RESULT:
P Operation Results o
range Number of cell CO Content
lncrease 7, | 600-1000°C No difference Ve sl
increased
lucrease T, 600-800°C Strongly decreased Slightly increased
Increase STE 2-5 No difference Strongly decreased
Increase QTE 0.1-1.0 No difference Slightly decreased

V. CONCLUSION

This study presents the performance evaluation and design
of an integrated system of SOFC-H" and ethanol autothermal
reformer. The effect of operating parameters (i.c., operating
temperature and feed ratio) on SOFC-H' stack configuration
and CO content was examined. The simulation results indicated
that the 25 kW SOEC-H" system can be both the power
generation and H; production units. Under the standard
conditions (7, = 600°C, 7, = 750°C, STE = 2 and OTE = 0.5),
the required arca of 25 kW SOFC-H " system is 7-8 m’ in which
the number of cell in parallel and in series depends on an
available ‘installed area. In addition, it was found that SOFC
temperature has strongly impact on the number of SOFC-H"
stack, whereas the steam to ethanol ratio affects the CO
content.

ACKNOWLEDGMENT
The authors gratefully acknowledge the financial support
from the Faculty of Engineering, King Mongkut's Institute of
Technology Ladkrabang.

REFERENCES

[1] Demin, A., Tsiakaras, P., Thermodynamic analysis of a hydrogen
fed solid oxide fuel cell based on a proton conductor,
International Journal of Hydrogen Energy, Volume 26, 2001, pp.
1103-1108.

[2] Arpornwichanop, A., Patcharavorachot, Y., Investigation of a
proton-conducting SOFC with internal autothermal reforming of
methane, Chemical engineering research and design, Volume 91,
2013, pp. 1508-1516.

Copyright © 2013



39

e Yo o/

U326 I98
%o - wwana (Mwive) A3, QYIeng W23 Ld
¥ - vwana (Mwdingw) Dr. Yaneeporn Patcharavorachot
wuneUnsUsEisUssrvu 3-1005-90002-41-8
Auvislaguiu 813158

wihsuuavamuiiagiinnseldazain wieuanoadlnsd nsens waslusudldaidansedind (e-mail)
@I IANNTINAL AEIAINTINANERNT

andumealulagnsysundninuymisaianss s

0. 2ABINTY UYW/AUAAIANTEUE NTUNNLIUAT 10520

Insfwi 02-3298360-3 sie 151 Invans 02-3298360-3 nm 4

E-mail: yaneepon_.p@hotmail.com, kpyaneep@kmitl.ac.th

UsglRnmsdnw
Uiyt WwvederiunIunsilal 29U, (enngsuadl), 2548
UIsysytan PNAINTUITINGEY .0, Granssuei), 2553

anuvinmsidaud gy Wandamndmsing) seyaunivinis
Process simulation/Renewable energy/Hydrogen production/Solid oxide fuel cell
Ustaumsaiffendesiunmsuimsimiddetinslusasnisuonussana Tasseyanunmlunsvhns
Weinduggrwemauwunuidy Fnlhlassside viedsnieluidasranuyise
Wvhlasimyide
721  meesginssoustenvaddewiiseanlvduuvuihlusmeuiiinafauiises
Wosulseelimaidawvunely  menuddesnduneldauzimnssumant aarly
walulagnszasunandnaunyisaianssds YssinUaulssanas 2555 s8a8iia1nns
suiilasans 1 U Sunuluitlédunmsaduayy 80,000 11w
722  ssuuimwensadidemdineanlsduduuuiilusmeufunssuaunisiinive sl
suuvsslawveiiaveteniuea
Mmenuifeanduseldnusimnssuaans andunalulagnszasundiigunms
aanszls UseshBaulszan 2556 szeziainisduiulasins 1 3 dwiuduiiledums
avfuayy 80,000 um
723  mssaenstriunsuaaielalanauiimsueneeivaulnsenladludunewdeilas
nslY ASPEN PLUS
mevuideantuseldaugimnssumans aondumalulagnssaeunandiqunms
aanszs Usesdeussanm 2557 ssezmneiuiiulasams 1T Swouduiildfunis
atuayu 60,000 UM
724 szuumvenvadileiwdineenluiuduuuihlusreuiiduiunudemiuduguas
myiesuiisndweseaseinieings



40

meyuldninddnnuneuaduayuniside (ana.) wae andumaluladnszasungs
Wnammsananszds Useditauuseana 2557 sepznainisaniiulasinig 2 ¥ dwou
Fuiilé3unsatiuayu 480,000 v
7.3 yiddvivhuataudn
731 neamAdeRiweuns (Raus 2010)

7.3.1.1

7.3.1.2

7.3.1.3

7.3.14

7.3.15

73.1.6

73.1.7

7.3.1.8

7.3.1.9

Authayanun, S., Saebea, D., Patcharavorachot, Y., and Arpornwichanop,
A., Effect of different fuel options> on performance of high-temperature
PEMFC (proton exchange membrane fuel cell) systems. Energy 68 (2014)
989-997. :

Patcharavorachot, Y., Tiraset, S., Saebea, D., .Paengjuntuek, W., -and
Arpornwichanop, A., Optimization of a Membrane-based Oxidative
Coupling of Methane Reactor Using Surface Response Methodology.
Chemical Engineering Transactions 35(2013) : 121-126.

Arpornwichanop, A., and Patcharavorachot, Y., Investigation of a proton-
conducting SOFC  with internal autothermal reforming of methane.
Chemical Engineering Research and Design 91 (2013) 1508-1516.

Saebeé, D,  Patcharavorachot, Y.,  Assabumrungrat, S, and
Arpornwichanop, A., Analysis of a pressurized solid oxide fuel cell-gas
turbine hybrid power system with cathode gas recirculation. Internationat
Journal of Hydrogen Energy 38 (2013) : 4748-4759.

Saebea, D., Authayanun, S., Patcharavorachot, Y., Paengjuntuek, W, and
Arpornwichanop, A., Use of different renewable fuels in a steam reformer
integrated into a solid oxide fuel cell: Theoretical analysis and
performance comparison. Energy 51 (2013) : 305-313.

Patcharavorachot, Y., Wasuleewan, M. Assabumrungrat, S., and
Arpornwichanop, A., Analysis of hydrogen production from methane
autothermal reformer with a dual catalyst-bed configuration. Theoretical
Foundations of Chemical Engineering 46 (2012) : 658-665.

Thanomijit, C., Patcharavorachot, Y., and Arpornwichanop, A., Design and
Thermal Analysis of a Solid Oxide Fuel Cell System Integrated with Ethanol
Steam Reforming. Computer Aided Chemical Engineering 30 (2012) : 287-
291.

Saebea, D., Patcharavorachot, Y., and Arpornwichanop, A., Analysis of an

ethanol-fuelled solid oxide fuel cell system using partial anode exhaust
gas recirculation. Journal of Power Sources 208 (2012) : 120-130.

Chaichana, K, Patcharavorachot, Y., Chutichai, B., Saebea, D,
Assabumrungrat, S., and Arpornwichanop, A., Neural network hybrid model




7132

7.3.1.10

7.3.1.11

73.1.12

41

of a direct internal reforming solid oxide fuel cell. International Journat of
Hydrogen Energy 37 (2012) : 2498-2508.

Saebea, D. Arpornwichanop, A. Patcharavorachot, Y. and
Assabumrungrat, S., Adsorption-membrane hybrid system for ethanol
steam reforming: Thermodynamic analysis. International _Journal of
Hydrogen Energy 36 (2011) : 14428-14434.

Arpornwichanop, A., Wasuleewan, M. Patcharavorachot, Y., and-
Assabumrungrat, S., Investigation of a Dual-Bed Autothermal Reforming of
Methane for Hydrogen Production. Chemical Engineering Transactions 25
(2011) : 929-934, :

Authayanun, S., Arpornwichanop, A., Patcharavorachot, Y., Wiyaratn, W.,

and Assabumrungrat, S., Hydrogen production from g¢lycerol steam

" reforming for low- and high-temperature PEMFCs. International Journal of

7.3.1.13

7.3.1.14

7.3.1.15

Hydrogen Energy 36 (2010) : 267-275.

Patcharavorachot, Y., Brandon, N.P., Paengjuntuek, W., Assabumrungrat, S.,
and Arpornwichanop, A., Analysis of Planar Solid Oxide Fuel Cells based on
Proton-Conducting Electrolyte. Solid State lonics 181 (2010) : 1568-1576.

Patcharavorachot, Y., Paengjuntuek, W. Assabumrungrat, S., and

Arpornwichanop, A., Performance evaluation of combined solid oxide fuel
cells with different electrolytes. International Journal of Hydrogen Energy
35 (2010) : 4301-4310.

Arpornwichanop, A., Patcharavorachot, Y. and Assabumrungrat, S,

Analysis of a proton-conducting SOFC with direct internal reforming.
Chemical Engineering Science 65 (2010) : 581-589.

HanuitnaualunsssyivIngg (Raud 2010)

7.3.2.1

7322

73.2.3

Saebea, D., Arpornwichanop, A., and Patcharavorachot, Y., Integrated
system of a proton-conducting SOFC and ethanol autothermal reformer:
Design and performance evaluation, The Fifth European Fuel Cell
Technology & Applications Conference - Piero Lunghi Conference (EFC13),
December 11-13, 2013, Rome, ftaly.

Patcharavorachot, Y., Chery-rod, N., and Nudchapong, S., Hydrogen
Production from Glycerol Steam Reforming in Supercritical Water with CO,
Absorption Unit. the 5th Regional Conference on Chemical Engineering
(RCCHE2013), Feb 7-8, 2013, Pattaya, Thailand.

Patcharavorachot, Y., and Arpornwichanop, A., Investigation of a proton-

conducting SOFC with internal autothermal reforming of methane. the



7324

71325

7.3.2.6

42

22nd European Symposium on Computer Aided Process Engineering
(ESCAPEZ22), Jun 17 - 20, 2012, London.

Thanomijit, C., Patcharavorachot, Y., and Arpornwichanop, A., Design and
Thermal Analysis of a Solid Oxide Fuel Cell System Integrated with Ethanot
Steam Reforming. The 22nd European SyAmposiuonn Computer Aided
Process Engineering (ESCAPE22), Jun 17 - 20, 2012, London.

Supawimon, P., Patcharavorachot, Y., Assabumrungrat, S. and
Arpornwichanop, A., Analysis of Steam Biomass Gasification for Synthesis
Gas Production. The 4th KKU International Engineering Conference 2012
(KKU-IENC 2012), May 10-12, 2012, Khon Kaen University, Thailand.

Saebea, D., Authayanun, A., Patcharavorachot, Y., Paengjuntuek, W., and

Arpornwichanop, A., Performance Analysis of SOFC Systems Integrated with

- Steam Reforming of Different Renewable Fuels. International Conference

13.2.7

7.3.2.8

7.3.29

7.3.2.10

73.2.11

on Renewable Energies and Power Quality (ICREPQ’12), Mar 28 - 30, 2012,
Santiago de Compostela (Spain).

Tippawan, P,  Patcharavorachot, Y., Assabumrungrat, S., and
Arpornwichanop, A, Thermodynamic Evaluation of Ethanol Steam
Reforming via Acetaldehyde as an Intermediate. The 21th Thai Institute of
Chemical Engineering and Appiled Chemistry International Conference
(TIChE 2011), Nov. 10-11, 2011, Hatyai, Songkhla, Thailand.

Aunsup, P, Patcharayorachot, Y., Assabumrungrat, S. and
Arpornwichanop, A. (2011). Comparison of Different Hydrogen Production
Processes from Biogas: Thermodynamic Analysis. The 21th Thai Institute of
Chemical Engineering and Appiled Chemistry International Conference
(TIChE 2011), Nov. 10-11, 2011, Hatyai, Songkhla, Thailand.

Saebea, D.  Arpornwichanop, A,  Patcharavorachot, Y. and
Assabumrunerat, S., Design of a Solid Oxide Fuel Cell-Gas Turbine Hybrid
Power System with Cathode Gas Recycling. 6th Asia Pacific Chemical
Reaction Engineering Symposium (APCRE’11), Sep. 18-21, 2011, Beijing,
China.

Arpornwichanop, A, Wasuleewan, M., Patcharavorachot, Y., and
Assabumrungrat, S., Investigation of a Dual-Bed Autothermal Reforming of
Methane for Hydrogen Production. 14th International Conference on
Process Integration, Modelling and Optimisation for Energy Saving and
Pollution Reduction (PRES11), May 8-11, 2011, Florence, Italy

Sangduan, K., Patcharavorachot, Y., Assabumrungrat, S, and

Arpornwichanop, A., Analysis of CO, absorption for purification of hydrogen



7.3.2.12

43

in ethanol reforming processes. The 3rd Reginonal Conference on
Chemical Engineering (RCCE), Jan. 20-21, 2011, Metro Manila, Philippines.
Patcharavorachot, Y., Brandon, N.P., Assabumrungrat, S, and
Arpornwichanop, A., Theoretical Study of a Planar Solid Oxide Fuel Cell
Using Proton-Conducting Electrolyte. Commission on Higher Education '
Congress li: University Staff Development Consortium (CHE-USDC Congress
i), Sep. 9-11, 2010, Chonburi, Thailand.





