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SUMMARY

Ii tI is thesisthe performanceof high temperaturefuel cell systemsis studiedusing anew
methodof exergyanalysis. I he thesisconsistsof threeparts:

In the first part a new analysismethodis deveoped,which i ot only considersthetotal
exergylossesin a ut it operationhut which distinguishesbetweendifferen typesof
exergylosses:
The seconupartdescribesthenevetopmentof afuel cell model.A detailedmodel is used
to determinetherelev’ nt aspectsof theperformanceof the fue cell. Using this knowledge,
asinsplermodel for theoff designperformanceof a fuel cell is designedfur thesystem
c’ilcu ttions.
Irs the lastparttheadvaicedexergyanalysismethod ‘s used o compsredifferenthigh
temperaturef tel cell systemconfigurations.‘I’he focusis on understandinghe effectof
changesin theconceptualdesignon thepetfri i’uce of thesystem.Thevalue of the
exergyanalysis iiethod is discussed t d sen ad factors i iflueneing thesystet effic’ency
are‘dentified,

The fuel cell is a singlecomponentin a complexsys ens.As this study.andearlierstudieso
fuel cell sys e ss show, th d ‘sign of thefuel cell syst‘to largely determisestheef‘icieney (if
the system.~“o cnievea big t effic’ency a hign regreeot integration‘s necessary.t3ut a nigti
degreeof it egrationgcnerallytends ssske t p i siis’itio of sys etiis diff cult. ftc focusof
this thes’s 1, 01 therefire 0 i:

Identi 3’it g Ii iw tIre itit ‘ract on hetwo~ns rhsystemsin tI e te ~l1systeti ‘Gets st ‘ai~h
forward opti notiom
denti ‘yi ig howex~rg~alysi. or s he u e t Is op s isat~ ocess.

Lzergs’airal ‘sit
In the lu cell systeis e ergy lo s it ‘ intpo ie 0’ unt 0 ie not s zy lie I e resut o
oneor tsio‘e process‘s with th “t speci ic driv’ g lbrces.Its the netho developedin tb’s
Ii sis5 suchdrivi ig )rces~redisti iguisl ed it the fuel cell systeis

ctttpesattie diffuteuce ‘ teat r’trts~’er:
pressuredifl’ere ice siassflow:
difl’erenceits eoncetstraio s siix’tig (isotls‘r ssal):

~ differenc itselsessicalpo ci tial clseniicalre~tctione
• differenceit electricalpo e stal decnealcit ‘retst.
If inly onedrivi sg force ilays ‘n rol is ‘s tnt operation,c’ilculatitsg tI e ot’rl ‘xergy loss s
sufficietst.Howcvcr if the proccssesin a ut it operaton aredeterssinedby tssor’than iiw

drivirsg forcc, it is secessaryto detcriiiise which partol the otal cx ‘rgy I isscan beattr’h tted
to cadsof thin separatecauses Its this thesis,nsetlsodsaredeve spedto calculae theselosses
separatel . I he l’irs tssetltsdis ‘sequntitialaodellusg’,whereacottiplex processis cotssdered
s a seriesof processoccutTings‘quntitially. or exattiplethe combustiotsp ‘ocesscai h

cotsodered~ a proc~~whsereo the fior stepfuc~atidoxidant ac tiii~cd u ts the sc i 3
stepreac ioti takesplace. Iti othercasesprocessescaisnotbeseparatedin tlsis wayatsd a ti50t e
detailedrstodel is required.Iti the fuel cell systensthis is thecaselor thse refornserandtl foe
cell itself.
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1 he systemanalysisshowsthatthelossesas aresultof heattransferandthe lossesas nt result
of chiciiiical reactionsareof particitlarinterestiti thehitch cell system.Differentgraphical
niethitids to analysetheselossesarediscussed.Diagramswhich can heusedto analysetIte
lossesas aresultof heattratisferarethevalueandpitichi-valuediagrani.Chetisicalreactions
aremoredifficult to analyse.becausetheygetierallyoccitr simiittltamseoutslywith other
processesasheattransfer,h’nictiomi atid miiixiisg. I lie coticeptof tlse equihihiniittss tetsiperatutreis
introducedto chnsnifyexergylossesitt chemicalreactions.Usimig theequtihib‘irtin tenspenatutre.
niakesit possibleto visualizethechemicalreaction~ii nt ‘vahitediagram’ aswell. However.
this tnethiod is usefulomily bin a huntedclassof reactionsandatiothiertiiore getierntlmethod is
developedto isuahizethe lossesin (electio )chieniical reactionsits thosecaseswhereno
cheiiiicalequilibrium tetsiperatutrecan lie deterntitsed.‘1 his methodcotisidensseparatelytlse
changeiii exergyof theprocessflows atid theexergysuppliedto theprocessits the harm of
heator power. For both (luamitities aseparategetierahizedCartiot factor( exergy/energyratio)
is calculated.Using theseCanti(it factors,complexprocessesitivolvimig chemicalreactions
atid heattransfercan he represetstedin a ( ‘trnot factor enthialpydiagram.‘I’hesediagnosis
play an important role iti tlseanalysisof thelossesin the fuel cell systetsiiti the systcmss
atsalysisof thefitel cell systems.

/ nd cell ioo~lelluig
A detailedmodel for the fuel cell is developed.‘ lie modelcalcitlatesthecurretit (letisity
(distnihtttiois) alongthe fuel cell. Otherphetitsmemiawhich ann includedits tIne model arethe
heattransferin the hardwareand fromssthe hardwareto thep‘ocessflow amsdcheniicntl
reacttotisoccurntngin thefitch cell. 1 tie hilt conceitration amid temperatccprofiles are
calculatedby the tiiodel. ‘lIme most uiipontnttit oittpitt panatiietensfor tIm systemcalculations
aretine comiipositiot s aind teisipeatitnesat tine outlet (if tIne fitch cell (cathion e and‘usode).
‘I lie detailedfutel cell timodel is utsedto aisahyseseveralfitch cell dOt figurationsatsdtypes:
MCI’C atid SOh’C. co atsdcourster-liow,extenmsalandintenmial refininsing. I lie objective s
itndenstandwhich characteristichintrntttnetershavea Loge influenceon tim futef cell
perfiii siatice.This kmiowledgecanhe usedto simplify thefitch cell mntodeh for usein syst‘tin
calcul’ttiotis. Specihicallytwo essentialparaissetersareidemit fied wInes cbanactenselie
temperatutne(histnihutionits thefumel cell:
• TIneeffectivetemperatureis a tsneasureIon the ‘tvenagetetnipenatutneat which the

eheetnochietinicalreactioti takesplace.Atialysis of thecahcuhatiotnnesuthtsof the detailed
tsiodel showsthi~ the comisbitiatiomsof tetsiperatuneamid currentdemisity distnihuttiori is
itsipo ‘tant. ‘I Isis leadsto tIme defimsitiomi of the ‘effective emsipenatutre’.

• ‘I’he temsipenatumneapproachis the diffenemicebetweenthetmsaxiiniutsstemsipenatm e its the fitch
cell amid tim ou let temssperatutneof thin cathodeflow. Becausethe fitch cell is cooledby the
cathodeflow, the outtlet tetsipenatitreof the cathodeflow dctenmstineshow much heat ‘an he
retniovedfrom the fitch cell. Thecalcutlati(itssshio~that, if nt sintxitstutiii tenspenatutreis
ntssuttiie(l for tite hardware,the outlet tentperature(i.e. the temperatureapproach)depemtds
omi tIne operatingchtaractenistics(e.g. fuel uttihisation,cell voltage).

‘1 lie teitipernttttreapproachamid the ef’fdctive tetispennttutreareessemitialpntnatstetes beca se
both havealargei iipact oti the systemsicalcuthations.‘I bsetetsiperatutneapproachtdetersnits s
how mttch ‘tin is tieededto cool thecell stack. 1 Inc effectivetetssperatutreis a tiieasutneIi’ tIne
perh’ontnamiceof tIne fitch cell stack.
A simplified modelof tim fitch cell is developedfor thesystetil calcuthatioiss.‘I he tiiaimi
simphificatitsts in tIne tnsodel is that theprocessesiii the fuel cell (electrochsemicalamid chein ical
reactiomis)arecalculatedat a cottstanttetnsperatutre.‘Ihierefore the sitsmphifiednnodel((in
isothernsalnsodeh)doestiot requireiterative pr(iceduresto solvefor thetentsperatttre‘ttmd
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(‘tine it (leissity distnibiutions, Using tine detailed mould, the performamice of the fuel cell at
diffenctit (sf1 design conditions (dih’ferent valuesof the cell voltage and fuel uttihisation) is
st utdied. Stnhsequtentlyit is showmi that using simple correlatiotis him the tetiiperatutne approach
an( tIme effectiveteniperatutre. the performnmnce predicted with the siniphified of’f desigmn
isnouhel, oi respomids well with tIme perfontmmatscepredictedusitsgthe detailedmimodel.

S’s 5/COtS iitiitl~,si,s
Its the last parttIne calcuthatiotsresultsfor a largemiutmherof SOh’C ntmid MCI’C system
cotsfigttratiotms areamialyseul.‘I he miiethsod of detailedexergyamialysis.which distimmguishnes
diffdne nt cntutsesof exergy losses,is used to khemitify themiiaiti txmechiatiistsmsof Itisses imi thef’utel
cell systetni. I lie most imssptirtaiit coitchutsionis that heattraissferis thedoisiinantcause(if
exergylosses.‘h’hie hitch cell getserateselectricalpowerandheat.‘i’hie heatnepresemitsa
smibstaistintl partof tIne total exergy(powcm’+heat)‘generatcul’.More iienmt is gcnernmhly timutchm
availablethan the ntmontntof heatrequmiredin the system(e.g.bin refiintiier steamhiroduictoti
on p ‘eheatitngtine amiodeamid catlioulegas). I hereis thieneftire a ‘heatsurplus’ its thesystemmi.lit
hiotlm the SOh’C atid theMCb’( systemsexergyh(nssesnts a resumitof heattnattsf’erntre
nespnmmssihhefor approximiiatehyhalf of tineexergylosses.fo i improve thesystemsiefficiency.
reducing time lossesits a result tmf heat trntmssfer is mtecessntny.
I lie keycomiipommentsin the fitch cell systeis arethecompotieimtsin which thefuel s
comiverted: tIme fuel cell tIne nefonmiienntii( the cotsihuiston. lIme exergy lossesits thin se
coistponeimtsaresmsiahh,hut chiatigesin lie processwithitis thesecoitipomiemmtshiavel’mnge
cotisequtetices1dm time systemsiperf)nnmiiatice,ms thecotmmpanisomimm largemiummhenof systemsi
c(itsfigutrati(itis shows.Rcdutcimsg time exergylossesas aresultof heattratisfenrequires
optimisitig theproc ssesits thesecoisipotnemits.

‘I lie dets ihed attn hysis of the systemnmcahem latio is imi I us thesisalso leadsto nt distimicti iii

hetweemsthe imiteimihed on pnimisntnyeffect of aclint i~emn theprocessdesigmsatid the secomidany
ef’fiicts. Coisipmnnisoms(if tim d I lenetntconf’ignsnatiomsscica‘l~imidicatesthatevei ii suplechanges
iii processdesgi on changes‘is prtieesshiannt mietersgeisenahlyresult imi a imummiihen of sec(>ti(lmtny
effects,In m satsyeasesthe secomidaryeffectslargelyoff se the pninsanyeffect.
It is in idetmtifyitig thesecondaryeffectsthat exengyamialysisplaysau impontaistrole, Becaumse
thecaicuhatedefficietsciesimme oftemstIme citmuthative resultof a msutnnherof different effects, t is
(lifticuit ho idemitih’y whatehnaingesoecutrby comisidet’ tsp time emiengyinputs mmnd outputs.Butt by
detcrniii i ig theexengy Itissesntmsd cotispmt ‘imng theexergy lossesiii diffdnemit cotsfigunmttioiis. it
is possibleto determrninewhereth ‘ ehntmigesin thesystemoccur mtnd to quatntif’y themtt, ‘lie
tiucthiod of splitting exengylossesinto difle cmnt typesof losses,as ititnouhutcediti this thesisis ‘t

uanticuilm ny powerfuthmsncthod,I nstly hecmtutseit tinnmkes it p(issihhe to detectclmmmnges mn tIme
processwhich mtne ti oredifficult to necogmsi/eby cotisideningtime totnth exeng~l(isses.
Secuiimdl~.by identibyiisg time entuseuif the losses,it is emtsier to tnmtce theummidenhyiiy’ chnamtges imn
theprocesswhich cmtutsetine ‘xcrgy losses.titnderstmm idimig how eltamig ‘5 ~ilone pmtnt of lie
systemaffec lie systemsasmt wlnole is thin key to optimmmisimig time systetmm. l)e a’ led exengy
anmtiysis offCnsa systetnmaticntppn(mmtdhnto identil’yi sg thesecIiammges.
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CHAPTER1
GENERAL INTRODUCTION

I)esigmm andamsalysisof fuel cell systems

In this thesisthe perfoniuimtntceof high teanperaturefuel cell systemsis studiedusing it miew
inmethiodof exergyanalysis.Thethesisconsistsof threepmsrts:
• lit the first part a newanmtlysistsuethodis (bevelOped.which not otihy considersthetotmtl

excngylossesin a ummit operation.hut which distimiguishesbetweencli fferemmt types(if
exengylosses(partI: Exergyrnnalysis):

• The secoiudpart describesthedevelopmentof a fuel cell nuodel.A detailedisiodel is used
to detenimuinetherelevantaspectsof theperformmtnceof thefuel cell. Using this knowledge,
asimuipler modelfor theoff-desigmiperfornnuanceof a furel cell is designedfor thesystem
calculations(pa‘t II: Fuel Cell Model).

• In theimtst parttime advmnncedexergyanmnlysisniethod is usedto comparediffercist high
tempermnturefuel cell system comifigutnatiotis.The focums is on identifyiimg theeffect tif

changesin theconceptualdesigis omi theperformanceof thesystem. I hevalue of the
exergyanmmlysis method is discussedandthemmtin fmnetorsinfluencingthesysteis efficiency
mire ideutified (partIII: SystemsAnalysis).

‘I wo typesof high temuuperaturefuel cells areconsidered.Thetrtoltcii cmunhotiatefuel cell
(MCIiC) atudtine solid oxidefitch cell (SOFC).Theoperatingprinciple of a fuel cell is simple.
‘h’he processflows. fitch mind air, aresupplied sepnu’atelyto time f’uel eehl. In thefitch cell
iuydnuigenntnd oxygenfromsi theseflows reactdirectly to produceelectricity amid heat.
However,eveii if tine operatingprincipleof time fuel cell is simple. to ipermtte thefuel cell
requiresnt comuip cx systemmi. Feedflows haveto hepre-hemitedto hip s temperatures(600 C on
even850 C). Conmipotietitswhich arehmtnmuuftmi for time fuel cell, fo ‘ exmtmssplesulphur
components,hmtveto bereducedto low levels, On theotherhamid he remmc ants,iiydnogemumtnd
oxygemu (aiid its thedmt5eof time MCPC CO,as well), s souldhepresentin lugh coimcetutrmst’to s
to increasetine perfornmanceof the fuel cell, ~ressunismttioiuitsereasestheperformance(if the
fuel cell aswell. Tine fuel cell systcnishould hedesigmmedto conditiomi thefeed flows in au
efficient manmuen.At time santetime achievingmt high eft’iciemicy for the total systeni renhuires
effective recovery(if energyflows ide(Hoot 1998]. Ion examplethehemtt f’nom th-’ outlet
flows is useto heattime feedflows thepowergeneratedby expandingtim off-gntsses~tia
pressurizedsystenris usedto cotispresstime incominggmms flows amid of’f gmns front tIme fuel cell
cmnnn be usedto providehemnt to thereformer.As it result,tine fitch cell hecomnespartof mt
complexsystemof heatexchiamsges,comuipresso‘s, reactorsmoud other utnit (iperations.
As this stutdy mind earlierstumdies 0mm fitch cell systems(e.g.]Patel, 1983], [Dicks, 1)90]) show,
tIme designof the balance—ofphmnnt Imurgely detenusu’nestheefficiencyof time systenn.How‘ye’ mt
highsdegreeof imutegr’ttion gemnermmlhymakesoptiisuisatiottof systenischailesging. I hefocus(if

this thesisis ott therefore(iii identifying how thehight degreeof iiutegratios affectsstmaiglm
forward optinnisnmtiomumitid how exengyanalysiscmtn he usedis opt ins up the systens.
How shouldthe fuel cell systenuhr designed’?Thestrongimmteractiouihetweemscompomsentsits
thesystenudueto time high degreeof ititegration,muiakesit difficult to deternmineon forehand
whatthe(mptimumui cotsf’igurationof tine systeisuwill he. ‘1 he ‘sinsple’ appromtch to optimumisatioms
is to carry (mitt a hmnrge number of system cmticuimntions, iii orderto determimieIsow each of the
relevant parmnuneters anddifferent systetui coiufigumrations will effect tine perfonimsanceof the
system. But there are iusmportmtnt limnitmttiotis to this mtppromtch in the caseof highly integnm ted



sysems. I lie mmnsouuntof pinrmtnmeterswhich canor sisoutid hr vmunicd is getsenmullylarge. whsich
tmmmnkcs it immuhmossihieto optimmn/elie systemumfully. h’unthiertsiore,iuupuut hmttmu o ‘ connelmttionsutsed
ms the systeumscalciuhatitimuchmnmuge(for exmonmpheitS a nesumltof devehopimugt ‘cimunologyor insights
umto thetechnology).‘I lie ‘emnpinic’th mupproacis’(if lens ittie kisowledge(iti how tine outtconme(if

time Optitsutsatioti cmmum chmnngemtmsrl will ofiemi ‘qutire redoimmgthe evmulu mttiott with thin mmew dmttmt.
it is thmeneforetmeccssmiryto commmplemnemntthin typeof stu dies indicmttedabove,witim stutdes
wInch fiicus moore fimmmrlmnmsseuutmtllyoms utmmdenst’tmudiumgtime mnechmmuusismmnsv hin’h underlie the
iptinmismttioisof tIne systemsus.Its this thesissumchnadctmniled mtunmtiysis is msmmtde of high teumnpe‘mttntre
fitch cell systemis utsimng exergyammmnhysis.Ratmen thin tnyiumg to detcnmmsimsetIme optmmnmtl
dOt figunrmttioms. the ohjectiw of thus stumuly is to idetitify whim t phenomssemnmtiunfluemscetime
optimmnismmtiomm process.

Tine n ole of exergya salysis(I)
lime commceptof exergyammmmlysis is hmtsed0mm tIme secotsdLtw of theninodyiittiiids. Althnoutghm time
comsceptof exengylinus h e i stnodutcedmnuteh ~a’ icr mu (hits “connect” ‘tpplcmu io s hmts heemsa
source(if lmemnteddehmt e. u terestits the useof exergy ‘tummtlysis hiss heemuboostedis tIme 90’s sy
tIme developmsmemit(If flow slmeetimmgpnognmmmmss.which tssmtk’ it possibleto dit coimute time exergy
flows mosd lossesimu mi systemm itt it fmtinly n ohmic mmsmu m ncr. I lown yen mthtfmoutgh thur dahduthati(m (if
exergyflows a nd hIssesmnayhr comusidenedstmomdmtrd procedutre,it is tmot ‘ lwmuys clemir Imow iii

exergy‘nnmnlysis cm mm c omtnihnmte to optinnsimg ‘ p‘ocess.hum this thesisthuc useof exengy
mtuualysismis a tool Ibm p ‘ocessoptimnnismntiom is takeum m ste forth ‘n h5 develo imme it umsetlmod
which milso iulentifies 0 which typeof in’ ‘vensihihity on irnevensihihitiescmtcl loss c’nms lie
muttnihm, ted. By clmuitymm p Ime cmtuusesof lie losses h ‘do ties siunplnn 0 ass‘ss thin wmiy mms
whmich tIme losse emit lie ‘‘duictol mi sd lie e e it Ii vIne n hne~cmii lie neduic‘d. Its P IsaHer 2
time Ii t dmomscmitalsof e ‘t gy ummilys’ s mine m n’ukd asul tl eonnelmtt4os mime dcv‘It ie( lot
emulco a imtp theexengylossesmind vmiloes. is h’mpter lmt mew siethod is rfiscutsscdwhni ‘Is
(histiimpntislmds dif’fitncust cmiumsesof e engy Ia sses. forth cnnone miethodsof rep esestimsg Is’
exergy losses its (imitnmtmnns ‘inc dscuusscd.

TIme Pu 0 ccl s ale (II)
Ahthoutgh the utel cell is on y (its (if t s ‘ cotnn~os ‘ ts ims ti efir I c II syst ‘ m . me penfo tm mime
of the fitch ccliii fluiemme s tIm’ perfonimi ne of theto mul systenss nommgly. I-lowe ‘n mmonl ‘1 imp
tine fume cell is cotupl‘x. A l~raeusuouhe’(if dif’f’enemi pm ‘ s msmeun’i )ccumn s he fitch ‘cli:
ehmeussic’dmond elcetnochemssical‘diet ons, Inemit tnminsfen, tmi’t. s tnmim slen et . ‘him ‘n is mi stro ig
iumteraetionhetwecu ‘ill pnoeesses.[tin exmit spin, mill of tI es mnoeessesm ne ‘m flute mc ~nstn i sghy
by thetemmnpenmtime ‘imsd os tI etemsmpenitumne r st “hnutiom i tIne cc is mi result, the nmi e o ‘ti
processesoccuurningimi time lute cell is geusenmillydistnihot ‘d iso m-utunifb u nhy. A d ‘tmniled mu rIch
(if the fuel cell thmenefoneiso ommly niescnihestime hocmnh phcmmommie ia us tIne fuel c II hot m iso
cmulculmttesthedistnib itioms of tIme imin’tm setcns:te ntpeumttonc mrofiles, comuceuntaioms i ‘ofiles e n.
Solvinsgthemtsatiieummmiticalumiorlel mtusmthytic’tIly is msot possibleif lie local pnoeessrs mine
descnilmeulits somised ‘tail mis in tine mnmode d‘veloped Imene. hi order to solve time fuel ccl mm ode
amsutnmmcnicmul nmetlsod is nerhuoned.Sumchs ii smodeh is umot well sumtc for cmtnrymmg o tt sys ntis
caicumlatiomis.Systemsscm Icuilmitiouss itsvoive highly itcnmm iv proc‘dunesto cmthcu mite mmhl th
processflows its the systeii. C on ‘espomsdimmgly its tIne coumnseof ot c system emilcu Imi oms. I
fuel cell muuodei is cmtllcd mmmmiusy timsscs. Use(if a(ictamledmmuodcl asrlescnihedshoveits a syst in
cmtheulmutiomswill thereforereqonccxtncmmsccmticulmmtioms times.More f’uuumdmtnumeuutmtliy.
convergeusceof systemumcmulcuulmttioussis mtlways i0i issute.esp~cimuiIyfOr systetusswith a high
degreeof immtegrmttiomn mis fuel cell systemums. I hmeneforea rohuustusmorlch is nequmirenifor thesetype
(if emuleulmitiomuswh’le time detailednsodehis veryscmssitiveto vmtniatioums imi input pmtnm msuetens.



mm systcmumcmtlculmutiotsstimereftire mt highly simsuphb’iedfuel cell umsodel is required.
In Chapter4 tIme nievchoptsmcmmtof a detmniledmmmonlcl is described,which canlie usedto
calcuil’t ehuotlm theouutput pmnnmnussetcrs(e.g. (muutlct commcemutnmntiouss)mis thedistnibutiomm(if relevaust

hmmtnmummsctems oven thecell (e.g.it cuirremutdeussitydistnibotiomu (in temsspcrmttumneprofile). Imu
‘hap er 5 thecmmlcumimttiousresultsfor this miodel mnu’e discumsscdfor diffenemut stmick

commf”putmatiomms:SOIT mimmd M( 1 ( , cxtcrsmil mnmmrl imutenummul ref’orunmimng. co-flow mtmnd coummsterflow.
Bmiscd (inn the resultsof dctmuihcd musorlel,iui Chaptem’6 suteh‘u siumuplified mmmdci is devehoperl.
which ciii he usediii time systcmsmemilculatiomus,

SystemsI nnalysis(III)
‘I Inc mitutml icmttion selectedfor moumtiysis is mm to ‘mnh gmis fuelledutmmits fist imsdustnimtl c munhmiusedhemut
mimud power.Nmttuurmnl gmus is tIme most I mgicmtl fute ton high tcmmupcnmiturr fitch cell systemmmsheemiuse
i is widely mtvailmnhuie pnimisminy fuel mnmmd emmus lie usedins time fitch cell systenmm‘ehmut’vehy simple.
Nmitmmm mih gmus emits he usedeither directly (immtcn mal ncfonmsmimug)(in imy uusinmg ii refo ‘men to commvcnt
therim tuun m 1 gmts to Isydrogcn rich sy mthmcsis gmts (cxtenmmmil ‘cfonmnumsg).h’umntimenmusorc,tIme cumnreust
ehectnicit~ geumenmntiomscmipmicity its time Nethenimoids‘s basedimirgely oti mmmntuurmui gas
I loweve ‘, wh ‘e hmc ceousinmisy~mfsemiledictmttesvery Imogescaleproduictiomu for thecunneust
stmnte—of he an techmusmiogy (ton exmnussplcgmns fined comunhinsedstemumummtumd pits turhitmecyclesaund
comil pastficmitiotm). thec~ots~iniyof scaleis usot mIs stromugfor thefuel cc I systemus.‘ he
efficiencieswhich nrc expectedfm’ Imogescmmlc syseusms (> 00 MW) mi ‘c usot ummuch higherthmun
theefficicumeicsimu time I ...2 MW nmnumge ‘~I enefonr(mime of the nost interestisg m pphcmttioumsis is
tine latterrmi ge. wit ‘r’ tlse sysems cmii he umsed tOn coutubitmedhemit amd p iw’en. I lemm (leuuumtumdiii

time imuduistry comssistsp ‘i iii nily of prode.s stni in, ‘I hscrcftnnetime stant’mi.~poiu ts selectedbin the
systemss corns deml ‘mm timis Inesis ‘nrc:
• msmiturmil gasfiteiled:
• uomninmil electnicmnbpower: I MV
• cousdit’ommspro‘essstcmimss. 180 C/l 0 hon
Systemim ealculmutioumsImmtvehecumcon’ ‘d out us’ungthefl w she‘tim g pn mgn’ tim CYCLE-’ EM N),
develohmed‘it Deift Utuiversityof ‘I ech mof igy. wo hmnsecm seeom’figonmtt’o is ( ‘01 C amuh
MCI-C) an’ discussedi m Unapt’ 7. h’ deta’led ‘xcmgy am’ ysis rlev ‘hof cr1 iii the first pant
of time thesis ‘s oserlto idemmti ‘y ~ loch hOc ons insult tI e systeimseff”cicuscy. Its theciulcumlatio is
thedetmuiled firci cell nmmodel novelopedit secod pm nt of tIm’ times’s is umsed o cakolmite the
performuuaice for thesehmmtseemis comsfuguur’ntions.
Rmmthmen thanscarry out a Imirge mmumusmhenof micumlm ti muss Ion a w’dc nmtmtgn ml app icatiomms (lie
‘cuuupinicn I mnp~romichu’).it dctmtihed mtm ahysisof mi hind edmmomnhcn of co mfigurmttiomusis cau’niedou
Diffenems conmfigturmm iomss for 801( systenmsmire coumsid‘red its � haptem’8. Severmi
configunatiomisareevahumatedto de cnmmmimmc how time tnmtyon exergylossesidcmutif’ied its he hmise
cmusecmticumlmntiomuse’uu he nedumeed:cmitlmode (if f-gmus uecycliusg.pressum‘isimug thesysteus
iuscremusiumgthefitch utihismitious mmd ‘ ttcn mif rel’ontmuinmg mtre mimmalysed.A si suilmir serieso
calcuthatioumsof MCI’C systcmnmsis discuusscdiii Chapter9. ‘I’he (ibjectiveof thesecalcuhmitiois
mtmmd time suuhsnniunemutmtmmmnhysis is to detenmuuimmehow themummujor exengylossesIahcumtified ins thehmusc
casesystemumscmiii hereduuccd.
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PART I:

“Exergy Analysis”



INTRODUCTION I:

THE ROLE OFEXERGY ANALYSIS

‘lime et’f’iciemucy of mm systcmsmis the rmitio hetweemstime osefiml eusengyoutpmut~mftIn system i miumuh the
esengyiuuputt to thesysteums(fOr exmonpheiii hue fOrum (if fiuch). I lie ‘hmthmnmmcc’ of theemsengy
(‘umpot mmsiumuts inseftmh ootputt) lemives thesystemssitm a Iomnu whmicls cmmtmot henecovencrl,for
ext s plc mis semmsihhchemmt ‘mm the coohimmgwmttcr (In semssihmc mimud Imit ‘mit hsemit imu tine flue gmts stmncP
I h xc mn ‘c time emsengylosses(if thc syxtemis. ‘line object ye of optimsusimsg tIme system m is is
~ct eel to fi d time systeisscomsfigumnmttiou which (tmukiusp into mtceoumit ‘‘s mm imsts with respect o
dOS mind tech micmtl hinmitmitiomus) tniuuimssizcsthe cmmcngyloss s.

ne fins law ~ mcmmmiodytansiesfOr siemtdy s’atecmmergysysmein(energs’ in = energsole)
ta n heumsed to detennsimscwhich osses(Iddumn its lie systemmm:how msmuuchm hemit is klst with time
coohii p wmiten. 1 ow msmuchemmergydoestheflue g’is comit’Iim . ‘I his typeof emse‘gy miummilyxis
coumsidersotily tIme em ergy I Ia wsgo’ mg in mimsd ouut of the svst( mm: time sys etsu is t ‘emited mis
bluehihox. ‘herefoneemuergym mmmnlysis 15 of hinsi ed vmuiute winemu it comics t idemu ifying amid
qumtmmt’fyimug thmr )nocesseswithi u Inc systemswhich I mid to theselosses‘lo le’o n mutore ft the
proc us within his hulmtck- iox, 1 is imuspontait to takejill ‘idd lutist hi “r u mulity” of msentry.‘ Inc
secomc law of thenmsmorlytmmtmmnicsstmites limit i cmtchm ems‘ngy c immve ‘sio s mis a resui t if tIme

ti rev rsihihity of ftc proc‘ss es), therhummth y or tIme vi I eof th’ m e‘gy (Iccnc’ ses(ill oogl
quumnmst y ne 5 ‘ii is coumstmtit itt miccondmtumceto hr f’ins Imnw), ‘ lie closermi proc‘ss ‘5 t I
reversihil’ty ti e sun nilem he lossesw’ll he. ‘1 lie se‘oma lmtw tine clOneoffersm c nmin ohject’ve
iOi ftoi tin p the syxocul. i iii it ting th oss S itS resol on’ immeses ml’’ my,
It tunas ot o he ver utsefol, i mum lys’ A secod m v lossesin te ‘1 mn’c’d sys eusms t seth
commcep if em rgv to o imit tify h vmdue I eti ‘cy. line cx ‘ngy (If ~t0 ‘‘ss flow (in mcu’gy
flow ix def’immeda~the ‘0 iOu t (if po en w ‘elm dOO d lie mnodtmcedf’ immu time flow its mi m idnmii
techmmi ‘mnh pro ess.Usii p the ‘xengy~omscc~mimu I e mit hy is of th i ch ‘‘I system . pu’ovidcs
powe-f ul ool. n the ( I’ apter2 sonicof lie basicpi”mmeiphes0 ‘tim com deptof exer~ymund
connehatisis On emuiculmtium3 exengyv’n umes ‘numd cx ‘rgy osseswill me rexicwcd sinortly. Jsit e
these o ‘elmi 3 m , the x ‘ngy loss s ii all the processst ‘ps ‘ i In’ On r I sy. teumsca lie
detenmsomed.
Its tIme id ‘mml eusengysystems m o deg‘midm tiou of em c ‘gy ecors,‘.e. 1 ‘ systeussohmcnm es
reversibly However ins momy rem I c nengycommvensiommsyst ‘mum, mi dm ivummg fOrce is tnccess’’ . on
cAitlnpie, 1

i ‘at t ‘iO’Si ( ii y ulceutu ui ncxuim mu’ t mmmi craoredftf’encmicc mnnl a mm sswil IC y
flow fromu (sine point to amother if thmene is a dif’fcne ice iuu pressure.I hesednivi sg forcesmnc
umeccss’mnyfor theprocessto oceuu’ its a 1” site tiuusc immtenv’nl amid geoumsetny.mutt milso iumtnod c
irreversibility ims o ti e syst n . hi ximmgbe processstepdif’ferenmt typesof dniximmp forces um y
causetime exengylosses o kusow how tine cx ‘ngy lossescmii me mcdi ced, it is essem imth to
kumow to whmnt cite it e’nch (if tie sepmimate(lnivmumg fOrcesdo nt ‘ihumt~sto time to mti exergyloss.
Chapter3 diffeneumt ypesof it reversibleprocesseswhich plmiy ii role iii thefuel cell sys us
mtre idem tified. Sulssequmeumthyusmethodsmire developedto mthtnihutc tite loss in emch d0tt5~0teust of
the finch cell systenuto diffeneusttypesof inrcvensihmihtics,GeIenmitiusg th’ s ititOrtimmttiomm is uusefuul
to foe us the exergymmusmihysis usorespecifically(Ii idetnt’l’yitsp how the processcatshe
inmproved.as will he shownun partIII.

In the des~pnof au energy systeuml rhesi/c of thesednis jump forces is subjectto omptiisnisami(Ims. A langr
uhnivinmg force will jun pemmeral icaul to conmpmict commspomiemstsmttmd i’euhumccd invcstnsetmt cost. But mi lance
hrhvimimp h’om’ce wilt also lead to Imunge lossesin ihuc comsshiommcmstsof ihme emiengy systemmsmimid d(iiiSd~U(ii ly
tower cfficictmcies,

6



TABLE OF (‘ONTENTSI

m t oductiomsI .6

2 ( alcu Imntimsg cx ‘ gy lossesamid exergyflows
.1 lustrodoctiomu 9

2.2 ‘mscngy mtmmd excmgy 10
22 l’ime fi st Imiw of thermsodynmtsues: ‘msengyh’tlmtmmees for closed‘imud ompeussystcmsms

2.2,2 Cotivensioti (If I emut Ito v (Ink
2.2.3 Lost w(mrk mnumd exengylosses
2.2,4 ‘lIme cxcneyhmtlmiumce of a process

2.3 Ciumimige is exengy in chsemssicmml ‘emidtiouns 17
2.3. (‘mnlcumhmitimug thechmomgc iii comsspositiomm‘is mi nesutit ~ chemssic’uhu’cmte iomms
2.3.2 ( milcudmit’ tsp time dhumtmsge us exenpyas a resol (If ci cumuicmmh nemictions

2,4 (mile thmttitmg time em ergy of processflows . .

~.4. I Rcqumircmsscumtsfor a ‘efenrmucestmite Ion tlse cmtlcoimttiomu of time emsthsmtlpy
2,4,2 Differentncfc ‘dice stmttesfor systemis w’thi ehnemmuiemi nemictiomss

2.4.3’’imenmsso mmmechsmtmuicmml mntsd cimcumsieaI emienpy
2.5 Cmilcrmlmttimmg time exerpyof tmnocessflows ............................ 26

2,5.1 A nefCrcmscestmtte IOn thecalcuibatut t i ‘exerpy
2.5.2 C mu mositiomi of time em vinoimnm’
2.5.3 ‘Use’ s o-mncchnmnnic’tiasI cli oniic’t ‘engy

3. ( anusesof ezergy osses
3.1 hmntro loctiomi ..,.,.,,.,,,....,,,,....,.,,..,..,,,..,.,,...,.3
3.2 Ausmilysis of ti emoosesof c cn3y 055 ‘s .,,,,,,,,,,,,,,,,,,,,,,,,,,,,,37

3.2.1 rle m i ‘icmit’oo of hue typ s (if cxc A 1 ssesimm I e fite c I sys 5
3.2.2 iamsses s m resumlt of seat tnmtuisfCn
3.2.3 Lossesmi a nesunht of fnicti us
3.2.4 ossesmis nesult of is 10 c ‘mn’n n’xi ~

3.2.5 I ossesasa result(if elm mmsicm I nc’ic i miss
3.2.6 11 ‘etu”c’d loss’s

3,1 (‘mile dm ion o ‘diffene it yp 0 xc 4y 055 5

3.3.1 Scpmomttimg time exr ‘gy Ia ss ‘s m5 m nesu t of tI ed’ff’eu ‘m t driving 0 ces
3.3.2 8crucmutinl unm id ‘is mom sepmtratetIn off’’ nt myp 5 (if exengy I- sscs
3.3.3 h)etmiil ‘d smod‘is tot spmtnate lie dif’fe es ty mrs of cx gy ho s

3.4 (lmetsuicmthcqoihih‘louis mond exengylosses . ...................~ 7
3.4, 1 Chcmuuicmdenollibniummn
3.4.2 hmmfluiem cc if time eqoiliht”uitu om thm x ‘my foss ‘s ‘0 ‘di dtio

3.4.3’llsc equihihniuimmstenmpermituiue
3.5 Gnaphmicmthmssctisodsto reprcscmmtexen2y Osses .5.

3.5. 1 ‘I’hme vahumerhimtgnatsn fOr Inemit tmmiuusfeu
3.5.2 ‘I lie v’iloc d’agrmiusi Ot cheiiicm 1 ne’ictiouss
3.5.3 he Cminusot f’mictom en thmmtl~uy(t’, ) Gmignmt n

Disciussi tnt I (7

7





CHAPTER2
CALCULATING EXERGY LOSSESAND

EXERGY FLOWS

2.1 lNi ROl)UCTION

Amsmtiysis of emsergysystemsusis hazedon tlsenmsuodymmmnusuicsmus time studyof eumergy
tnmimssfonmnmntiouss,the comiversiomsof muse lOrmn of energyimuto mumnmtherf’orns, ‘I hmernsodymsmonics
u sestwo axiouuis whucim mire kmuowmn mis the first mtmud secomsullm’w of timenunodymuamusics.“he first
imiw, comuumm’nommiykumswms mts thelruui’ of r’o,m.seri’atio,m of emiergv. postuuimttestismut thecimminpe of time
(iumtenmmah)energyof mu systens,is erlumnl to time mmcl eusergystupphu’d to the systeusm.On for a stemudy
statesystesuu(him which the iustenmsmulemuergydoesumot cInmtmige), thumut totmtl energysumpphierlto the
sys ciun is erlumui to tmtmnl emuerpydeliveredimy time systemuu.Optiuuiisitig thesystem therefore
focuussesomi msumtxiussisiisgtIme eusergywhich cmuus umsed mtuud mm muuituusmisimmgtime etserpy‘‘losses’’ of
the systemmn:emsergyflows wimicim cmtunusothe m’ccoveredutsel’utlly. First imtw mumumulysiscams idemmtify
wherein a systemmutheseemuengylossesoccurmum) how theyrlcpcnrl (1mm tlne desipim of tlsc
systens.however,wherethe lossesmire cmuusedmnmsd how time lossescamm hereduceddoes riot
fisilow fromnum themnuumtlysis.‘1(1 heminus usmore muhoutt theprocesswithmimm thesysteuss.tine ammalysis
shouldhe hmtsedon tIme secomsdlmtw ~mfthenummmdymmmiunicsmis well.
‘fhe 2”~imtw 0r ~hmer.smudyttminncsstmttes.that aithmuughstime mnsmouuumt of euso’gy stmtysthc smi~umeds
mimsy comuversiousstep.inreversihmihity omf processesmtiwmtys lemids to degrmtdmutioumof eumergy.Omucof
time wmtys i u which the sccouudhmiw cmiii beetsl’onmnmtlmitcd ‘5: ‘ it’ork ranhe o’onmpleied
trrnmsfdrincrl into 1mm!, lint! heril ow oimlt’ he trait sJorntr’rl prnrtiallv ui/a ui’orlm ‘. I hmrooghutime
introductioumof tinecousceptof emitropyit is possible o quimumitify how Imunpe lie irreversibility is
in mi specificprocessstep.For techmuicmnhsysteusmstime loss mis mi result (if inrevensihihtycmoshe
trmnmmshaterl (ma tsiore hmr’tcticmml cousceptof exergy.Theexcngyof ats emmergyon processflow is
(lefinedas time timeoneticmih mousoummutof work which cmiii h’ producedby hringimsg theflow imi
equnihhuniuumuswith time sutrroumsdiusgeusvinoumnseustiii m reversibleprocess.‘l’his reflectsvery well
the‘vmuhue’ wiulcis theeumergyor processfhmw rehuneseusts.By calcuulmttimmg theexergylossesit is
poissihieto detenuinimmeItow reversiblemi processstepIs..~8tuidy’migthe exenpyhmssesin the foci
cell systemimmuuakcsit possibleta deteruiiiiuenot uly tha sizeof timeselosses.but also ~~,tme~’etIn’
ossesoccur. In thus chimipten lime hmnsir’ pnimsciplesmind conrelmutdmusswill he tremited.

ii Sectioin2.2 tinefirst mnnd seconudlaw of therunodymummnsics areunsedto
define two concepts:host work andexengy.Sulmser~uemstlythe caicobation
of differemicesium exer~ybetweentwo thermorlymnmtnmicslatesis treated.
Becmmuseof’ Its inutmorlammec1mm time fund cell systemstheexerpylossesmis ci

resultof (electio )chemsuicmnhremuctionsmire tremntedsepminatelyin Sectiou 2.3,
Both enthaipyit sd exergyarerelativevariables,ie tinily time differenmceiii

emstimmmlpy or exerpyhetweemutwo stmmtesIs dclused.‘10 he muhbeto definethe
entlmalpy (energy)or exengyof mi processflow, it is nseccssaryto defusemi refe‘etude stmtte at
which nbc entllmihimy u’especti’ ely theexcrgy is equtmil to zaro. ‘l’he selection‘if a materemucas at”
muimd time nmethodfor cmdcunmitimmg mthsmlutcvmtlumes for tire entlsmulpymure tremitedinn Section2.4, hue
correspondiumguhefimutiousof aneferemicestmtte fOr the emulcutiatiomu mf exergyvmnhuucsmind thu
calculation mf thosevaluesis thesubject mf Section2,5.
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2.2 ENERGYAND EXERGY

2.2.1 The first law of thermodynamics:energybalancesfor closedamid opeussystemmis

closedsystemsuis mt system wheremmm minmiss is exchmtmugedmucrmssthesystem hoummdmuryto on
fronum thesurrounditmps:omuly energyflows microssthe hoituudaryr’mtut occur. lime first lmnw omf
therm’sodynamicsor the law of ‘couiservmition mf emsengy’appliedto mm closedsystem,statesthe
relmition betweentheemmerpyfhmws to the system amid the cinanspe(if stmite mf thmtt systemum.A
ckmsedsystemis schemnaticailynepreseustediii figure 2. h-mn. Energyis alwmnys trmmnsferredto mtumri
fronu mu systennins the hiirmn of hemnt (Q) on ‘mu thefmrmni of work (W). ‘l’he first lmtw of
the‘mi’si,mdynaisiics fom it closerbsystem,stmttes thmtt theIota mtmsumuntof eumergydoesnot changeits
hepnmcess hatis, thetotal eumerpytransferredPm mi system is equal to tine immcremtse mf the
internal eumerpy mf thesystenn.‘I he iustcnnaheumergy mf thesystem in theimuitimul stateis imsdicmmted
with U1 ammd in thefinal stmntewith U,. I he first law on theemuerpyhmmiaumcefOr the trmtuusitiomm
froun stateI Pm state2, can thaumhewni teusmis:

Q W U2 Ut (2.1)

HereQ - W is thetotal eumergysunpphiedto thesystemmmmd II U1 thechamugeof euuerpyin the
systenum.‘I hesign comsvemtkmn which hasbeetsusedimu theequatiommamid ii figure2.1 is thathmeat
Q is considererlpositiveif tnmu msferredto a systenuummd workW is coumsideredpositive if
perfbrunedby thesysteuss°.This sign comivenitionwill hueusedcoums’stetmtly‘n this thesis.
In afuel ccli system thecomponnemuts(imeatexchangers,pumps,reactors)mire usot choserh
systensushint openssystemnms,in whichunmtssis tra ssf‘med Pm mmtsd tiomus line systeur.‘ hesclmeummitic
representationof sudsasystenmis giveniii figur’ 2.1 h.

it ckmsedsystem : h ope systemm:

[~~j II~ H,

I Q=H, 91+W

Figure 2.1. Energy balances,fhr a closedsv.steemand an open 51.5!on

Only stemidy-statesysteunsmore do ssidcmed. I efirst law mtpphiedtm mtmm mpen stemdy stmute systemm
doesnmot c m isidesthechaspeits enmerpyhetweemutwtm ummomnentsin tiune (t1 t,), itS iii time cltmsed

system.hut thechauugeins emserpy(if theprocessflows hetweemuiuslet (1) amid mimtlet (2). ‘1 mc
eusergymf time prmcessflows cmmnsistsof the ‘mnteruum I energyU. Othertypesof cumerpy msmay he
relevaust‘ts well, e.g.th ‘ kimuetic emmengyof time processflow on thepoteistimdeumenpyif th e
differencesin heightaresignit’icatut. However,for the type mf systeunmwhichu will he
consideredtIme kinetic anrlpotentialenergycan heumeglected.Thechangeitsenergyof hi

‘I’his Opuscomsvemstiommis lopicmul four cyclesuliichu usehsemtt tom pnomduuccpower(powerp amits,gas
turhittes).As txmwer gemsermitiolnnis the mmuaius aim of a fitch cell systcmssthis cousventmoms is umscd.
l—hmweven,oilmen sigmm cousvemstioussmmmc utsed jim tither miremus,

w

Q
+w

Q

ho



p ‘ocessflows is tiseref’tmreU - U1.
line work which is suppliedtom time prmcessiii figure 2.1-hi consistsof two parts. l’he \V
iusrhicmiteni imu time l’igure is the ‘tecimmncmtl work’ whichis genermutedby the processflow mnuud
tnmimnst’emresl to or froutus time systeusu.In time figumu’e this is representedby time shmtft of a ~it5 tunrhimuc.

lie sunrtauummdinpatnumsphucremilso perfmmnmsw’onk (mum tIme processflmw. At the inlet time process
flow wills vomiumneV is trminsfcnredto) thesysteunumnsdera pressurep. ‘~hispressumne‘displmices’
time wmiumuneV1 mtnrh therefmrcwork p1V is work which is perftmrnnedmm time systeis. Siunihmirly
p~Vis time wmrk which is perf’onmmsedhmy time systeun. I Inc wmrk pV whicim is perfimnmedOii omr
by time processfltmws is immdicmtted its tIme vmhuuunetnicwork. I he totmnh energyfmr ti e mpcmm systemuu
is:

Q (W p,V, p1V1) U LI1

1mm usnostcasestIme immterest is ommuly iii tIme tecismmicmnl work. Tom ehiinummmntethevmhuuusmenc wmrk
fioums time emmergylumuimince, time stmmtevminimuhle “eusthsmnlpy’ hits heemudefusedwith the synshmhH:

H U pV

Sumhstitumtiimp time iumtenmsaleumergyU by theenthmnhpyH ehimsninmitcsthevohuunnnetr’cwmrk lioun the
energyhmn lmtnce. pivimug the smostcomunmoumforums for theemiergyhmnhmtumcc four mimi opemu stemidy—stmnte
systeums:

Q H H1 W

2.2.2 Conversiousof heatinto work

It is impossibleto cousvcntIucmtt fully iumtom xvonk. ‘1 his ‘s (mmmc 0 ‘mmsohmmtio s mf time secousdlaw of
thenunorlyismtusuics./ very imnportmims qunestioms ‘s thereftmre,winch frmnctitm m (if tine hsemut cmiii he
comuvertedituto wounk. Cmmssidcra stemtdy-stmntcprmcesswhich usesheatto promducework (mt huemit
euugiimc). 1 s figunne2.2 such mt heatemugimmeis simowus. o huroduucctuework, huemut 01 is usedby
thehmcmnteungiume mit ems p ‘rmntuoc ‘I’ . ‘fhe hnemi is umsed to p amduucc wo‘k W, winch mtccorrhimmgto
the secomudimiw is sussmnlicn thm m time hemit (W<Q). h (mrder to smut’sf’y heeusengyhahmnmsceoven time
imemut emugimuec, a secomumdflow of lmemmt is mueccssmnny.This fltuw, imsdicmttedasQ, in figure2.2.
fkmws fnomnm time system mit teunmhmenmttumre‘I~‘ h shumidedrect’tmiplcs‘l’l mmumrl ‘I, repuesemmlhsemit
ro’seryo ins

‘1 he msuaximnmunsmmimnoumut omf work whs’chu cams he huroduceduusiumgthem moot t omf I emit Q~dep minis
tmum thetemmupermuturemit which the hnemut is mivaihable(‘I ) andtine tempermuturemit wimichs it duO he
removed t’rommns the systennu (13. Accordiimp to theCmirumot pniuuciphe. tine unmixi nnuumu amomutust of

womrk which cmtn he Imnoduced frmnmu 01 is cuhumal tom:

W,nic QI (i II) (2,1

‘fhme lenin hetweemu hrmncI-cts is time fimictkmus (if time hsemtt 01 which cmos hue co uvented imutom york
uusiusg the wo he’tt ‘es ‘rvomins its figure 2.2. auud is indicmited mis tIme ( anmmot efficiemucy:

Becmuuusethe sysmeussis stemahy sImile, misc imsierunmil dumpy of thne systeumu tItles usout dlimimmgc amid ilic t lISP

emmem’gy sm,mplmlied Ru time systeusimust he /dm’O.

l-lemtt reservoirsare idealized somumrcesmoid sinks loIn hueai whuenc hmcmit cmou he supplied tom tin ext ‘mictcth
Irons wimhmuumi clmmingiump the temsspermttuum’e of the m’cscns’oin.
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‘1
(2.4)

Note hiatt four time work penhimnitnerl by time systemmn iii l’igumre 2.2 to he ptmsitivc, time temmupcnmitumrc
mf hue hmemtt suupphicd (‘1 3 must hue lnghcn humus lime siusl\ temsspcnmmttmure (‘F,). As tIme nmttio hmccomsues
ekiser tom umumily, i.e. time temumpenmitumne dihleremncc hetwecun the imout (I) munrl cold (2) m’esenvoirs
hmedllmmmcs smsmmdlen, time (‘mirmuot efficiemmcy decremises.
‘i’hme ruumtxiiumuuusi ansoont (If work dmes usmut dcpcmmd ois time pu oldessiii which tIme hiemit is lmmintimih iy
ctmuuverteh iustm wurk, However. it cmin lie simowus thsmit mimsy pnuccss which reummlers time nmmuxiumuummmm
mtmmsouummut wmrk, nsumst he mt reversibleprocess’1 I Summithu & vmuus Ness.In mi simsuilmin mmmmimsuucr it emun
he A owus thimit mull reversiblepaicessesusiutst hasc time smiu’me ef’b’icim’mtcy, i.e. the (‘min’umt
cf’l’icicuscy.

I ‘igit, c’ 2.2.’ A Iteat engitme u’orkirug beto’e n ilmc’ lit (11 ,‘e,sei’t ‘01cm I’~and I’ to produc ii’orh H

~sImiw~~

~~H1 +wJ

H1 5,

J”igmmii 2.3’ lii’s! and secondlan’ of tit r’omods’natoies
.5/riP open sn,5!(/n

2.2,3 Iwst work amid exergy losses

for a rei’t ,‘,siblr proc s,s in ri siectd

Amsy meal mm tier ss ‘s ‘n ‘evens’ble u sri co iseqocuitly has a lower ef f’ic’emscy thin s lie meyers’ be
pntmcesswimicin heutrls to) lie smimsse ehumimmge iii stmite. I kmu innesensihmiy mm a ‘luau p ‘ocess Iddo’

cmiii he rhctn ‘misused by comsipanimug time neutl pm’occss with thur mcvnrsihlc pnoie ‘s . Its figmumes ~ I
mind 2.4 a m’cvcnsihhc mtmnd mimi inneversihule p ‘ocessmire shmowmn. lime dlmmtusge its stmtte hctw e s
iuuhet (1) a url oummhct (2) is the s’musme its hmotlu l~~o~cesse~.‘ lie neycnsihulc process tmu’onloces uiiiu

utnsoLmmtt o~fwmnk W,, . which is referred to mis the reversible vcork. ‘ lie mictumud pamcesspnomd ices

A proucessis i’cvcmsihmlc if a ~inomccmsis possible iii whmichu mill momiss mmmiii cm mgy tIme l’IlImss (11aunt fruit
mhic sysmcni ,im’c iii lime oppo~sic tImed ioumi. A ncmnl sysmcusmis imcvr,r comitplc(cly i’cynrsifilc,

01

w

12

secommsd law:

‘I 2 (ic(T)
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w ImP a sm muller mtimnuuuut of wmmrk which will hedenoterlitS W. loin time chmnuugeof statefnmni (I)
tom (2), the eusergy imucremise of time pno~cessfkmws is eqummnl to (H~ H1). ‘~lie work which is
producedhuy time prmcessis eqummul to time hscmmt sumphuhied Ru time sy steusm usuimmos time imucremiseiii

umergy (If theproeessfluws. Rewnitimug eqummitiomun (~.2):

Vi 1) (II, Ill)

lime m imixi uuuumsu miussoumunt ouf work ~amnhe geuse‘mmterl if the pnomcessis reversible,‘l’buis mimumoumit oil
is w(mnk iii (hiemited mis the m’cversihmle work W,,. umusd tIme connespomudimugamuuoummmt of I cut mis time
nevensihulehucmtt 0~,,lo cmtlcuhmmtetime mmsumxiunmumusumoumoummt tuf hemit which ditO he srmpphicdtom time
process.Q,,,. it is uuccessmuryto immtrorhumce mtusomtherproperty (If stmile: time “emutropy” xx ith time
symbol “5”. ‘I’hc emitnopy (if theprucessuitIv~ ii~figuures2.3 mmmurl 2.4 chum’umges l”o,’u ~l tom S~.As

miuty stmmunrhunndtimer smodyumummmucstexh will immdicmmtc, tIme miusntmummmt ~ufhmcmmt mthmsmnhucdby time
reversible~mroccssis mietemnuniuserlby tIme chummusgeins emitnopy. ‘lime reversiblehucunt cuts he
emilcumluitemi f’noun:

Q,c, (2.6)

1-loweven, IOu mimsy nemml, irreversiblepromeesswhich nesudtsiii tIme sit tue dhsmmmsgc if stunte(1 2)
tIme work mumud Iuemnt smmpplied to time systeusswill lie rhif’f’eremmt fuxmmsu thewok ummud hscmmt ui time
reversiblesysteusu. Flue imrevers’hleimromcessis immdicumtcmh imm f’igumne 2,4

W=W-, W

I I ,S ~ H ,S

S
- I Q(’h)=Q.,, ~

l’igtm,’e 2,4.’ I”irst rtnd .sr mid lao’ of tltc i’onool~’narnicsfor rtrm opert. sieadi sum> sn’s/eatin a
irre n er,sible 5y5 tent

huework prorocerl by time irneve‘sible Ii xmccssis smsmmmller humus W ,. I huedifle euscewill I e
dcmnmtcd as the “kmst wmrk” AW. hlecausetheehsutmuge mf stateis time sauncfun time reversibIc
process in figure 2.3 u mmd time irreversible process ins f’igune 2.4. time chumiusgeims ‘ustiuuulpy (II,
H,) is the smimmue iii both cumses.‘I luenefimneQ ims time inreversihieprmcessis sinu 11 ‘n tlnmnms Q,, . ‘Ih
first hum (equmumtious~.5) imudiemmlesthmmmt tIm differemuceImetweenstime imemit sumimphich to time
‘eversibleummsd the im’m’evensihle processwill heeqummil to tIme hifferenscehuetweentime work
sumppliedi n t mcm’eversihie mmmiii time inTeversible prttcess (mnlthutluughm oil opposites’~n). inn ottisr
wounds,AW its figumne 2.4 Is eriummil to AQ.
Lqummitiouu 2.6 us miot xcmhid for tIne irreversihmlc pro ‘ess. ‘ho gemncr’mlizctIme erhumumlomu film bomtl
reversible mumunl mmcv rsihle proccsscs.thr in ‘eversihml eusiropyimieneumse iS , is introduced. his
qimusuutity is mthwmiys positive (>0).

first lumw:

Q = H~ H1 + W

I .1



I simu~the conceptof theumreversuhicemmlropy imucremise.tIne cimummuge in entropyiii lime mcmii
processcanshe written mus:

s ~ AS,,, (2.7)

‘Ii eirn ‘versibleem tropy immenemusecaum heumsed ttm cmulcumluttcAQ:

AQ 1 AS,,, (2.8)

/ mmd thediffercumcciii wurk perftmrusm‘d by thu reversiblepn cessmind th’ irreversibleprocess.
previouslydefimuedmis the host wt.unk, cmimm he cutlcolmi d (‘ma n time irreversibleemutnopy imsereunse
as well:

EW ‘f AS,,, (2.9)

AS, ‘s Ia ‘per ths’umm zero fOr mu nemil inrevrnsihleprocessmumid qu ‘il tom / ‘no tim ra’eversuhmlr

hmrodess As time host work us prtmportkuuummhto) AS,,,, time i ‘reversibleemitropy umscrcutse(on emstrtm uy
genenatiomu)is mm mmmcm sureI/mr thc irreversibility of time pro cess.ftmwevcr, lo’ techmuicalsysteusus
amssoreunsefuni nscumsorcfor time inreversuhuhy cmiii he ‘m troduncedthumns time tmst worl’.
The hostwork indicateshtmw umsuch mmmrewomrk cmumld I umvc he ‘nu prmdumccdits u process
resiubtimg its time suimmue chummumpeouf slatefirumn 1 tm ~indicmtted iii fupure2. I. On if thewomrk is
sumpplied othe process(ep. ‘f f”gumre 2.4 represcmstsmm c mum mrcssomr).wills [ow mmsumci lesswork
thesausmechaumpetmf statecomuk h’nve hmccnmuchmieved,‘I Iuem’eliuu’c ti e kmst work is m m e’uso ‘d (If

tine ‘cost’ of time imrevensihihutyomf ‘u prmeessHmwcveu, he dit’ffreuncc h twe ‘in themeversihl
maid lb irreversiblepnoccss‘. sot(mmuhy theml’ ‘‘ rem e ‘ wo k ou putt W. If is ‘ r ‘uml pnmc ss
mroduuceslesswmr ‘tin som ctuns m mm s lessI cut Amid mis amsamumut of neum AQ represemIs iii

mmmsmtm mutt (If v’ ho ‘ aswell. ‘l’o qumimutify the“ ‘I” lossesu s ‘ r suit omf inn ‘vensi ii i y hmt 1 ost
womrk u sd tim lower h at neuuoreusucmmtEm t e Pu id ‘55 hut c to me ‘m en in m accoummttim I cu
‘lo d( mmspmun t me vunlue of time h em AQ to the (is So ‘k the u s out t of wurk wInch co d he
producedfrom n thus hmc’ut shtmunlr lie detc‘mmsiuued, Is go enal, m’ wmnk wh’chm cc i he promdumc n
fro n ~uuumu immunm of hemutdepruds on time te npcmcmtuu‘e ml which time he’mt is uuvuuih mhle. ‘time v ink
equivutlenu of AQ c umu hecmtlcolmmted fix mu lie (‘a usu rffieucmcy (s ‘e qumu loin 2.4). V liii lb e
teusmpenuntureft 3 at which h’ hmeunt is mtv’u’l’mhle is detenusmimer by ti e process.tI Ic np ‘n’ u ‘c
omf time ‘mvmu’lahlc siusk ftmr heumt is mso mu churn’ dtrnistie(if theprmcess.hfowev‘r, he ‘aleumlu iom omf
time uummmmu.nit (if work which dit heproduceddi n \ reqm’rcs th’ t time tcmnnpenatumneIf thin
‘uvaihahieheunt siusk (1’ ) f/mn time rejected meunt ‘s determmmcd ‘is we
For tech m’cal systeuns inc nato‘al sunk f’on he’tt ‘s fri ‘mmcd my ecmvi ‘tim n ‘mi (u i’. w’ t r).
‘I heref’omrea logicunl start’mspp nut 10’ time cunlc mlunt’oum if thc a nouunstrmf work w mich c’miu lie
produnedtiomus mm q immustity o ‘hea for tee nnicah sys cuss,is limit tie t ‘msmper’ tune if I ‘ h ‘it sinmk

(‘I,) fur the i ummmg’msumy hcmmt cmmgim e iii I’ipunne 2.2 ‘s ‘qouul to tIne te ipcnumtumretml thecuvirommu seust
(1,,). ‘3 Inc nnsaximsm mmii wmrk winic i cumin hepnoduuce f ‘(mmmi he [e’mt umsimp heeunvinommmi mit is ~m
simuk h’or hmeat, is knomwn mis thin ‘x ‘rgy E1~omf hr scmmt I Rumill ‘mmmi is cmilcumlmmted fromsu:

EQ 0(1 ~‘ ) .

I lie ins. itS ~tresult of inneyc ‘s’hility in II eneu 1 pntmccss cuts he ci uuu tIed so‘r emme ly ums’msg
tlue exerpyOs ‘tbne hemmt ‘I he muctounl promcesspntmdmiees \W 1 ‘sswork thimumu inc u eversuhi’p ocess
wuth tIme st nechmnngeoil sImile I .2. Al the samnetimmne, time ‘evensihleprtmcesscoussumussesAQ
lesshemut.‘I isis luemi , usiumg theeumvirommciii as mi hsemmt siusk.comoid he umserl to hunoducc mm ‘ xxii mm
tuf work equmnl tn the ‘xergy of thus hmeuut, Time usd1 differeuscebetween lime r ‘versihic utusd lb c
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i ‘reve ‘sible turtmccssis therehiureeqummui to lime ltmst wrurk AW usuimsostime exerpyof AQ. ‘l’his ‘mmcl
Fist womrk’ is cmtilerl time exerpybussAE~mf time mmcv ‘rsihlc process:

\E AW AQ(l ~)

Btm Is AW amid \Q mire eqoumi tom tIne I AS,,, (seeequummtiomus2.8 mind 2.9). ‘1 Isis heunds ttm the
fomhlowimmg expressiousI/mr theexergyloss in mmii Irreversiblepmnmcessimm mimi open.steuudy—stmnte
systeums:

AE1 ‘l,,AS,,, (2.11)

‘I’his erlomutiomu us mm geumermil ulefiumitkmus uf tIme exergykiss AIi~ mrs mm process.It shtmws the
funmsdmumumeuutmmh rcimutinmnshsipbetweenexergyloss mmmmd emulnopypcnermntuonsHowever,to cmmlculunte
time exerpyFusstime exergyhmtlmiuuce discumssedhelomw will heused.

2.2,4 ‘fise exergybalanceof aprocess

fom unumy processimu au mpemm stemmdy-statesystemus.eumergyis suppliedIn the(turin mf heat0
utmmd/oniii theform mf work W. Theenergysuppliedto time systemmucrunrespnmndslou mm certaimu
muussounlof’ exerpy.The exergyof time eunergywhich is suppliedto mm prmcessin the mpemu system
is:

Ii F0 E~

‘I heexergy mf tIme hsemttQ is defim ed mis theummsmoummul nmf work which cmuuhd he prmdumccdfrtmumm this
hemit usiumg theeuuviroumnncumtmis mu heatr servomir.More its pemuenmil. time exerpynmf miusy emsergy
fhnmw catshedel”tied ‘is theumunnmumstof work ‘ represeumts,umsi up time emmvurtmuumuemit as mm huemit siusk.
‘Ihe exergytmf time hcumt is deli sedby eqummitiomu(2.10).Theexerpytuf the work prtmduccdby tue
pnnuccssis (by definutit.uru)equmml Ru tIme wourk itself (E55=W). ‘ hercfomrethe ‘ ergyof lIme eume ‘gy
flows to prtucess‘ii theompemusysteusmis cqummml tom:

E Q~l ~‘J w (2.12)

Suhstituti’mg cddc titium~(2.5) f’m,mT I e work W ummurl (2.7) 1/tn m’mc imeumt, shecxcrpy s ipplieni InI tim’
prtmccss us equmni tm:

I ‘i”) W H, H1 ‘l,,(S, S~) h,,AS,,,

‘Ihe last tenmntins them”glmt hamd side ‘s theexergyloss imu theimneversihuleprocess.‘lime
equatinmmmeamu tbseneftmrcherewrutteumtom:

I 10) W (II, ‘h,,S,) (H1 i,,S~) AE~ (2.13)

‘~lieahomveequmituorshowsthu” tIme exergywimch is suppliedto the urrcvc1suhhepromces’ vy si~

energyflouws depeusdsomumly tutu the exerpyhomss in tIne pmnucessamid on thechangetuf theshmmir oil
time processflomws. This leadsttm the introrbuctiouuu mf mm umewvuuniahlc oufsiumte ftmr theprocess

is



flow, the “exergy” with syimihtmi “E”:

E II ‘i,,S (2.14)

‘lime exergychsmmumge I/mr time proicessflow its lIme ompemu system in l’igumrc 2.4 timerefore hecmmsues:

E, F1 H, H1 ‘i,,(S, ~ (2.15)

‘I heexergyomf hemnt huts hucemu defiumed mis usumuxiusuoun mmmssomumnl ofwork tismit cumum he prtmduccrl fm’omss
tIme Iuemmt osimug the eisvirommmcmst mis mm hucunt sumuk. (‘nlmrespomurhimugly time exergy Ii ouf mu processflouw
cmiii he rlefimued mis time muummximnumnu umumuomumit o~fwturk thuml cmmn he proudumeed f’romun tIme flomw, usimsg
theenyiromnnmemml mis a sink tOn both mnmiss mmuud hemit. ‘ho detenmumimme the umsmmxumsummusm mmnsouuusl ouf
wuirk for the pnmuco’s’. the pruucess fliuw in time f’imu:nl snumle of mimE pruuces’. (H, miusrh 8,,) ummust have
iernm womrk ptmteustumtl with respect P.m the eumvurommuunemst, i.e. he us equihibniumun with the
ensvurommmsucnt. A definitiomum tmf the exergyof a prmacessflomw us the fOllowuuug:
The exergvof’aum ermer,gs’cttrrier indicate.slion uniicln work carm heprodnrr’eol iru a rem’er,sihle

proc’e.s.snx’/mich /ake.splace in an operu armd s’teads’ state s’v.s’/enm mt.s’irmg only the e,mi’ironmotenmt a.s tt

Jmetmt .siruk and sm’here tIme eumergs’ carrier at tIn eiudof/heprocessis’ in c’onmpleie equilihritnn

mu’ith the cutt’ironmrmenm/.” I Lien, 19771.

Using the exergy mf the promcessAmw E. dOhi mmliommm (2. 13) sumnplil’ies tom:

i h) W E F1 AE1 (2.16)

‘I’hsis equmu litmus cam hecomnsidcrcdit5 ftc “e ergyhalmuusce”I/mr umum im’rcversihle pruccssimu mmmi ompes
stcmndy-stmmtc systemmu:

exergysuppliedto tine process= exergyincreaseof theprocessflows cxcigy hss

inn figure 2.5 theexergyhumlutusceis ‘ehuneseumledscimemsummticmIly. If time exergyhalutunceis umsed tom
cunlculmmte tIme exerpy loss iii the processus mmii tmpems stemmriy-stmmtc sysleis. erhuatiomu (2.16) cutus lie
rewnilteus tom’

AE~ Q(l l~) W (E, F,)

l”igure 2.5: ‘Ezerg:’ halctnce’fur rum operm..stetmds’ .5/cm/c si’s/cnn

W
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2.3 ( HANGE IN ENERGY IN CHEMICAL REACTIONS

2,3, ( aiculating thechangein connpositiomsasa resultof chemicalreactioius

Although time usummuuher omf comsspouncmsts~ii it fitch ccii sysleims in which cimemnicmui nun
elcclntmcheusuicmmi rcmmdtiomus occur ussm’ctil (time cmnuhumstomr, tIme refnmmnuer mumud time fuel cell), tIme
iuuflnmcmmc ‘ rmf lime lossesiii thesedomnsptuiieuulsommu the nesl nuf time systeunus very Immrge. i’hsere(nure
ime chum sgeiii exergy (If mm prtmcess fltmw mis mu resull of cisemsuicmih remmctuons will he umuvestigutted ims

musore detumil in tisis sedluon. ‘i’iue resuults will be umseni in cimmnpler 3 to cahcuulutle the exergyFusses
in mm specuf’iechucu’nmucmmi remuctuomn hum systemswith usuture tiummnn omme remnctitmuu, Tine exergy missesums
mu result ot’ mm cheuuuicmml remmemiomi mmmc ccmuusinlered its the opeun. slemidy-stmmte systenm. i’urliueruuuore iii

this sedliomu the chuennemmi remudliolmu is consideredmt5 mmii isothenmnunl process(muom chumusge mis
tcmnpenmmtumrc mmusd a cnmumstmmm’mt pressure is mmssumusmed). Its mnny chsemmmicmmh remictinums there mmmc cheunicmml
speciesw uch mmmd etumusumuneni (reumdtumuuts) mmmmd chemicunh specieswhich mire fomnmncd fnmun time
rcmmdtmmuuts (lumomolumets). (‘Iumurmmctenistuc fmr lime ciucusnemml remmdl’ous is thmmt time remmelmimuts mire
cuuusuummmed uomnl the products mire cremnted in fixeb nmmtuous.’I’Ise msummsshenswhich neprescustIhe fixed
natitms between the proudumcts mmusrl readlmnusts mmmc cunlled time stomicimiommsnetnic coefficiemits mind
imudicated mis v,. The stoichunnmmsmetnic comefficuentsI/mr prmducl speciesarc defineni pousitive toni
time stnuiclmiomusuetnic cmefficucmnts f/mn nemmdlummmls usegmilive. Usimig v1 tom unducustethestomichiommimetnic
etuefficiemuts of coumupnmumemst X mm peusermil uunmtmmtioum fmn mm cheusmicuth reuuctksmms is:

~v1J X1 + v, X, + ... ‘ Iv, N, + Iv, t IX, +

In a cimeuniemu nemmetioms mill species.produmc umund remmdlmmumt, huive zero) chumrpc. hum ~musclectrom
chemicalrcactkuuu chummrged species(uomss) arc ummvomlvenl atm lIme loutal charge mf lime remnelammts amid
products is mmml unecessmmniiy cniouml’ f/mr every usmomle remucted mm fixed nmuunnhennmf decrousscmmn he
cuther pnnuchumccd on coumsonuerlits lime memuctiommi. [his stouiclnnmmsmetnie umnummuher f/mr lime electromns is
indicutted hy i. ‘i’hmc munutuitiomum I/in chuemssicmml neumetinmuss cmiii he expmmumdeol om inchumde
electromchscmsuicmml remmdliommus:

IvmIX1+IvIY,+..’IvIX+Iv,IX,]+..±/e
A coumuyemutiommmalwumy omf rep‘csemmtimmg lime comumpomsutiommuouf mm guts fhuw, is by uusimsg mmxxuic fiu dliomus.
I’omr the cmuhcuiuitiouns umuvomlviump cinmouges in dounpolsitioummis mm ‘esuli omf cbmeummicuml mcumctiomuss it is
nuoure ctunveusiemst omf usethe mole vector us, which umses time mutmusuhenof molesI/mn cmmchm
etmuumptimmems rmmthmen timummu time l’numdtiol us. ‘I lie chum sgeits usumunhen ouf umsolesI/mr cmmciu omf time
commuspommemltsas mm nesumit omf mm cheumncmmi neactiomum is propnlrlioummmh to lime stouchmiomu metric cmr I Iic’eus
of time commmpomumcmst. If n is the uuuuunshen of ussomles mf cousupommemuti. timeus A s is the chmummupe its lIme
miumumuher ouf mnuomles mis it result omf lIme chuenuiemul rcmmdtiomuss. mu mum ‘s time muumumsher nuf chscmuuicmmh species
in the systeums,Ihemu the nmmtios ins the chmmngcs iii time umomsuher nmf usuomlesouf time sepmmruule
cnmnsuponeuuls mire determimienh by the sRmichntmuusetnic coefficiemuls:

Am1 Aim, Aum,,,

“I ~S ‘

‘I lbs rumtio imudicumlesImoxx mmsousymuoles ,if eumchm cclmmmpnmmemul us c’umssu’smcnl “r prcmd~c’ent,i.e. 1’,’xx
l’mmr mu remidtiomus promeccobs.‘lime vumniumble is defiuned mus time dismumuge of the remuctimlum coomrdinmum c c:

Ac An, (tIn mmumy i—hums (2.18)

‘l’hue ehamugenuf the commmpolsmtuomm mis mu result of time chmeummicuil nemudtiomu is lhem’ef/mu’c f’ixenl by
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sinsghepunramumeter (Ac) insstemid tmf by the ctmmmcemmtruutitmns nun mule t’nmnctiomus nlf time species
iusvnm ved If moire reuictitmuus tuccur iii time systens.severumi meumctinmms cmtmrdimumnles (0usd (nun every
chenicmml remidtioms) ennui he defimmed. If the muuuuuhcr of rcmmdtitmuus is eqouml tm (. time chmmmmge in time

mum usher omf msunmles nmf commnspommmeuut i us givemsby:

Am, ~ v0, Ac~ fiuni=t us

‘line ehmunmugein theblush numumuheromf mmutulcs mis un result ouf is givemu by:

An ~ Av1’ Ark (2.20)

whcm’eAv0 is thechsauupeims time ttitmtl umumusuher omf nxxmles, i.e.:

Ay
0

~ v,
0

In figure 2.6 theschematicrcprescmmtatioumomf acheunicahremnethumuis giveus.
Differemstcheunucalctmunprmnemmts((nunexunmuuplecomsupommemutsA, B) cutertime system. l’hse nummiuher
nmf mtmlcs (or theseenmunptmmneits mmmc mu1 ,~mind um1~0respectively.As aresult mf thecheusuicuml
reactiomum theumumunhernufunnuiesoif time counpommeustschange.In theexunmnphcgiveum ii figure 2.6
the f’olhowing neadlinmumtmccurs:

which learhsto the tkmws mm,~ u ~ mmumd u , leavimug 1 e systemm.
Notelimit lime prtmcessbmw tom thereactoris mmme sunsplcflow unmud time puntium pmessumreswhich moe
comns’deredmmmc thepunrl’al pressuresmf hepre— nixed neumetamulsmmusd tIne muoxtumnenufprt.udumcs
‘~herd/methe lossesmu thesysteununre surelythe kissesomf time chc uuicumh readtiom mm ud muoml the
itmsses iii lime mumixin p promcess(seeSection3 2).

p~‘I’

Ac L~>~

10
Fzgmor’ 2.6: Ma s ctnmcl e,mo’rg:’jlosm’.s 01cr tIme .mv.s/enmhotirtdars’ (- -) of cm mi’s/cnn in wlmiclt t

c’henrmic’ctl recmc’/ion oc’c’mirs

‘lime chumm ge mi cx rgy Rim themm dlions cuin lie caicmiumled umsiumptIme p ‘mmcm m 1 cnlu’mliol hm’mse om
the exergyn’hnmmumge (on un steady-staleompeum prtucess (equmutioms 2.15):

AE AH T,,4S

‘los cumlcumImmte lime chaumpe omf I meexergyits Inc mm cheunicmmhpromccssmis ims figure 2.6, theOh mum lilies
AH mind AS humve to hecmilcuiatenl.
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2,3.2Calculatingthechangein exergyas a resultof chemicalreactiomus

Eum//mrmlps’ of rear/iou
Becutumsemm wm.mrk is dehuvereri by time gemuermil ciueunicmml remudtitlmu in fipunre 2.6, mmccourdimup to time
fmrst lmmw f/In time stemndy sImile ompemu systemsu (enlumutioums 2.2) Ihe hemmt which is transs(emreolfroumn the
systeun(Q) is equmuml to time chmmmsge imu emutimumlpy:

Q LI~ H,

‘I heemulhumilpy chmnumgemis ut result ruf Ihe remmdliolmu in mimi isnmtiuenmsmmnh remndlinlns us lhere(omre erhummi tom
theimemul promnhutcediii time nemudtioms mutud inmdicmmled mus the heunt omf reutdlion. To cmmlcunhmntc the
eustlualpy chmmuuge, umse is mssmmde tuf the remmdtitmmu emmthmnhpy A,h. This Is theheust nmf reactitmmu if I
motile omf the “charuictenistic” comnpomnemmtnemmdts. Four exmumnple. the hemut or reaction fmr the
counhustiomu reutctmnmmm omf hydropeum 1H~+ ~(), . 11,01 will hegiven per unole II,, theheattmf
reundliomu f/mn time rcfmnmninp neadtiommmICH + 11,0 ‘ 3H, + GO! per motile CH1. etc. Jsimup the
remidlioum cnmomnuliimmtteimutrouducedin thepreviomums sedtinmuu,theremictitumsenthmnhpypernxxule cmiii he
definedby lSmsuith&Van Nessj:

A Is ±~i!. (2.22)
dc t~.l

wisenetime imuducesp unmud T imuducatethmmt thedenivumtmveis takenal coumstmnumtpressunreand
temperature.Usimmg theremictionucumthmnhpy lime heatwhucim us gemmenmutedfcnmmusunnedimu the
rcmndtinmmu is erhumudtom:

AH A,lm Ac (2.23)

If more linnmms omsue remmctiounmomccurs,thettmtuih emutimunlpyci anugc for line ismtiucnmmumm remmetiomumsis the
sunmnof theenhimmulpy chummugesomf line sepmurmmtereadtiomusmomd canhue wnitteusmis:

AH ~ ( \,Is)0 Ac~ (2.24)

If the reuudtitmms enthmuipy A,im is mepumlive. imeal is produced by the systemmunol Ihe remmdtkmnmis
cumliedmm “exmthenmnuml” remudtimmmm.‘lime nepmttiveAH imudicatesa decremmscom( thecheusmucumiemuergy
of the flow(s), i’ise ch7usslr’al emuergy us cmummv2nled multi hemmn, If tine rcundlittn cnthmmlpy is positive
imemit is usedtom immcnemmsetime cheismical energyom( theflow(s) mmumd time rcmmctiomm is imnolicuntedmis
“enndtmthermnunl”.
‘~lieenthalpy h, is thecmslhumhpyomf tIne purespecies‘ mit lemmuperutture‘I’ (Appeumdix I). L)uuc to
the sehectiomsomf the refereuscefomr thecalcumlmmtmmn of the etutlualpies h, (Section2.4), the nemudtious
enthaipy (fOr houmnopeneomus gums phumse reundtiomus) cmiii he emulculmuted simply fromusu the euulimmmhpy
tmf the pure species:

Aim ~v, h, (2.25)

Enutrops’ of rear’tiorm
Annaitmgosus lou time “eundtion cull uulpy, the reumc i’umu entropycamu hedcf1muen by’

As dS (2.26)
dc
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Homwever, A,s nhepemunls tutu time partimmi pressureof time couuupommeusts munnl tinerehOre mit’. As mm
result the vmuiue tmf A,s will chummusge(rosin in Ins omullet mis a. f’umnctiomu of lime ctmusccustrmmimomuus.

heref’nmrc the cliamipe us distrompy as’ uiresuuit of the u’emtctmouu cmun ommuly he giveim f/In lime
umuf’imOtesmumumml reactuomum dc in which time chuamuge in emutropy eqummmls:

dS As, (c) dc (2.27)

mmmd time totumi cmstrtmpy f/sr mm processis foumud by thus equation:

AS f A, 5(c) nc (2,28)

‘he readtitun entropy cmiii he cuticuimmtcd (noun the emutroupy of the pure speciess in tIme smumsic
waymis thecumlhaipy (seeequmumlion2.25):

A, ~ y, s, (2.29)

I lere s, is theemmtropyouf thespeciesmit the pmurtimtl tmrcssnmremit which thecoumuhmomucust 5 presduil
iii time puts (Appendix I). Theeuutmnmpy omf time comumponemsimum time mmsixtuuneis thesunumu of two
temuns. ‘1 he first is theentropy uf eonupnmneumtimit stmnmuoimnrdpressumnep” which is demunmienl mis 5,”

which olepemudsousiy omum line teunpermutumne.‘ hesecomumol tennu Imukes iumtu,m muccooumtthe pmmrtiuth
pressumresof thecm uspomusemut.‘I he cmutrompy mf thedtumuipouseuilimml time pumrtmmui pressureits thegums.
is therel’tmm’eerhunmml >1:

s, 5,” Rhs( ) (2.31)
p,

If this expressiomusfor theemuiropy oufdominpoiscmuti is umserl imu lie eriummtiomms f/mn tine neumdhiomms
emutropy(2.29), thercmmctitmmu eustropyhueconmmesenlu’nl to:

A,s ~(v, 5,’ Rltm(p,)”) (2.32)

Sm suiluon ttm theexpressioumloin tIne euntropyout dOt spouseusti. time enulnopyof nemmctioumcuts he
wnittemm mis thesumsu omf theeustmoupychsmmmugeuml stmnmsnium‘d iiressumue (l~,p”) ummud time terun which
takesumubom unecomomut the pmmrlial pressnuresomf tIme cousmpouueumts:

A,s A,s” Ast’

with time slum udard eustroupy om( r ‘mmdiioumm equmumi tom:

A, A’ ~ y s,° (2.33)

utmud theimsflumeimc ‘ ouf lime p’urtial pressumnes‘eflec ed by:

As’ H ~ hum (p, )‘ (2.34)

l(xergs’ of rc’cmc/ion
Usim’ug time equmumliomus l5mr lime rem’ctiomume ‘tiummhpy mmumd the nemmclinm’s emmtrtup2’. ml 4, nouy’ poms.~ihlet’m
calculatetime remmdlinmms exerpy. lus mmnmmhompy tnu the defiumitioum om( the remmctmomu emutropy, the reumetiommu
exergy cmnus hedefinedmis the imucremmseof theexerpytuf time processflomw mis mm resumlt omf tIne
chemmuicumhremmdtiomu mu mmii usotherunmulstemidy—slatepnocess:
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A e (2.35)
dc I’m

1 or am immf3 sitesmnsmmhciuumumgenmf time “ommnpomsititmn. time chummugemu exengy. us’ngtime geuserah
eqoumlion [our time exergycisamigeoufa p ‘omcess flow (2.15).hecomumes:

dE IH ‘I,dS

As mm resumlI omf time chseusuicnmlremudtiommi, wiuieh proceedsby the iuuf’mmitesimnutl sunummil changeimu the
remmciiomsc uomndimummtedc, tine exergy if the fltmwa chumusgesfiomums E to E+dEaunt time chunusgeof
time exergyis guvemsby:

dE A,c(c)dc (2.36)

Usimugequ umtiomuss (2.23) ummud (2.27) thuc exerpychmougemis a resumll of time cimemn’cmml remmetinus
erlommis:

A,cdc A,hnIc ,,A,solc

Time readlioumexergyis I mcrc(omre en ummu tnm:

A,e A,hu I,, \,s (2.37)

Usingcqnumutitmmms(2.25) mm ud (2.32)tins cumus hemewnitteu to):

A,e ~ v, (Is I’,s,) 1,, ~ hum (p, “ (2.38)

Apumimu the tOlcd exer4yelm, u ge ‘s f/ui ud by immte4 ‘itio m If.

A,E f A’(c)ohc (2.39)

2 4 CALCULATING I ~‘ ENL/R(;y () PR CESSFLOWS

hi the p ‘evioums sedliomum. t u ‘ calc utti’mm mf chm’mus~eof me custisu my (H) mum d Ib’ ‘xc ‘gy (13 of
theprocessflomw i m a steady-smm eom ‘ s prtmcesshiciS neems nemmted. \ttlmommghsis theequmm tiomus the
vmnlumes omf ecuntlummlpy umumol exempytmf time promcessflows (H1, E1, dc) we‘e used omniy I e
di((ercmsceshuciweenthe vmmhumeat thu ‘ omumtlct ‘mud mild mire mequmiredims tine o’umlcmu ‘mtiommms. Usi ig I

ucreumse in eusthmaipyouf lime pntmccssfhmw ( \H) ummid lime immcremmseit cxc ‘gy (iLl all absomlute
vumhumescumu heeh’msuinnmmiedfromums the n~omtiouss un time previousseo’ ioms. Al imouumph I is uno
mmeeessmoyo usetIme eumliummipy umusol exergyv’miumes for uomst cumtcumlumtinuuus,11mm’ mum’ seven’
mmpplicumtions which olom nequmumetIme c’miculmmtiomus ml tIme vmmlumc omf H or N loin u pnomcessflow

tin exunnuple. vmmhuues mm ‘e m enhumirerl ‘ s tindertom:
~ dcf’imme eI’f’iciemscics four euucmgysystemnsmind thiei’ comsuponemstsm’ si hsyst m su
° mmmakeesergyumusol e ‘rgy flosw 0 icignumtmis’
° quummmitib’y emmergy umund exergy tbouwsto) time em vinomu mienul, eg flume fits stuck losses.
Working with vmnhumcsrer~uorcsther’cl’imumioun om’ mm ref’m’emmcenun icrm S ‘i d uP wlimcn time o t me 4
time enthuulpy on exengyis ii xed. lne nefereumcesysteunumserl 1/mr time emnlc uhumtiouum of ther nIl mmlpy

lIme cxcm’gy omf tIme pn’ocoss flow is mm t xu~mcniyouf sImile (asI cO d 8) ommec the iemmm1mermmummm’e nuf the
cmmvim’oummmsscmml is I ixcnl
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of mm processIboiw is comusspuirmmhietom tIme ref’ercuscesystenunuseml I/mr time cumicumiumlitmun ouf exergy
v’niuues.bus homlh emisestime comsiptlsmlmomuomf time cmmvirtunnucmut(muir) is useolmis mm slmunlimug poimst.
Ifecuoumsethe cmuicumlmmimous om( time emuergy tmf mm promeessflomw is munich siusmplcn. tine relbnemsces mute
f/mr time emuthmmilpycumlcuimutiomms will hue tremuteth I’imst,

2,4, Requmiremnemmtslou’ a referencestuutef’or thecalctulatiom of’ tIne emmtiualpy

‘I’he ‘muengy humlummuce f/un mm steamlysImile pntmcessitt mmmi ~Imensysleumsus (enhumumluomi 2.2):

Q W (H: H)

lime etuthiumimmy is mm vmmnimmhle I/mr wismchm omushy tIne chsmmmmge is del’immed(uouni cumus heusmeumsuurcrl)mmmnnl
umot tIme vmdoeitself. Its ommrlen tom muummke mm ohummmmstilativemmmummlysis. a ref’eremucestumbeotr ientm slumle is
reniummed. In mmii emsergysysteumutypicmih prmccssflows mmmc mum, usmmtuunmuh gums.flume gmms. syunthnesms
gums. etc. A prmcessfloss gemuerumihycomusistsof mm ussixtumne ouf (ehmeunicumi)cmmumspommsemsls.1mm thus
limes’s, f/in time cmmlcuulmmtkmmm(If time emithimilpy m( sumcis prmccssflows. thin flows mm’ crmuss’dcmenlm
udeuml mixtures I Sunuihu & vum s NessI. In thuumt euusetheemutlmumipyof mmii iolcunl gums usmixlumme cummu he
del’imsedmis thesumums mf tineemulhmumlpiesof tIne sepmm‘mile com impomnem Is. If x, is time nuomle hutchiomms oil’
coummpoumeuml iimm time prouccss Ibouw ummumi mu is lime 101mm nummumbenoft mmmtmhcs, thuin line umuumsmhcr 01 ‘nusohes
f/mr eomusmptmmmcumt us guven by:

mm, x, n (2.40)

UsimagtIme mssolumr nr op7c’I’ic cm’ mm Ipy I’, i’mir ~‘omImpniuc.ll i 1k.. flsmol7 I. mile Iota, 7athumhpvof mlii’
pmnmccssflomw’ is cohumuml 101:

H ~ mm I, (2.41)

‘hi he muhle to xx turF xx utin umun utlume I u m’efe‘cm ccstumt~hums tom hedn Ii mcd b lIme d0ti5~O)iidii 5, mit
wInch time s umiume of ~hicc ulhicilpy is specif’ien. Ins ‘el’emcmmcc slumtn is specil’ieoiby Ibid
tcnupcnumtumne . lecumumseirhemml guts comrelumlioums mmmc used, time cumlhsumlpy olomes mxxml depcmmd0mm line
pu’essumne.‘I Inc custltmilpy om ‘r’omusnpmtmncmml 1 ‘s cqumal to 11 e simm u omf lie (mmscmmsumrmmhile)r il’f’c cnmcc ii
emulhumlpyhelmsceo lie ‘mctuumml moud lIme refcncmno’edo imhilkuss (Ah) ummiol tim ‘ selecteolvumhume ml
rcfcu’emmcn comurhiliomums (Is. ):

hm,( 1 Ah ,( I) Ii (‘I

Its pniunciple il is pomssilulc It ‘hmoomse the ‘eferemmcc s mile f/I’ ‘ci ‘im ouf tie commnpolmmemslsi mum the
systcun sepumnumlely. ‘1 Isis is prmidl’cmml if lIne commuiposiliolum omf tIme flomws ‘mm lime syslemsudomes it m
chmmmuge. Flowever,suds mm cinouceof time ncf’cremucesImile oloucs umoml mmumtoumumnlicmmllyfull ill the
eniumumtiomnss(on time cumleumlumli mum oul lime nemmetioumspromperties\,hs mmmd A s (equmumliouss2.25 ‘muid 2.29).

H - ~ mmii. II — ~ us,b
1~

I ‘ipuore 2.7: C’cmlo’ula/io,n of the c nmthtctlpn c’Imctumge of tIme proc’e.ss fioto’.s Iroom /htc’ etn/htctlps of tbte
c cilmupouuemn/ iii tIme unuiutmui’efhr cot iso/hernial si’s/eel tt’jtbt r’Imc’,nic’al tear/it its

0
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More gemsermul.ml is nhesirmihieto cimtsoscthercf’eremucevmtlucs (nun h, in such mm wily thunt time
chsummngco~ftIme eustiumuipytuf time iuummcessflows Iii time syslemsurepresentedmum l’igumne 2.7 cmmn he
cmmhcumhmmteol nhim’cchly I’mmmuu time emulimumlpy nmf tine coumuupoumucuuls mis welt:

I H I us, h, ~ us, Is, (2.42)

I is umol pmmssihhe to chnmomsetIme comussponcuutsf/un which time emutiummlpy is fixed cnmusupleteiy
umrhumtrumnuhy.1ff/un exutunpictime emuthalpyf/mr thecomuspommemuts0, ems H,() us f’mxerl mit ref’eremmce
commuditiomuss, lime eustlimmlpy (If H. Is detemnsimmedums well, hmecmiuuscthecoummuiuumstinmmuremmdtiomuuof I—h
Imums mm kusomwmm cimlismilpy omf nemidtinlum, Rcqumreuuueuul f/mr time coumnpletemmmunb unnummumbuguouns
mim’Ierms,iulmmlinmumuf time eustlmmmlpy of mill commupoumuemuis presemut ii’ blue systemis:
• ‘I’Ise msumnmshcrof fixed emuvimnumsumnemmtcommuupnmmmemutsis equmnhtom time umumusuhemof cimeuuuicmml eieuuueumts

immesemul its time systemmu(C. H, 0. N, 5, Ar, dIe):

° I .vcry elcussemutin thesystcmuuis prescustiii at least tmmme omf theeumvinoummneumlcomuspommeumts.

2,4,2 h)iffereumtreferencestatesiou’ systemswith chemicalreactiomss

Refereuuc’e.5-/ct/c’ .startiimg front time o’le,nenmts
A comuvenieuitchmomiceomf time rel’emcmscestumle, imu which time eustimmulpy mmmmdeumtrompy of rcadtitmmm cams
herietemmun‘mmcml directly’ fi’mimmm time prmpertiesomf time pumnecomsupommeustshi mmmd s, will simplify the
cumlcumlmmtiommss comssiderumhiy. A sy steusiwhich smntisfiesthus cniteniommm mond is widely micceptediii
the n’hn’mnk’uul iiun’mnuodyusmumsmio’sis huuscnl oumu setlmmsgthin’ r’umiismshpiesof Ihe clcmsueuutsin umuomlecumimur
I/mum (0,. N,, C, etc.)eqummi tom zero mit standmurd comuditiomums (mmh 25 “C mind I bar) . By settimug the
eusliummipiesof counpomumumds(I l,(), (‘0,, dc) mit tIme sumumsecommnnhmliommss(25 ‘C’ unmud I hmum) equmumi o
time emuthumipy mf remidtinmus f/ilium tIme elemsuemutstime cumlhmmnhpycimmmmmge eumleumiustedvuml ire omf H, H1 is
commmedt f/i ‘ syslcusmsmum wimichm cheussiem1 reuidt’omuusomccuur.Time cuslhmilpy mf readlitmusI’mnmuum time
elemmucuuts mul 25 (‘ muusd I hum us the (ourmmuatinmuu entiummipy mit stummmdumrd cnmumditiouss A Is,”.

0 f/mn time eleuneusts

A1 Ii I/mr mill omtlmer consmouscunts

Notethumb Ibmis meh’eu’encesImile f’umlfills tine menhumiremmucustIon mm cousmpletemmmuo muummmmmshiguomums
detenimuinatiomum om( mill emmthmmipies mmutnuusummticmnhhy. Settimsptime enithumipy omf time ebemumemmtseqummul tom
.‘ertu mut stmmmsdmmrdcnmmmditinmussumumol blue euithuulpyouf mull omlimer clnemnicunlcomimpomuentsequmsl101 time
l/unmuummtinmmn eumthnmdpy, lemuols to mm cimmusistemit systemus. ‘l’imc vumlocs omf lIme emuthsmmipy can he umsed to
cumtculmmte time emuthsumipydi((ereumccsummid time Imeunt umumd wturk fmomuuu time eunerpy hu’mlummmce nmver lIne
cousupommemmt omm cmergy syslemum. ‘I his wumy m( olefimmimug time vuihumes (on time emmthumhpy is very
commuvemuiemml ummud widely used, in pmmmticumlumn its the cheummicumi thmemmnomdymummmmmics.

Referenmc’c ,strite s/ct rtiung front time cnn m’ironnmentr’oiumpottenm/.s
At the hcginuuuug omf this sedtioums tIme umse ouf vmmiunes ouf tIne emithumlpy I/In thecmmlcumimntinsusoil
eII’iciemmcies aumol comusstnuetiomu of eumengyI kmw diumgrummmus. wmms iusdicmmtcd as (mmmc ouf time neumso us I/in
cmilcumlatimmp lime vumhume of tIme cunthumnipy. Homwever, line iumdicmnted muselimommi is unot suited(omr Iii ‘se
porpoises.Gnummupommemmtsrcpresemutiusgmm high emsergyctmumteuml, f/un exmmmumplefuuel cnmmumpomueumts ii5
H. umnurl (‘, are setzero hecunumse they mire elemumemmis. As a result highly muegmmtivc vmuiues (nm time
eimthumdpy arecumlcuimuted fomr olher coumupouuumd commumpomuemuts. four exumumupte GO, mmmud H,O. whucin
mire muhummudumust iii time emuvironusmeumt.
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1mm omncler to arrivemut it. prmmcticmml system four techmmicmml syslemums,time eisthuulpy mf time coummupomments
uml the refcremmcecmusditioumusshuomuidreflect time energyvunhueoft time coumuspoumuemut: fuel cnmmnpnunemsls
(H,, CH~)shitmumid hunvemm high vumhume, comnpomsemmlspresemutiii tIme envirtummusmemmt,(11,0,0,. GO,
mumud N’) sh’nsuuld immmve un low ymulue,Thcrefmre,time euslhmmipiesof thecommumpomumemulsIlmunt mine prescumt
in sipusificmmuut mumsuounmits iii the emuvirtumumnemut mmmd set equmal tom icrob . ‘I’hmese comusuponnemuismmmc
munducautedmis the emuvirtmmmmmmemutcounpomsemmls.Tom fumhl’Ilh line comudiliomus fomnuuuuuhmntenlmum
Section2.4.1.for everyelemumemutpresentmis the system. (mmmd eumyirtmummneuut us selected.

Referencestatestarting fromtheelements
If the energy nuf the elementsarc set to zerom, the chemicalenthaipyof H, is determinedfromusu
the combustionreadtioum(II~+ i

2
02 ‘ 1120). The heal which is releaseif tommie of 112 is

combustedat 25 C is 242kJ. Becmuuseno
ptmweris generated(W=0), theenergy ‘/2 °2

balancef/mr thesystemu’m is (equmatinums2.2): 1-120
l’t2

Q H, H1 242 kJfnnole

(Q is pnmsitiveif supphedto the system.see
section2.2). If I snmleH2 reactswills ½ionIc
0, to (mimemtmie H2O, the enthsmnlpychuingebetweenimmiet amid ountlet becomes:

H2 111 hmm,om him, 0.5 h0 242 kifuiiole

‘I’hseref/uretheenthaipiesmit standardtensperatunre(25 C) hectummuc:

H2 = 0 kJ/nnoulc

0, = () k,Ifmole

H,O = -242 kJfnnomhe

h’our the refer‘mice Icunmpenalumremmgmmium tIme eumupemmutmurenmf time emivimomumnnemilis used.Ins the
Netisenimiumnls 15 C is thenuoustcouummntmuulyusedIeunpermmturefor Ihe emmvinnuuumcuslummud this vmmlue
huts beetsusedims tins thesis51.
‘I heenthalpytuf miii tither comusspouscnlscan hecaicunlatedfrtmmmu theneadliomum omf tisese
cn)msmpomuemutm.frmumu lime emmvinmmnunmcnstcounpommiemmts.Commmdensingcomuspomsenuts,nmomst iusupomlmmmmtiy
1-1,0, ftunusu mm cumnpiucatiomuumis theyomccuuriii theeumviromsuneumthmouth in the liquid mund iii the gas
phmuse.As liquinh wumter humis mm Itmwer emmerpylevel thanwumler vapotmr, setting theenthumulpy omf
liquid wumler mit p,, amud‘F, equal tom zerosseemmuspreferable.By settimugtheemuthumipynm( liquid
wumlem eqimal It) zeronegmmtivecaiculuntedvutiunesf/mr time enthalpymire avomided.‘I lie eusergy
cmmlcumlmmtenl iii this umummummueris iusnhicuutcnimis thehigherbmeatimmp vmiluue (HHV). Basedtin tIne
lmisizmm-icmml mlevelompumuemmt.imu Lunroupetheemuiculmutiomu(if theenergynmf processfloiws settimugthe
enslhmmIpy of time wumlem ims time gums phumuseequmul tom zero is widely unccepted.This cahcnmluutioum
method us basedommu the mmssuuuuptinmuutinutl the latenthemul tin comidensatiounhemit omf waler(ims flume
gas)is msot recovermihiein mom ecommuoumnicunummummer, ‘l’he emuergycmnlcumlmtted usmmsgthezero) statefnmn

Ntuiethummn coumsslilumemsisouf muir Iummve hecususedmis time emsvimnunsnucumicommumponeusts.Moireelumbomnumlc
systemsushmmmve beensdevelospedh/un lIme exem’gy cmmlcumlmumkums(seeSection2.5),hul four 1mn’mmciicmml bedim icat
sysiemumsthemuir is tIme usmost nelevmumutret’ereuuce.
Becamusethis leuuitieramureis usedto calculatefour examsutmlehow usmumcli heumt is must Ihmnxmghtheflue gas
stmuck (seeChapter7 mund further), thischoice(If iemmsperaiurensourerclevmusi to techmmicalsysteumisis
preferment uver the 25 C mmseol 1mm time cumlcuulalinmmm simmusnhmurd fomu’uiuumminuus eusthmalpies

Q 242 kJbuuote
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wuutcn imu lime puts piumiseis iuudicumtedwith the lower heuttimug vumlue (l,HV), Buth umuetimomols arc
uusenl imm Chapter7 amid further, Four umse iii emmergytbtuw diagrammusmnegativevahunesof emmergy
flows nmunst he avnmidcnlmnusd tine i{HV us used.On thetither isunmuni time I,HV is umserl f/mr
cuulculmmtummgefficiencies,mus us the custtumnary prtucediure iii Europe.

Re‘ercuscestatestarting from tIme environmentcomponents

If theenvirommimeustcomponentsarethereferencecommmpommemmts,thecombustiomsreactftums

(H, + z 0~‘ H20) is usedtom calculatethechemicalentisahpyof l~I2.If 1 mole H2 reactswith
½mole 02 to unoule H2O, time enthalpychangebetweeninlet aindoutlet is againequalto:

H2 H hum,o ~ I (),5 hi0 242 kifnnole

But ntuw 0, amid H20 areenvironmentcousmponemutsamid their enthalpieshavebeensetto zertu.
‘1 hereforetheenthalpyof II, at environmnenlleunpermuture(IS C) become:

02 = 0 kJfmole
H,0 = 0 kJfnmole

H2 = +242 kJfnnole

I’his is amoreprumeticalre(erenncesystenn,becausetheabsolutevalueof theenthaipyouf
hydrogemsin thus systemthereforecmrrespondsto thecomhunstionheat.The cnthalpyvalues

dro en (andotherfuel corn (unments)cmnn he useddirecti tom calculateeffie’encies,etc.

Thhmle 2.1: 1)it/erent ss’.s’/ern.s’for (he zero.5/cm/c theen(hrulp~’:the table inmdir’ate.s’ jbr um’hieh
coinJuonc’rm/.s the enmtbmctljiy i.s setzeroat standardeondition,s

standmurd (l-IIIV) (LI V)
cheurical (teehniemul) (technical)

cmmupenalure’I,, 25 C 15 C iS (

pressurep,, huo 1 .0 3 ham .01 3 mmmm

eleusueml defimmeh by

C C(s) GO, CO2
II, H,O(l) H ~O(g)

0 0 0, 0,

N N~ N, N

S4,) SO, SO,

Ci (‘1, (‘1,

Si _______ ______ Si(s) SiO, 510,

2.4.3 Thermomechanicalnnnd cimemusicaieusergy

lie enthmmlpy omf time prmcessfltmw cmiii he rhetemunimsedfnomnn Ihe cumlinuntpiesof lime coumnpommmr its it
thelbomw. Usimip theahouveexpressionfur time emntha’pyof counpoummemsti gives tume foliouwi up
expressinmnmfor theemullmmilpy (If the proicessfltmw:

11 ~ mm, Ahm,(’F) ~ uu,iu, (2.43)

‘t’hue firsl lenin omf this eqimutiomu is time emmergywhich is relemisedif time processfbomw is couoled(ou
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hucumled)tom refereuscetemmshuermmturemumud expmumsderfto the simmusdmtmrl teusupenumhumme. i.e. tIme emstlnumhpv
rlifl’c ‘etude huetweemu time promcess Fkuw mit umeloal (p,’1 ) mumurl stuoumlmmrd ctmmmmlitiomuss (p. ‘1,). 1 his
emmlhmalpyvumlume is inrhcmtterlmis tIne lhcmmmsou msseclumomiemmlcuslhumhpy I—I”

Hut t ~ mm, Ahu,( ‘F) (°44)

If lime cusvinommmueuubohef’inutkumuhumsedommu thecolusupomuseustsiii lIme cusvmromnmnemut is used, lIme sectmmsrh
lcnmsu ins eqummuliomus (2.43)is lime eumergywimicis is reicumserlif bluecomuponeuntsof tIme immomeessfloss
mis mm resumlt omf chemsuicumimemudtiomusmmmc commmvemlerl to couumpomuemstsims cmuvmrounnsemst(e.g. mxirlmutiomn
tmf I-I, 1mm H20) umusrh is coumisequmemitlyimuohcmmted mis lime chuemummemulemmtimmmipy H

H° ~ mmii,’ (2.45)

lie coumsyenieuuceomf tine selectednefencuicestumle is thmut time cheumuicmml cuibhmulpy which is
cmmhcnmhunlcnh with this eqomulious umouw connespmumsdsto time hemmtiusg vuduic omf time processfbomms

2,5 ( ALCuLATIN(; THE ExER(;y OF PROCESSFLOWS

2,5.1 A refereuscestatel’or time caicruhatiomsof exergy

As I/mn time euslimmulpy. ruse ouf tIme exergyvmmluueof mu process(bmw is commuvemsiemulin mmmmuulysis omf
eumergysyslemums.Sinsilumr tom time eumlhummlpy limerefommearefbnemucesImile will he niefiused. ‘I’ise
ddf’immiuimlnm rlf die exergy mlf hid hmrmldcsS IbmIw (Sectiuts2.2) stares(iumuph’citmy) uimtnu tIme exergyof

mu process(bmw is zerom if time pntcessfloiw is ins er1uuilihniumsuwill lime emsv’nomumunemst.l/r1umiiihniummmn
is time umhsemuccomf (resuillumusl) rhni’ tip f/mncrs I Susmitls& vummu Nessl.As theremime niiI’I/ircmmt olnivimsg
l/mmces, theme mmmc mulsom d’I’f’crcumt umspcdbs ouf equihihniumums (In pmmrtimub equilibrium. With respect10 time
erhumihhniumunsomf mu processfOums wills tIme cmmvinomnnummcuml,lhuneeolnivimip l/rcesphumy mm mile:
• ‘I’eummpemumtumrc dift’enemuccs:
• Pressureohi(I’crenccs
• Conmccunlruuhioundiffcm’cmsces,
Absenec if time nespedhivenlniv’ump I/mrces is imudic,mtcrl wills ‘espectivelytiscnumumul, msuechmmmmuc’ul
mumnh ehmemsuemulcqnmihihmiuiusm. A rhef’imsihitmmn omf lime neferemmees mule tisercl/mnccomnsistsof mm rel’creumcc
tenup‘rumlumne, pressureumusol commupositioni I Meijer. 19931.loin tIme lemupemmitiureomf lime
cmmvimumsm-semml IS ~‘ hems hcums ~clcckd i/mr ,luc cumlcumluutim,muof time cmulimmmlpy nuf mm llmmms a iml i”O
ymmiume will hue museol fOr time exengycmmlcuutuutitums ‘t5 well, loin time v’mhume mf tIme cuvinousmumem t

~unessumneI mulmmuospisenctin 1 .1)1 3 hum hmus hecun sdler’led. I huerefem’emscecomuspositiomswill lie

discusserl 1mm time unext sedtioums,

2.5.2 (‘onmspositiousoI the emuvirasmeust

In tine ume umuml eusvin’onuutuemmtI/un a tecinmuicuml systeuss(mmtmsuousphmcrc.wumler. eummils crust), time dii cremul
suhsystcummsmmmc usoul its cnhumulmhrmmumsm: occuuns.nivers uuumni Ihe muir hsmmve dif’fcneuut teussperumbuures.
nomsd ouf Ihuc sumbsystemis us iii chuemmsicmmlequihibniumusm.dIe. Homweven,f/mm mu proucessflomw to he itt
equil ihniuuns with time cusvirommmsmeuml, mis requmired by time exergydef’iumitioms. inuplies mmmi
cmix imoummumsemut its cqummImhniuuun msitis itseil’. In order cO he mnhle to calcunhumle mm smuhnme four ti’c cxc”gy
of mu pmtucess Fhomw, mmmi umrtificimul emnvirommmmmsemst unumst lie def’immed. Aim exteumsive hiermutuum’e cx’s s omum
time requmiremneumls I/sn suuchm mu rch’emeumceslumle mimmd mu wide rmumuge nsf defiumitkmuss tuumve imeen
prouposent. Soumsne del’imsitiommss hnmuve heemu prolposcnh which uhif’f’er stromnpty I/’olmsu the umsai s sIr ‘mmmi
omf defimmiliouns. As mom exmmmmupIe time referenscestatehums beetscmnlculumted based omum tIne muss mmsspliommm
of equihhniuummm huetween time mmhmnospiucre mmusd time pmmrl of tIme emurlh’s crust I Ahm’eumnIsl. lie
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‘esuml unug relereuncesImile rhevimntesslroumugly (romuu time umctumul mitnmosphere.in particuulmnrmis a result
of tho’ homms 0. councemstrmmtitumi,SpecificmmhIy h/mr emmergysystemsmmmi envimnmmumuueumldcf’immihioun hmised
on mmmi muvcm’uuge flute gums ctummspnmsibiomum humus been prtmpouscnl I Riekerl I. I)if(ercmmces hetweemuolher
pomp omuls mire usuumciu susummiler.
loin a tecbnuncmuh systemmu.lime refbremuceslumle utmostmussiguseveryproucessflouw mmmi exerpyvumlue
tlsmit usmmmtcbmesmis r’lolse mis ptussihlclime ‘memmi’ vumhume. Just mis IOn blue emithumlpyof mu connpoumuemml.bhe
refcremmeesImile utmostuissiguumu luigis vmuiuuc tom a fuel stremumumwhile time vumhumeouf theflue gmus f’huw
shsommidhe louw. Its gemueruit time prohuosed emsyimousnuemmlolefimuitiomums usetIme earlhs’smmtuimomsphucrcmis
mu slumrtimmg pomumml. As explumimuediii Section2,4, everycoumupouueuulw’lnchm is specil’icd iii lime
dcf’iuuii mmmi of time emsvmrommmmsmemutdeh’imucs (muse eleusneust in tIme systeumu on imu tIme pmnmcessflomw. loin
emmergy sy stcmmns. the msuomst imsmportmmmul elemmucunts (C , H, 0 mumud N) unre 1/mummud in significuumul
qtuuummbiiies iii time mmtuusousphcrc(umithomopismuol mmecessmmnilyin eiemneustmul((mmmii). In umimnoust mull
referencestmutesproupomserlimu htermmtuuretheh/simm ummmouu eheusneuuts(C’, H. 0 uuumd N) mmmd defusedby’
huemusmmmmm emunsiutuscuslsoil mom: C’O,, 1-1,0, 0, uuusd N,.
‘Fhe usumuin ohiffemeuscewibhu respectto the specifIcatiomuouf thesecommipomnemulsis time way in which
time /emoustmulc f/mr wutben is def’immed, 1mm severumldef’iuuiiiommms lime pmmrtimul pressureof thewutten is
below time vmmpmmumm pressure(mis is misc cmuseimu time mtcttmmui mulmusosphmere(ci. ISimungutl). If liquid
wmtter is mmddedto time rhefimuitioms (mis domuebuy IGmuggiohil). this lemuds to mmii ouvem—def’iumcdsystemum.
If wutter iii both liqumuni mnusd gums phumusehums mus exerpyequmml ltm zero,the defimmithumu is based mms
I’ulhy smutumu-umledmuir mts equmilibniumumshetweemsgums mmmmd liquid hmums lou he mussumumued(cf. I Bumehr,
19781,IMuummsdIsl).
Lumperdif’(ereuscecxisl iii lime usummnnem iii which omlimem cleumuemutswhichdom unomt our rutrely (mediumimu
the mnlmuuomsphemcmmmc dcf’immed imu time differemutreh’cremmcesyslemums.Ifienueumlswhich dos moat ouccur its
tIme mmtmmutmsphen’eummsd cumus plmmy mu romhc iii cunergysystemmusaref/mr cxamsspheS (srnipisur)mmusd Si
(silin’iumsm) , Floiwever,wilinus tine f’rummusewounkof this Ihesis, in which omusly ummutnuruil gmns fuelled
sysleumssmime sludied, Ihe exerpyof thesecounpomumentsis of little imuflumenceastheir
comumcemmbrmuliomussmmmc very low. In I Meijer. 19931 di(f’emcust emmyiromsummeustrlefimmiliomums mire
ctuumspmiredummurh mm cinuOceis mnsmidefor lime dcf’iuntiomus humsedomu I Buneimr, 1 0J78I which is slmouwus is
tumble 2.2. ‘1 lie coummcemutnumliouuswmutem 1mm this envmromummmuemmtdef’iumitituus is h’musedomu htumnid muir
(relmutive= I OOC ). ‘I lie cumvimousuuseuutconupositiomuhumus heemucommmectedfomr Ihuc selen’ted
lemmupermntumre (15 C).

liable 2.2: Ifitn’iroim,nent rlefirmi/ionm p—i.0!
1

bmctr cit T 25” C’ brtserl oim /Ihrtehr, 197/C.

ctdctpteclfor 1 -= 15”C Sm’ /11-Ic//er. 19112/.

emuvimoummumuemut
defimuitinums

couseeuutrmuliomm
I unnouh/mmmnmi]

comnspommessls I,, — 15 “C ‘1,, 25 “C

N, 0.7678 0.7565

0 0.2060 0.2030

Ar 0.0091 0.0090

CO, 0.0003 0.0003

1-120 0.0168 0.0312
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.~a.aI ttCL tttu-innectiattncam tHin enmenimucamexergy

‘lie exergynuf mm prmccss finuw. is equal 10 thechamugein exerpyif theflow is hmnuuphstlou
equilibrium with time (defimmeni) eumviromsmeuul. Tins process.commnsistimmg omf severmul steps, is
ihioslrmuted imu figure 2.8, ‘Fhe exempy flnuw is f’irsb hromuuphmt to timenumumul equmihibniumumu by ctmuhmmg on
imemutinug time fbomw tom emuvimoimnunucisttemnpenmmbone.‘Fime proucess(bmw is theussmuini tom he ins therunuml
equmilibniumn wills lime emuviromusmusemut,Its line secuuunlstepthepressureof lime prtucess(bmw is
hmnmoght tom the emuvirommusmenul pressurethromunphm mom isnuthenummuil expmtumsioum nmr comsupressiommustep.
l’hse exerpydil’fcreumce hetweemutime pmomcessflomw mit time imuitimnh or systemsucomuditiomus (p,T) umusrl
tine emuvinoumunemulcomuditions(p, en ‘I’,,) is iumdicmtted mms lime thcnunom—mncchmamuicmtl our physucumi
exergyAE”. Subsequentlyus mi third stepthe processflnuw is brought tom chemsuicuml equmihibniuns
witim lmc euiyim’mluinieuul, Cimcruiemml cquuihihriumnuwitlu bhcm’mmvimnlmumncmml emnun he defiunedmts due stmutc
in which thechucunicuml pomleumlial ft ~5Ihe sumumuefor mill the counpomumemubs in theemuviromumnentmmuunl
iii theproucessflnmw’1. ‘I’he exerpychamugeins this third step is iumdicmtled mis time cheunicalexergy
(10). ‘lime exergy mf tIme proicessflouw winicim is detemussiumedusingthis proucenhunne,is equmnl lou time
simm of the thcmnmtm-mnccimuummicuulamid thechemmmicmil exergy:

F AE” E’tm’ (2.46)

‘I’he thenussomunechutuncumlexerpy,mis thedmfhu’remuceitt exergybetweemuIwol stumles.cmiii he
cumicumImmted directly umsi speqummtinumu(2.15):

AE “ H(p.T,/C H(p,,,’I’,.x) ‘I,,(S(p.”,/C S(is,,.’I,,./C) (2.47)

wherep. ‘I’ mind x mmmc lIme pressure,teusupemmmlunreamid con spomsitiomum of tIme promeessfloiw ummmd p,
miund ‘I’,, mmmc tuerelenemucep ‘essummemumnol leumspcmumlumne.

thncrummo umuen’hmmmmicmulexengy chuensicumhexergy

enviromumneust

Fi,gmure 2.1: linagintaru’ rem er,sihleprocessjim ut’hic’bm ri proce.s.sflout’ is brought to ‘qtuilihriunm
ui/h time cnm’iro,mnuent.

If a coumspmuuucmsl is hmm’csemul ins the emmvirrummmmmemsl ntef’imuhimun, lime clue ssicmml potemulimul is delemunninserl by the
luartial tmmcssure in tine defimmed eusvinousumueusl.[‘or coummspnsmsemmls wInch are usoul preseustmu the def’imsilio s.
the chuenmical h)Oteittiiil is demennsiimed lmy time cimensicalm’emudlituum by which lIme comssponcustcams I c
cmemumenf fmmuusm theenmyiu’ousnuscnui comupomsemuts(seeSectiomu2.5,4).

ht” h”1-

I Q (1)
couuuupoumuemsbs
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2.5.4Cakiutatiousof thechemical exergy

I hue cmmictm humlious o( the chmeuuuicmil exerpy is mooch marinecomunpiex.‘I’hse umiun omf thecmmhculmuliommuis
to oleterunimuetime exergyof mu nnxtuure mit emuvironmumemub connhtinmmus p, unmud ‘I,, ummud coummuposithumuof
Ii e promeessflnmw x,,. I he geumeruthmnelhuod four this calcumluit/umsis givens imu this sedtinums. A
detumileddescniptiounof tIme eqummutiomus used four cumicumlmiting time clsemnicmnl exergyof mu flouw is

3mvemm in Appendix 2. TIme stmmrtimsg poimmt (nun tIme cahcmuhmmtiomsunethod is the exerpy omf the
coumuipoumemulswhich fomnuuu lime referemuceemuvironunemul.‘I hesecoumumpomuenstsmire imudicuitedas the
cumviromummsuemnt comssposmmeuutsamid their exengyhuts beensetequal to zeromi emmvimnmummnemsl
comusditioumus, i.e. uml eusviromnmneuutleusuperalureumumol mit thepuirlial pressure mul which theyouccumm iii
time eumvirouuusscnt.‘Fhe pmmrtimit pressnurenuf lime cumyirounsumsemutcomunponeumlsdepeumrbsnun the
eumvimommuunemmtpressummemmumd the councemslrmuliomumof the cumnpommsentsins theemmvironusuenmb(x,,). lime
emmvirouummsmeumtlemmmperaluremmmd pressume mire usenl ims thecumtcumlaliomu asthe referenceconditiommus
(T,,, p,,)
‘I’he pmnucesslbomw four which lie exergymit mdc‘etude cmmsditiouss(p,, ‘1,,) is cmmlcuulumted,cmos
cunsisl out’ commupommemuts which mmmc present iii time emmyiromnunemutmumud nulhercommnpommueumts(which
emits be fourmed fmomums theseen nmpoumemuts).‘I he counpoumuentswhich mccur in theprtmcessflow mire
imudicabed mis the systenncommspomuemsts.‘1 he cmncentralioummof thesecounpouscustsis given by x
‘I’,,, p,. x,, ausnix mnre theimspul duutmm four thecmilcunimntiouu of theexerpynsf the promcess(bmw at
referencecmusnhliomuus. l’herearc differemut wmmys its which theexerpyof thepmmcess(bmw camm he
cmmlculutted.The nuelhomdwhich is m.usedlou calculatetheexergyymmiucs inn linis thesishasbeers
implementedin the flow sheetingprolgramnCYCLE-TEMPO four the systemimcuilcunlations
(partIII). This veryflexible usuethoudhasheemurcpurtedpreviouuslyby IMeijer. 19931.
Themnethsoml is ctmunifieni umsimug mm numericalexumunpieg’vcum in Appeumdix2 In this examnphetine
cmnlculmuthumm oil the exerpyoil unus equimumomiarunixtureoil CH1 mmmd N2 is considerent.I lere the
glouhai unelhoud, illustrated in figure 2.9, will beexpimuimsed.

de mumiximup d issodimutioum f/unmnmutiouu uniximig

GO,

cumvinomummnetut s”stemuu
—P~”ehemneuits—‘--~‘

coumuspommeumls compnumuensts

e —ri~— e°1 ~ e° ~ e° —~— e
_1) (I cI s

I’igtmre 2.9: Pi’occclmire for time r’ctic’ulatioit of/he cxeru~va/cm proceu.sjlosm’ at ref3rcnmc’c

‘cinmclition.s (in Appendix2 the completec’alr’mmlrttioiu i,s elaborrtted)
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Lmc’r,çu’ a/tine r’imt’i,’aimmneint rmt/tommemmt cit imrtr/irtl pi’e.ssmmrr’
Slumnhingtuomint fOr time exem’gy cumictulmutioms is time exengyoil thuc emmvirommmmssemmtdotmupomidmuts.By
nlcl’imu’ lion time exergyof line emuvimounnent comusupomsemslsuub lIme pmmntimmt pressumne mit which Ilney mmmc
prrsemmh imu time eunvumounummemut is enhuummhto zemom hmccmmumsethey mmmc in crhumihihumiuunmsm itln time
emsvimnmnmnmemut.Its lime givemu exumunpie(‘0 . C) , [1,0 umumnl N, aretime eusyimommmmsmemslaumni there
comucemslrmulioussmime giveum ins Imuhhc 2.2. ‘ inc exergy of mmii cnvinommnsmcuslcolnmmpomumemsl imml time pmumliuml
presszmu’eiii lime eumvimoumsmsmemul(eg.0, at ().2 hum) is i sdicmuterh its c, ,, where“e” innlic’utcs time
nsuomlmmr o~rspecificexergy I kJ/nsmomle I.

f2sergn of the eimt ‘iranmenmt c’aoupcnmeim/cit cit n’iro,mmimd’nm/ imro’.s.smmmi’: de-omi~mimmg

Becumumselime exergyof time emmviroumuuuemulcomimpolumemutsumt 115cm puirtimil pressureis kunowus (e,,, 1-I).,
theexengynil time cmsvimommmmuueumtcousmpouncuutscit time relianeuscepressutrecmiii he cut cumlatenl. ‘1 he
exengyof time pure emuvinoumsussenldomnliomidtih (e(. 0, uI 1.013 hum) is immnlicmmterf mis c’ ,, fOr
emuviroummusemutcommmmpomueumli wheretime sumpenscnipt“o” immohcuutesexergyis detenunsimmeniI/o the
comsupoument uml pressumnep. lIme exergyot( line prune emsyiroumsusuentcouusspoumeuu is deterummiuseolits
time (inst stepits figure 2.9 imurhemutemi its time ole umnxiumg step.

Peeps of thr elenmeints cit ‘imm’ironnnmr’nt pre.s.smure:ch,s so iatio,m rc’dmt’tioit
Sumiusequmemutly. time exenpyom( time tuumre emmvimomnmmnenulctumnmpommseuus cmums heuusrd o cumlcumlmm lime
exergyof lime elemssemmlsmit tIme sumusse eoumsdiliomns (p,. ‘I’,). In this secound51dm lie cmmvirmmsmmmcuml
couuipoimmeusls‘ohissome’mule’ into) Ihmeneclemsuenls(imu nuodecruhanfOrums). hueexergyoil tIme dc dusts
is denoiteni witlm c’. I/un elemnemut‘o, mm lucre “el ‘ imudicumlestine exergyof mmmi clemmuemut. lime exe‘gy
ouf time cleummemss mit refer‘mice pressurecumus he Ielermsmimuerfirommuu tIme cx rgy of tIne ptmne
cuss imomnmmemmt comnsmhmommuemslscmmlcumlmutcd im tine pnrcediumgslep. mmmd thel/rmmsmu iommu I - reverseol
dissocimutitums) remudlious exergicsof lhr c mvinommmn seust c m unpomsemsts.

Loergs’of time , s’,stent t’onmpoineint itt referenc’c prr s,slmrc: fornmatiain rectc’tioin
lun time tlnnol 51dm inn (igumne2,9 lime excr4yof Ihmc clcmnmemstsmit rcl’cremmcccounsnlit’ommms is ruseoltom
nhelenmmonueIhe cxengyof lime syslemmuconnupommemslsmit u’e(crenmcecommmnhitiomnmse’ loin systc mm
coummmposemsl i. mm hmem’e time sumhscnipt“s” imsohicumlesa sysleumucomunspomuicuit..In this cumse Iluc
f/ununsmntitmumremmeliommsf/mn lIme systemsscomutupomucuslsmmmc usedtom emilcumlumle tIne exergyof lie syst ‘us
counuptmuncuils.

Loerpvof tim ss stint c’anmpaimennt cit pit rticti piesstmre: nmi,sinv
Fimumully. lIme exencyo,( time puocessflouw is the so mm oil time exerees ol Ibsecommiupomn emits mIllie

1maniiuib puessumnes. I huerefOnetime exenmzyomf Iluc pruned0tii~(Iiid its is usedto eumlcumlmutelIme cx ‘mgy
of time syslemsucommipomsenslsmit pmmmlimmh pro ssuir’ (c I/mr systemunco nmpomnsemsl i).
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CHAPTER 3:
CAUSESOF EXERGY LOSSES

3, h IN1’ROI)UCTION

‘I lie tobmul exergyloss loin blue promeessimu mm ummil ompermmlinmuu (imemml exchumnuuper.coumnprcssolr,reuudtoun,
etc.)is cmuicumhuutedfrtummu theexerpyhumiammeeovertime ummuil opermmliouuu. Usiumptime counrelmmbiouns
oleveltuped in the previoumscimmupter. Ihe emmergy’ mimud exergyfbuws cumin he deteruniumedas well as
misc exergy’ ltmssesiii all umunm omlsenmutioumusin the sysmeums.1mm muummuuy cumses,ims mu simugle umomopermimiommu
ims a fuel cell systeusuour utumoutimen typeout cusergyr’omnvensiomuusystemsu,moorelhmmms muue proucess
oucemuns.C’omuusidcrf/mr exmmnupletIme mixing ouf twom proucessthaws.hum this simumpheprucessthe
Fussesussu y heemmumserlby severumlscpmmrmmieusmecimuimuisusus.Finsbly, lime differemmceimu coussposiliomu
will resumIt im exerpyhtmsscs,Secoumunily.if thefbomws immuve di(f’eneuslteusslsemumbunres,“heat trmmmusf’en”

(roumsu the html tom the comld Ibouw lou equmihihurmutc Ihe teumupermutumnes with lemud Itu bussesmis well.
i”immmuhiy iridtious will leumnl oiapressureniroup ouvertheuuuiximmp proucess.iemnnhiumglnm mm third typeoil
busses.I heexerpybussescahctulaledwills thur exerpyhmulance,dou muot iumdicuule which puirt is
dueiou thechmmusgeiii ctummuposiliom. whmichpmnrl lou thecimumumpein teumupermituremuuud which tom the
pressuredrup.OIlmen 0mb operaliomusswhich mu’e usediii mm foci cell systeumuii whichmoire luau
omume typeof bussouccumrsmmmc for exumunpleus hemil exciumnumpem.in whuchboutim hemmt ramuslermmumd
fnietitumu wiih omecumr, it refounummersiumm wimich exergymoussesmis it resuullof heunu tr,mmusfer, fiictioumu,
chmcmnicmul nemmdliomumsmmmsd mis mm resumit oil umuiximup wilt play mu romie, etc. bum ornler tom immdicuo e istuw’ lime
exergyltussesemits he ‘eniumced, it is im mpourhmnuul tom ideumtil’y thecumosesouf time cxcipy busses,imu
pumrticumlmmr If muuturethimmu omnme dniviusg lource phmmys mu mile. ‘I’his usmemmuusnoul omumly cmulcuhmutingthe
loulmul exergy buss, hub nlclemuumiumiumg which pmmrt oil tIme bnubmul exengyloss is dueirs which cumumse.
1mm this chumptena nuclhtmnh is develompedwimicis druesuntil oumihy Imuke imslom mmccouuuuslthettmtmml exergy
loss in mm umumil upenuulitmmm. butt Imikes imlmu umccouumbthertiffereumtcumuseoil theexergybussesiii mm
unit ouperaliosms.‘h’l e n mait issue us lou sepuurmmte time oliffeneusl eomumtnihuutinmnus lot time tomlal exergy
Ituss. In somsuecmmscs, thedi(fercmml proucessesoccurringin a umnuil operationcmmn hecomumsinlered as
imunlepemudemulsteps.In thumb case.theexergylossescmoshe sepmmmatedby comumsmdeniusglime
proucessestom (medium ser~uueuuhiuuhiy.‘I’his ummethsoudis timereloure imudicated mis “sequentimmi mnomdefling”.
FmIc themummmre emmuuuphcxumol tIpermntimmmss (the limel ee’l, nine refmmmmsmcr) scqueuuli~mlummmmdellimmg is umomn
possiblemmumd outhermnethtmnlsmore required.

1mm Section3.2 mm classificatinunoil thediffereust cmsusesoil exerpybussesis
prtuposed and the different typesof Inussesmmmc iumvcstigmmted separmitehy.
Suhsequenmliy1mm Section3,3 umnit tuperatioumsiii whichmoire thamstine cause
our drivimsg (ounce(mediums mirecouussidereth.Sequentialnnstmdelhngmunrh
courrelatiommsfour separatingtime exerpybussesin theseunusit operationsare
devehnmpedimu this section,1mm Section3,4 theexergyInussesasa resullof
chemical remndtioumssareeonsiderenhiii munouredetail, Usimupthecoumceptnm( the
‘equilibrium Ienmperature’mm nmmomrephysiemib inlempretaliomunil exergybussesin chenmical
reactionsis discussed.l-’iusahhy in Sectioum3.5 sonsseprapinicabuoethmudsto anahysethe
prtucesseswithin Ihe black hux mire devebopeol
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3 2.1 Idemmtificatiousof thetypesof exergylossesin thefuel cell system

Flue f’irst step is tom iniemulify which dniviusg (omrccsphumy mm momle iii Ihe f’umet cefl systcmss.‘l’hserc is
unoul mm sysleuuumnticproucedumneavumilmuhie lou idemuti(y lime ninuvumug (ounceswhich phmny mm rmle. Sevemmul
resemmrchuers ismmvc altemopled lou nleveinup this type of sysleuuu, f/un exmiummple IlCupemmerl, IButuerl
mmusnl I Klemske]. Htuweyer, these unpprommmcbmes mmmdhighly timeoureticuml unmd cummu umoul hue remudi ly umsenl

(our mmii exergymnmmahysis tul mmii actummul syslesum.‘ThereforeIhe dniviump (ouncesits tine fuel cell syslemsi
have heemu identified by umnakimug a list of umumil omperatiouns which mmmc presemutimu this energy
system uummd identi(yimmg thecausesruf tIme exergymissesfor eunchu oil theseumnil oupermutiommms.‘Fhis
leads Im, mm setof five mInis immg biarces thioml play mm mmdc jim lime finch ceil system.

Table 3.1: Tvjtc s’ of Ia s’.se,s anti cirim’ing f/urc’c.s f/mr time prctc’e.ssc.ooccurring in cm fici cell sm’s/ens

causeuf loss driving force symbol flow

hemul tnmmmus(er lemsspenaluuredilferemuce A’F heat

fnictiomum pressiuredifference Ap mass

mumiximug differemmceimum commuceumlmmuion Ac uuumss

eheumsicumhnemmdtituuus ohilleremuceium chuemumicumlpomleumlimul Ap usummss

electrical nliflcmencein dec nealpoulenlial AV chuurge

• lieu! /rarmsfer:
I’he dniviump f/mnce four luemut Inmumuslenis mm trnupcrumtunredi(leneumcml. \s will he shouwus.lime nomle ouf

time bussesitS ~i resultof heuml lmmmuusfOr is ye‘y imsupoumlaumhiii the (mmcl cc 1 systemm. ‘l’imms typeoil
busseswill he imnnlicmmleoi mis “imemut trumunsfianbusses”eveusthou mph mucluuahimemmt Ii ummssfer u mumy umol he
the ouc’cun (its theemuseof uuomms—isomlisemmusumlmunixiumg, (on ‘xumuusplc)m

/rkticnm:
A imurge msumusuhenoil pmomcessIlnuws is renhoiredtom opermmteIhme syslenss:I’ue , mum, flue pumsses,
slemumm’s, recycleflows, etc. ‘I hue olmivimug f/urce thaI is requiredItu musouve the flouws is the
differencein pressurehelweemupomimuts ins time syslemum. I’he comrrespoummdiumglosseswill lie
imudicatedits “fnictiommu busses”
• nni.xiimg:
11 Iwum pmoucessflouws mine munixed, lomsses mum y (mediumbecausetm( tIme ohflereusceimu Iemmspenmmlnmn’tmi
houth bomws, hecumuseol line pressumnedromp causedby msmiximsg amid hecumumseoil time dilleremuc iii
coumopnusiliommuhetweemutheflows. ‘‘lie first twm typesoil lossesInmmve ‘ml ‘emudy heemuinlentified ct5

iuemnt tramusf/mr bussesmumud fnictinmus bussesrespectively.‘1 hetossesmis mu restull oil time di(fereice its
domopomsiliommimmmc mm sepamumlecumlegouryummud wihi he imunhicatedas Ihe “mumixiusp busses”.‘lime driving
force I/u’ time usmiximug pmoucessis theohlferemucein colmuceumtrmstiouum(Immurtimul pressure)oil lb e
cosumuponentsoil time pu’ocessliouws:
• c’itenmic’cmi rcac/bit 5:
Ams iu’msporbumuut romle iii lime Intel cell systeusmis pl’uyed by chmemnicuniremudtinluss.four examimplei thr
fuel cell, mum the ref/mimer,etc. I our thur cmnrespouumdmnmp“cheun’cumi busses”Ihe dnivimup itt ‘cc ft r~m

mime Imemut Ibow is hmrotmontiommuml In Al. Ilntwcvcr, lime excrgy Imuss is propolrhiom tal In time dille emsccmum
Ill’. It emits he murgtmcnh that A( I I’’) is lImo nlnivimsg Iomm’ce (or imemum inanmsfdr,



ch ‘ sm’cuml remmetiommu is delenmuuiumenlby Ihe chensicunlequilibrium oil Ihe reundtiommu.If time readlinumuis
Ii r omut oil’ equmihibniumumu,tImedriving force is imurge. If lIme remudlinumsis ium equmihibniumum.thednivimug
mmcc is /cmou. ‘I’hcreloure time ohlleremucein cimemumicud pomtemutimmi. which muuducmmteshmnmw (mum time
chemnicuml m’emmdliomus ~5 oumb oil equmilihmiumnn,cmiii he cnuumsinherenlmis thedniviusg Emrcem
• electrical losses’:
In lwou dit’iereumt umnl oupermmlitmuusins tIne fumet ccii syslemomu dilleremuceimu clectnicumi pnmteuutimml plmuys
mm route. 1mm theD(’/AC-coumsverter,which coumuvertsthe )C-powergenserunbedby time fuel cell imuttu
AC pouwer. amid imu tIme foci cell itself. In huothcasesthedifiereice in chcctnicmul~0 eumlimul cmiii he
cnmnsidcncdits time dnivimug fOrce. Time exergyloosesin this pmnmup,will he iumdicateditS the
“electnicmul busses”.

All bassesiii the systeusucmmus heumttnihuled tom omume ouf theselive dnivimup (ouncesamid herefruretIme
chmmssificmitFuuuis comsupiele.Htuwever, lime cIumssificmutioumuwhich hums beenumsedis muoul mmhsobute,II
is poussibleto rhefimue thetypesnuf bomssesdifferemutly. Tom ilhumstrmntcIbis thedhedlnicalbuss imu time
(itch cell mommy hecomnmsmdened.‘~hebomsscswhich areIhseresultout theeieclrochemoicaIremudtitun,
mire indicu tedmis electricalbussesimu this classificumlionu.A muon’ do tuniherl exmnmmuina iomus of the
proucessesoccurringimu theehedlroudemuumd eledlromlyteshuouwslhmuut ‘ mum electrical’pu’oucesses.ep.
truunspnurtproucessesmmmsni cheuoicmulreadtiouns,maycomumlnibuite lou he pouimmnismntinmum losses.
Thserelomre,if thelomssesarccoumusinlererlalum mistime detmnilenl level, this mayheadkm a dilieremul
ciassi(icmuion. Houwever,il shomumidhe kept its usmimudthatwhe lien our umoul mm classificatiommiis
‘cnmmredt’ is deterumuimnedsomielyby Ihe fact if it is usefulour mint i u theanalysisoil umus eric‘gy
syslemms. Smuch ‘i ‘cmuuusuiiomms-scmisc’suarbimug-poimum ‘u nco’:ss’mry hum hurcveumm cuuuibessmhzuu‘,bicumh
discunssiomuusoumu time ‘coummedt’ way lou defineexergy mum d rebuttedcommucepls.‘ hechosemu
clmmssificmmtiomnhuclps tom clummi ‘y time exengybussesmum thepart II (“Systeum Amumulysis”) mmmd is
thereforeusciuml. bum themmcxl sectiomumthe di(lereusttypesof bussesmmmc imuvesligmuledsepumnately.

3,2.2 Lossesasaresult uf heattram sfe’

Hemul lrmumusfen m kesplmmcc ‘mm umumumsy 0usdompcratiois is th fitch cetl syslemo.Moist imopomnlcu nIhy
hucat is tmansie‘red to mind frtuumn thefuel mumud air iionws. I unftemmoomrchealIramusfertunkesplmuce‘mm
thewunsle heumi bonIerour stemumo pemurralour.Heuml trmmnsslempimuys mmmi iunpomrtmunlromle imum omliner u nil
ompermutiouns thmmms heumt cxchmummgersmis well, four exmmmmmpl us therelturuner mmmud theI/mel cell.
If mm ammmoumunml of hemmi mhQ is tnmnuuslenreol.theexcrgyloss o’muuu he n’uubcunluumo’rh (noun

Ivuun Lien, 19771:

dE~” T A’l’ nhQ (3.1)
(‘b~ P AT)’l1

where‘I~is the lemopenatureof th’ pr’nuanymnenhiunr A’l is thelemsmperuutunncnhi(fereumrc
betwecumI mc pnimoummy (‘b’1) uuumd secommudmurymoediumum(‘F,) mumud ‘I,, lIne temopermutnureou(tine
emuviroumsmssenl,Frumn eqummutioums (3.1) it is evidemul thuml theexcrgy bussmis mu resultoil Imemut trumusslem
imucremuseswith theuuuooumnml oil huemut trmumss(emrcd(dQ)mmmsd wilh the1cm upcrmulumredifference
hetweemupniusumuryamid secoumudanyummeohiumnA’l . Tine exergyloss hecoumoessunnahienas Ibm av rage
bemmuperatunreal whicis Ihe heatis trammslen’rcdheconssessussabler.lum mu huemut exehamuperlimo
leum’perm’tercs1’, ummud “ mire umout coumsutmutsl.‘l’hc tcmnpcrmm~unrc~change(pnumnhumaiby)mus mu res’m’ utm’
heunttransfer:‘ ,—11(Q) mumid ‘I ,—(,(Q).

‘1 hue pmimsmam’y usmenhumussis lime nucohioumum m’cccivinp lIme hcuut, time scctumsnluu’y umsediumuss dtumates blue lice.
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‘lou cumlcuulmubethe tomlmul exerpybuss itS mu resultoil hemut Iraumslbr iii mm hemul exchmmumuger.eniumuilmomum
(,.l) cmi u he iuuhegrmutedfynmusu 0 lou Q:

AEtI .~ Al’ ,~ IdQ~ (3.2)
.1 ‘ (II AT) 11

mm f’igu.mne 3.1 time henupermutummeof lime proucess(bmw apaimush time muumnouumml od huemul Irmu nsf’em ‘ed is
givems I/mr Iwom typesoil imemut exciumumsuiers:co-liouw ummud comumumler flow. Ii mm counstmumul heuut cuiputcily
c1 is mossimmucob four both flows lime temmupermutumnepromf’iles mmmc limuemum, asimmdicumted iii figure 3.1. nlQ
mmuud A ‘ cummu homlim huewritten mis f’umuudhiommms of I . dQis eqoumi tom (seef”pumre I. f/mn time muoitmilioumm1):

IdQ~ Q (mi)

mind thesecomusdummyleummpermmtumneuts lommctioumm oil time pniumumury Icusupermurime hecomunses:

‘I, (‘‘T11) ‘ (‘I, , ‘1,1) 1,
(T1, ~I1)

By elimnimuuuliusgobQ mumurl A I (—‘I ,-‘I’ ) mus time imslegruml (eqinuliommu 3.2) four coumuslmumul c1, line f/mltnuwimmg
erhummulnommu cuumm lie deniverl four theexergybussins mm nesuI of healInmumusler:

mm(~) hms(~) /33)
AE~’ I Q II ‘I I~I .1 .1

l’huis erhuumuliom cumus hue nused to cslimms,nlctime cxer3y loss mis mi resultoil huemul rummuslhr,f/mn ‘xuuusmplc
if the ‘xengy lotssesdiii tio h detenusmiuned(moun eqoumliouti (2.17) hecuuumse moire tiumnus om
proucessmmdci rs. A cmumuditiomm is timmut lIme eunbicnatumre p ‘omfiles it’d a uprouxim numle y l’mncmmm.

‘TI (‘I I CI
seconudumy nediumom(2)

secoummduunyumsedmumusm(2)

“I ~ .:
I. I pnimsumurymsscnhumun I ,

ci ~unimssuuryummenliummo
(I)

drl qIkWI dq q~kW

1”iguro’ I. I: 1/’iimpcrcmttmreprqfiies for itc’cmt trcmimsfer inn commutercmncl co-flout’ as.smmnmiimg
c’oimstcm,nt m’cmlmue.s jar timr’ hecit c’cmpcmc’itn’ (c’

1
) for botim flomm’.s’

Note ihumut Ibid secounnh smuhscnihul ouf Ilic temsulucnumiumnu, m’cfbns 1mm lIme imnlci omi lime ~mnmmmmarysinlc. ‘I hid
commyemmminunm is oseof to) msimukc il pomssihlcto mmsc oumme cnbouuimolmm Ibm tIne exergybussesmt houtl com iii I
comumuter h’bmuw bmcma exelmummmgc



3 2.3 1 ossesasmn resultof frictious

I’nictiom kissesits techusicmmhsyslemsushemunl Itu pressurenlroups ouvenhue unil ompermutitumusut mm
syst ins. hr gemuermultheseismuve tom heouvercommueimy umsimug a comnupressouron pumop iii the system.
lime womnk thsmnt Imums tom lie sutpphedto tIme (html tom overcomunetIme pressuremussis time hoist wourk mis

mcsumit OIl (midlinmmm. I lie gemuemumienbummutioumu (nun bosl wound ‘s (seeeqmmmmlioun2.9):

he exergyFussImouweveratsmm Pikes imutnu muccouuunttime hneumt whicis is gemueraledimu thepmoucess.
‘I’huis hemut represemutsmmmi exergyer1uuui tom (I ‘I IT) AW. Theexengybuss ‘is mm mesuilof imictitmus is
lb end/meenbumubs:

/ I hmighser lemnupermntures,mm lummger pmnrl oil theexergysuppliedto lime (html iii thefommusu nil womrk,
cumum henccnmveredits thelnmnmsu om( imemmt. l’Isis humus hucemsexpressedmis lime buss fumetonT0 / Ivmmms
Lien. 1977I.’l’he buss I/mclomr is eqummul lou b al emuvirolmumnemulleumupemalumnewhereal theexergyoil
thewtmmk supphedis bousl mumud decremusesmit higher lemoperalummeswherea Imu ‘per pantnuf the
exergydunn herecovered.

ii cumleunlumle lIme exergybussmugmuin adifferemul umpprouachis used. i.lqummutduum 2.7 shomws Ihuul four umum
mudimubmutic pm meess(Q 0) theemslrolpy clmmumuge is equaltom tIme cmi noipy gemmerumlioumu(AS=AS,,,), ‘The
o’xpres’uinmm f’our lbsc lummt wmmrk 1mm thecudimuluimmic pmou’essoimssnhif”cs mm’

‘line emutropy chsammg lou’ Q~()amurl W () loin mm 10cud g’us is eniumab km I Smo’lhs&vuummNessI:

AS mihlus II (3.4)
p

‘I Inis icmmrls o die I ullowiump rxpnessiommmsfor omsl wound:

AW mu It ‘I’ ins
p,

mmmd Ihe exengyFuss:

AE~’ mill ‘i,,hs (3.6)
pm

‘lime woundwhuchusmusthesopplieni(huy tIne coumopressourour pumusubu) lot lime fluid I/mm apiveum
emutropyinucremuseAS, , imucreasesat hnghuenIeumupemmutuure(seeenhumulioum 3.5). Bitt the exergybuss
doucsmunmt depcmsnlommu lIme lenopermulumme(equmuliomus 3.6). As mm resuil (our idemul pass’sthe exergybuss
mus mm resultoil inictiomm domes unit depemudoums time teunperalunre,ommuly nun time pressureruulinm p ‘p.
Agmnimm this erhuuumtiomuuwill heumseni to emulcunlatetime exergybussit5 mu resumbtoil (nictiommu if nuoure
Ihuamu tune promccssomccurssiumsuubtuummetuuushy.‘I’he rusetul bust wounk our exengybussins syslcmn
cuuicubmmtiouusswith he d’scussenlimu partIII.
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‘l’hme generaleqummnbinmuuI/mr theexergychumumugeof tIme promeessflow’s imu mmii openssyslenuis
equaiomuu (2.15):

E All ‘l,,AS

‘lime scisemoumlicmumiximug proicessis shmomwmm in figiure 3.2. ‘I’wom proucesslbomws (fbouw 0 mumuob Ibouw I)
mmmc musuxedlou mu simmgte flouw (flomw 2). ‘I’iue processis mumhimubmutic (Q_c()) mumud umo wound is penfor ‘d
Oti 0’ by time systemn(W=0). herd/me.lIme chmmmuge its cuslhumhpyumuuust he /ertu(AH 0) it5 well
muccomrdiumplou theemuergyhalunmuce(cqummmtiommm2. u), 1mm 11mm 1 cumse,time exerpyclummumpeoil lime proucess
flouw ‘s eniumul lou:

AE ‘l,,AS

II mini eumergyis cxcimuumsgcdwillu time emuvimouummncuu. lime cxcrgy lnmss is equmuml o time decremuseitt
exergyof tIme proucessflouw (Q=f.) umusrl W—() in equmalioum2.17

A Em

mmuunh ti’uercfhre:

AE~ h,,AS

1111 w=

f”igace 1.2: %ciicmbcmtic titi.nilng a/tm ‘c pi’ac ‘.s.m/iamo s inn rim apeit, .stecmciv-.stcttc.5 ~‘stc’tmm

(,3mussidc thesysl mis in I’ipum ‘e 3.2 whm me lwnm flows moe so rd. uummd t
1

dem ole lime toP, 1
umumusuheroil umuomles, lIme momnhenoil mumomlcs f/mm emuchu (ci eunsical)comuopoumemu i (Inum ‘~ I ,mum) is
nbeumomt ‘oh uy mu1 munol us1 resp‘c iveby. our huemsm’xedIkuw al tIne mu let the ntmtalioun smine i

the toutmut murnunhuemoil ummomles mmmd mm , I/un lime usummnhrrof ummomles pc eomnupommuemml.
‘the eumtnopyoil mmmi inlemul umuixtureis time suuooumliomo ouf theemilmompy oil lii’ eommsspommemmls uml II
pamlimu pm’essumnesI Suso is & Vumus Ness I. ‘I he chummu ge ‘mm ustrompy of Ihe pnomcess flomw m s ‘ me, t lb
tul thepressuredroupc’uun hewnilleum mis:

AS ~ (mu,s,,,) ~ (us11, 5~,) , (3,7)

II s,’ denuotestime cuminommy oil commumptume ml i ~mlslunmudumnol cmmuditiomss,tIne emulmompy ouf a comm pom m ml
mml lime puuniimul presmm uu’o’ n is ‘qumumI Inm

5, 5,’ II Ins (3.8)



Usimugeqeualinmuus(3.7) amunb (3.8) tom cmubcnutmutelime dilleremuce1mm emmtnmmpy four themoiximup proucess,
tIme ‘xpmcssitmmu I/mm theexerpymusshecomusues:

AE” I ,~ is,,(s,” Rhmup,,) mu,11(s,” Rimp, 1) ms,1(s,” hump,1)] (3.9)

Becumumsem’mom cimenniemmi memudtiommusoccur. time tomlmmb umumoheroil umuomles(our rumchu comunpomumenmli is lime
smmmmicmul ‘is ummud oumntlcl. 1mm oIlier woundslime umumumubuem mf uuuoulcsits equmunistheumununhuernil uuunmles (mutt,
foe i= 1 .ini:

us, ma, us, (3.10)

‘m’hucrefourcfour mill i= I .mu’:

mm, 5,’ ti,
11

5,” 0,, 5, I)

As mu resum I, the stamudmurolenslrtipy s,’ cum he ‘liumuinumled f/~m0 ‘nlummulioum (3.9):

AE”~ 113,, ~ [mu, imup,, mm,11 hnp,1, mu,1 hisp,~] (3.11)

SulustiluulimugIn p — hum x, + bus p (huecaumsetime gas is comussideredidemub):

EmX R’l’,, [ ~ mu,, Imux, mm,11 lumx,11 mm, hums,1 ] ~ [ui,~ lump i,
11

imp mu,
1

lmsp

\gain usim p cquuuutiomn(3.10) lie humsl Ienmsu camu hr cli usimsum enl. Fom’ mmli i= I .u 5:

mu,, limp mm,
11

lump ,~ Imuhu I)

Rewmiluumg givestime foul ouwimug expressiommulout Useexergybussmus a ‘csuit oil ‘solhernumumbmumixiumg:

A E~”m ‘I,, ,1I hi x,,, ~5, I Ins ~ (3.12)
x,1

3,2.5 Lossesasam’esul of ‘hemica ‘eactions

Simuuiiar to theIne’m mnsemul ins thepreviomussedtiom us. lIme bussesmis mu resultoil chuenniemmlme’ dliom us
uum’c cnmmmsidcreni(on Ihe caseoul mmmi ompeus.steady-sImilesysteumu.bum mummy cumsesthechcmoi umb
memidteunoceuursmul thesanue limsue astheuniximug proucess.l’our exmmuuupieii mummlummul puns is
comuohuslerl,un go. nermul them in munol fuel mire mmm’xed amudreactmm mu comunhunstioumui.une. [‘otn hue
mumimubysisof time cumusesou~’exergybusses,lime bussesmum mu resultoil mixing amid mus mu resumll tub tic
chemnicunirem dlioums cummu hesepumnumled.hum limis s ‘ciitmuu out by thecheuuncmnlreadtinumuis oil imslenest
amid thuemefourethemcadlumnl flouw is ‘nssumnedtom he ‘pre-umuixed’, as simtuwn in figure 3.3.
‘I he starting point f/mr thecumiculmutiommuoil lime exerpybnmss its mu resultoil mu cheunmicumircumcionm is buc
gemuermulexiuressionuwhich wmms deniveobhum theexerpymuss its mm ompeum. slemunby statesyslenu
(equmutmnmmm 2.1 7):

AEn Q(b ~Ij W /11

‘Time processcounsinberedouccuursat commuslummul pu’essureummud Iemrpcratumre.I’umrbhemmmmomreumom w url’ is
prouducedium lIme chemoicunbremmdtiomum (W_0). Lumengy tom tin lrommmu theprucessoccumnsounly iii lime
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to’ s cut tneuub. I lueretommelime emnerpyiummimmmmcc (enioumluoms 2.2) Ion theclucumunemul no umdtmolnu iuccommuscs
/1-h Q. Sumhstmtotummgtins mumuot time generumhexpressiolus1/mm tineexergychumusge oil lime processflomw
\E’~AlG’l’,AS) its blue exergyhumulumumee lemmols tom:

\F AH( I J All ‘ ,,AS

Al? \H (1 ‘b~AS (1.13)

i sumug u’ue ‘,‘hhs mmmcmgy ~ — I ‘m’S~eniumu imunu (3. ‘ 3) cumum lue u ewnilmemu ‘nm:

/ E?’ to AG (~‘ ~

I I pace . : I liemnmmc’cml re uPon iii aim open, .5/cccl~.5/ tt .5’ ‘stein it ‘ant. !cimtt pre.sstir mmcl

t ‘imtpc’rctttmm’c

In lip ‘‘ 3.3 at ompemu slemmo y lute p ‘omeess ‘mm wb ‘cmi cimemmucumbre’mc ion mccumrsus ‘epro.sens nI,
‘Time clneum al r cid iommm be’ ds km ‘u o bmausgc1 u eommuuposil’omnmIroumum s” to us “. ‘I Inc clumumuge ins
comnpnmsiluommu \n, cut heehmarumel niicnl umsi up him neundl’ommscomomrdi ‘mId c I s omlel. ‘Tb’s vmmm”uh c
wums mum noudocedis So.ction 2 1.1 lou cimanumeb‘rile Inc r’lmunm ge ~5 do) imptisi 10mm u siump u sim pIe
vanimubule, i’im readmimi coomnd’uumIc Ac is umscl’uul h emmose us shsomwmu ins Sectious2,3,2, i cmiii isom
hetusedto calcubutte ehumungesis Ihmenmsmomdyummnne promperl’cs. hue cimummuge ins Inc (Ohus dime ‘cy is
eqnmmul lou 1St mihm & V’m s Nessl:

AC Ap/c

‘Fine ea ‘gy loss ‘s hue‘chine eq m,mb tom:

/ A,” / o. (3.15)

livide u by hecxc ‘gy buss ii lie chucumsiemulr ‘mmcli mm is propontiousmullou the ‘humngc ‘m time (, ‘h us
enmempy. bus is ntmi wholly ummexpecteoluns time cnileniomsIon cimemsoemulequmihihuimmumsis hue
uoiumiusuirmu ious oil lime (mihubs esergy(seeSectioms1.4). 1 rhuuihihumuunmuuis Use mmluscmuceoil mu nhniv use
lource. ‘.xer3y bussesmmmc mm i mmmsiedimnteres mit ouf time presemccoil mu dnivimmg f/nce. huereOr mu
reiumiiomu iuelw ‘‘us the Gibbscusergychsummugeummud cxerpy bomsso’sseemstoigiemmi. A su’o’omuml ‘u’m s’ nk
wlnich cmiii he nsmmudeis thunt tIne previnmuusbydeliumedbussI/melon (111/b) is mupparemmliii
eqummubitutu 3.14. 1mm Ihe cumseoil t/’ictiommm, Ihe exempybussemits he cmulcohmmtedImoumum time bust wound
uusimsg time Inuss Ii dour. ‘I hue muss (mudbnum imunlmcmmtes whIch puumt ouf the hoist wturk is delimsilively iousl
(‘I ,,/‘l’) amuol which pmurt oul tIme dust wound courutol hue nrcouvcreniby utihisimugthe hemutwhich ‘s
gcmueruuted(I ‘I’, /‘I’). 1mm eohummtitmmu (3.14) lIme Fuss(adtotrhuts time sumunse mumemumning.II cunum he s mouwum

= ()

I
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11 ‘ml (1 mm exummunpieI DuuumhentI) tiumut iii mu chmemuncumbremuelinmuswhichhumnudumeeswound ohmnectly(f/un
‘x’un upic m clcctmoehemmsicmuhremudliommu us a fuel cell!) lIme msmmuximmuuuius umnuouummtoil woundwhuchu lime
‘emmdl tin eumnu unonbuncecoimnespomusdslou AG. BecumumseIhue ci emumicumb remmdliomu proudume‘s nuom wound
/ U ‘m m lie co usiolencobc )nuu~ue ely mis bosh wound. Amid cohumumliomum(3. 14) shuowsthmul mcexergy
loss is mugu is last o art n los,s/ctctam’.

2,6 RIcericuuhlosses

Vomlbuug boussosouccour iii lie fuel cell syslemumit 1w m oem lomums, imu time Inchc ‘lb mumud mu tic
l)(’// C c mum ‘mIen, ‘l’he voullumpe kissesin lie DC/AC-comuventer esmull in ‘m low r elccp’icmul A(
n’ wer ‘ru puul t i’m” is t~(’pow em s~mpphia’infl 1 tt’ ~‘oiven cm by limo 1’u c1 cell. The “Jo hdlwec,m
houth is imuchicumled itS lie commuverterelf’iciemucy. hi time D(’/AC comunverler, mere thehemul which is
pemmerumledis muol mectuveredlime exergybuss is equmub om lIme bust wound, lime exemgybussimu lime
pm ‘viomums sedlioums,hmusenlout mccommuuuuommsmu upromucn is thmcmnmooiymsmumssictext hooh~s,is cmuhcu Imuted
mvcn it umnu i-spcci ‘icrl linmuc i utenymul Al, i.e. inn I kJ I imsslcunn oil IkJ/sI wI ichs womuld he munoure

umppnompnimmteIOn slemudy slat’ ompemssystensus. mniuummliommus (our lIne ebectricumtbuss imucioric thecuumreuul
(ciedlnicm chmumrgc/m.ummiltumid). As ‘u result, its theenloumlioms four Ibid vomilmuge Inusstime tiumse inulenvuml
Alis explicitly used,lIthe vomltmupe bussmis mm resulto ‘the u’esisluumucemu the )C/AC comusve,’ cm us
\V, thecxc‘gy buss is equal10:

\E~

\ siumuibar comnrcbmuliom is vum ml ton Ihse bussesins ,m u checlmicuml mmuomt mm ourins thud gem enatotr. Its Ilu
fuel cell, Imouweven lie imnevemsihue h ‘mit ge ‘mum ed ins i c ccrouchuemumicum pmouccssis no. ouvenerl
mmmd shout d ho mmdc u i to umecoum u ins huecxc py hum ‘ use . lb ewoundw sicu ‘s ~emenu ten ‘m lie
1/mel cell 0 ye m pe“omof oil 1’ usc \l ‘s n umb to:

If lime I’uuc cci il enmul s ‘rye ‘sihbe, s vodlumg V 5 dO~‘ul 101 huen’ ersiblevoul ‘mgr ,, u sO U
w rk wIn’ch ‘s ge ‘mum ed ims isis cuts ‘s equal m:

W,,, V,,,, I / I

I slmooitch p Ui vomlI~ugelomss AV—V,, V. U e lois wo ‘F AW is tin ‘ bum I cell is erhumumbku:

\W W,c, W AVI/t

lime hoist w mmd W is ‘olnuven en ‘ito) Ii ‘mul ml lime h’ ph miuem a inm~I unup ‘rum run’ 01 uower,
‘umicuubmute tIme mmdlo’ul exengy,the boss ‘mudtoum (‘I /‘I) shuomoidheuip~ulienb.(‘omns’nbenitsp Usep ‘omees

‘ml commstummml I ompcnuukmc, lime cxc ‘gy Fuss‘mm he lecln uchuemsocuulrem dtion hecommumes:

\E~ ~ Ab I \I 3.16)

3,3 LALCUL I ON 01’ 1)11’ EREI I i’Y ES 05 ExER(;v LOSSES

1 3,1 Sep~uratimg tb eexempy lossesasaresultof ti ‘differ emit cirivimug forces

billie thirol tuum ‘toil tIns Umesis,‘System Ausalysis’, line nesuIts oil the Umcmummoniymmmunical s s nit
‘mulculatmounsI/mr dilferemmi bud cell systenmscure discussed.In mu system caicruhatiommu,Usec ‘r y
flouws mmumnl time commuditioumusoil tIme pnour’essfbomws mmmc emilerulmuhed.Us’tmg Umesedumlmu umusni th

it)



pressioumuwhichwmus derivedin Chapter2 (erhummulioumu 2. 17), time exenpybusscmiii he c,mlcumlumled
is ‘very ummuit operatinumuof thesysleism:

AE Q(I ~)W (B, B1)

hue ‘xerpy busswhich is cumlcumlumled iou Uus smummumuc’ is the kltumi exergy oss,i.e lime simm soil:
heatlnmnmmsfcr loss:

• fr’ctioumu busses’
uo’xiusp bosses’

• chemoicmnbbusses;
• ci ‘ctnicat busses.
Im Section3,2 tIme exergyhissesmire cumleulmutedf/in emuchuof these1uromcesses.hlnuwevem,ins cuuchn
cumsediscussedimm time previomussedlinumu, il is ‘ussommuedthuat oumu y om me proucessuccorsins lIme ousm
oupe‘mm iomu. As imudicunteni in mounnyoil Ihe umnil oper’mtiouis ‘mm blue f’ucb cell syscm m unomne11mm iou mc
causeof exerpybussescutm he fomumud. FoIr exaumuple, in it Inemml ‘xchanmgcrexengyFussesnuccumu
dime lou i-eatIrmmnslerammol fnictiomum. The exergybussesits mu lieu I exchammgercumnu imemelounche
reducedby eitherby decreasiumphue tcmnperatum’colilfenenuceheteceum thep oucessfbouw or by
niecreasimsgtime pressuredroup helweemuius amid ouUe . Which of thesemmur’ soreswill eoummtmihuumle
most tom reducimupIhe exerpybusses,will depemudoun lIt sic o lime respedh’vcbuss s. Ills
Ihercl/ureinnpomn aumb I menefourelou kmuomw lIne comm nihuntioumus oul theInictiotus lossesamurl lime oussesitS

mu resultnil heattramusferkm the outmul buss imu time hemul cxciu’um gem. ‘I wm mmmc houdscur’ umsedims Ibis
thesisiou separa’che rui”mOremir typeso” exergybousses.‘line Iwnu uuuemnsomusareimuaicmmmeu mis
“sequeuliab moomdeli’ump” and“detmoledmnoudchlimsg” ‘especively.

3.3,2 Secueustiahumsocels0 sepaate1 editfereusttynesoI e ‘gy k sses

In sequcumlim1 nnomd‘ibinmg thepm’occssis eounmsideredas mu serieso I stepswInch omecur I i umf’le’

umumouther.bus eacinouf thesediflememulstepsom by omum’ typeoil ouss ouccumrs. ‘I heexerpybomss ~ti ‘c ch
slep is cut cruhatedby c musside‘mug time stepmm5 ahuiuucd homy, ‘ h’s p ‘tucedumme,whicim will he
describedmum mumomme deaut hcbnmw. ‘s ouuuby poussihubeif lime c ergybusses‘us time dilien~uupromcesses
mmmc immdepoundemut.Comumsiderfour exaunple11w healexchmmmge’ mi whichbussesomccmun it5 mm restIt of
hemuttramisfer mumuol Inc mmmi. In Sect’os 3,2 tIne lomliowiumup cx uressiom loin hi exenizylosses‘us ‘u
mcsunbt of nemut trmnmusler is pivems tequmumiomum3.2):

AE~” I ~ 11, AT’ I) JdQI

Aim expressiommufur Useexerpybuss ms mm nesuI null iehiounuwasdcr’vcd (rob muliom n 3.6):

AE~’ m RT hi
p

lithe iumoucess(bmw tutu name s’dcoil thehem I c ciummumper is cnuums’nbcrcd(cit mc’ U ep ‘in mummy o ‘ time
secoundamyflnuw), lime pmncessIlouw mumudengoucsIwom cinumumpes.As lime proucessliouw pmmsscs
thumnuumghm thehemutexehamuper:
• time pressuredecrcuusesitS a result oil Inidlinums:
• the temnupermulunrechangesmus a mesull nil hmemut Ira sI’cm.
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P~

f’ignre 3.4.’ Secjmiemm/ktl mnnaclcllimm,p c?/ liccit trcmmnm/3r rtmmc//rir’/iomn la.s,s’cs

‘1 hesepro cesses(mediumat line smmmne humid. Houwcver, imu time expressiommuloin theexempybussmis mu
resunlt oil ‘ridtiommu theIemsupcrmmtunncdomesmuout umppcmmr.‘l’iuerelommc exerpybuss mis m resultoil I’nictioums
is evideumbly imudepemmdeuubol time teuuuperatrurc’’.c’nmuusequemuthy,I/mm thecmubcumlmmtioumu oil Ihe exerpy
louts, il is soul iuumpourtmuusl wimetimerIke pressureniecreumsesunaimuly mmemnm theimubet, mncmmr blue omumlbet or
whethertIme pressurenimomp omccumrs umuof/uruobyovertheimeal excimmompen.In all of thesecumsesthe
exerpyitussas mu resuil oil fnictinumu will hethe sumumme. Thmereftmrethe exergymuss1mm tIme heal
exehunmupercams hue emulcimiatedby mussumunmingIhal the pressuredrmpmumud the heattramuslemprtmccss
mmmc sepmuralestelus.‘this is imudiemulent imu f’ipu mc 3.4.Tueexenpyboussescan beemulcumimutcol (our Ihe
mmdiahmutic pressurenlroup Aim (step I) four htmlh Ibnuws umsimup eqmmmmtiomun (3.6). ‘b’he exengybussmis m
resruil oil lmcmn lrmmmmsler(step2) emmus he cumbcrmbmmtcnlcounsinlemimuglIme hemul excimummupenin li~uurc3.4
mms a hbunckhoux. II time pressurenbrop is commsidcredtom occurmut theomunt let, it5 iumdicmuledun time
diaprmumssrums lime nigiml- mummid side imu lignure 3.4. Ihe cumleulumlen loss lnmm cmuchmott thucs ‘ s epswill
noul chmmmge

Figure 3.5: 1 mt’a a/her e,nantples of sequent/ia!nmoclc 111mmp to .sepcirate exerg5’ Ic) 5 s’eu cm s a

rn’s nIt cf chiffcrc’imt chm~ii‘limp /0ret’s

bus figure 3.5 twom ouUmcr iusmpnmrlmsnl processesmmmc shuouwum fOr whuichu time exergybussesmine
selumurmutedusinug sequmemulumubusnounleblnmug.‘b’bme f’umsl proucess(beb’l—hnamunl side) is uuomuu—isouthcr mmml
uniximup, Ihe secoumudis comohrmstioln.wimichs iii the loch ceib systenurefers tom thecoumobrustiomumof
mumuoudetill—gums. Seriunentiumb nnomrbclbiuupis basednun lime (met thumut diliemcumt typesoil exergyltsses

duneto lime uussouustmtioun limmul lime gums biebtuuves mis aim inheumb goms, nlI-{kh’t oboes muolt depenunt oum turess m e

— I’nicliomuu buss

2 — huemul lrmmnsfer

/ ‘I

\hu

0 ‘1 = 0

mmmii isohiucnmmsuuhmm ixinug mmnhiumluuut’c’’omnsuhumstiommu
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‘me o nunoustemusesunsolepemunleuml.‘I hns us mute f/mr lime process 011 usmiximup. b’omr lime isolluenusmumb
processwills umegligihubepressurerbm’oup. ins Sectionm3,2 tue f/mhbomwimue commrcluutitmnu wums rhevebobucol
( r~uu lioumu 3. I 2) f/mr Ibme exerpy botss:

\ F “ ‘I ~ mm 1mm ‘ I In
I ~,

11
I

lmu Ihsis erlummutiomum ommuby Une usumusuhueroil usmoulesn ummuol mu Or’ l’rumcl’ommms x, omccumr. ‘I hmcrelbrr’ lime buss its

mm m’csemlt oil mumiximug is imunlependenmloil houUm pressumnemmml lemuspenumlumne.I situp lime fuel lismul Ibm
m s’xi up promeessis ii dependemutoul hnmlhm iurcssuunemmml tcmsmbuenmlute, lIme ctmumstuh x processcumum hue
seuarmmted imutom Ummee steps mis imudicumlemb in fig nrc 3.5:

(I f’nictiomns:
(2) imemul trummusier:
(3) mumiximug (isomhmenmummul:A’ 0).

Ammoul men ummuil opermutiolmu f/In wimicis lIne exengy bussesmire sepumrmmlcdhuy seobumenulimmlunoudeblimp is
l’sc counhumskr.h lii’s osit opermuliom bid amud mo (tin omlluem oixidm ml) mum nixerl uumurl time pre
isixed ~unomccssi’lomv’ is n’ouunhmmstcnb.‘lime processis sclucumumuticumllynepreseuteob its time diuupnmuumm ons

tIme right bmummmd sideoil I’ipu mc 3.5. ‘ hue suiximug step usummy inuvoulve mummy oil time threesteps
m sensl otnuedmuhomme. ‘I’he exengybussesiii I mis comusuhuruslioun pnomccssemits he n etenusnumedii hue
siunbulestwuny coussideniumpUns lunst slebuas mu hIm cd—buomx

3.3.3 I)etailedmm’ oddsIou separmutetime diff ‘m’emst typesof ixengy tosses

lie seoluucnsliumlunsetmomnl ‘en~rm ‘em Umu I ‘xengy bossesii tIme commmuhuhexpnomc ‘ss I ,m ummit
operumlioumsmmmc, or camu heeoumssidenerbmus, im deucmdc sI. ‘I Ins is tiot Usecumseloin mull runi
ompenuImom us. hi Ihe l’ocl cell systeuunlhmem’e cure 1w m iunp mnt’unl uouil mperm iouus in which tIme
di(f/mrcmml pm m ‘ess stepsemmum nol hesepurum cml buy senbumemmtimmhmonoebbiump: Ume n’cf/mmmsmenmmnnb Is
butchc II As mm resum I, loin lhn mc umusil uponaliomus a m uture detm ibeob cmubcolmutiomns is req u’renh. Its
pm nticrnlumn Uue ‘xengy btusscsmis mm esolt tub lieu I tr’u sIc’ mm mob mis mu resoIt oil time cisemss’c’ml m mid
eledlrmcli ‘n micu I m’emmdhiou m mmmc dill’icrmbt to sepmmnmIc. Au exummushubecumum iblumsl ‘a r isis,
hi I/p me 3.6 seqmsestiumb unomohellinupis riseIto cumlcumb,mlelIme exenpybussesf/mn u cluemumicum r u clout
mu threediflencuntcomub’ipuunmul’omtus.‘I lie pmouc ss l’lomw o’ommmsists ob 1 numnubec h-I mind must be 1,0. In

Q (1000 C) C Q (1000 C)

600 c’ 380 1 600 1 600 1 6 (0 C

B Q (1000 (

I p ._ I buar
V 01 ItO) — 1:1

600 1 805 C 601) ~‘ mu = 2 unomie

~ ~e 0.1 musoute

1”igmurc’ .16: i’huree clitfercim/ ag/bits fOr irmoclchhing a rent/b/u nub/li bmecut trcu,n,sfer seqtmeinticihl~.
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lImo mc’mo’ ou ‘ tIme refonmummungnemudtiousouccours((‘Il1 + hi ,0 ‘ 311, + (‘0) ims wlochu IOU tub umuethummue
c mmmvcntenh (Ac 4). I ussoule).‘lime hemut C) is suppliedmut 1(1(11) 1 . ‘b’bmc lenumpermulummemul Ihme hun is

it let umumol ourutlet is 60(1 C. ‘i’bme luemut C) is ruscol study four tine nelOnmsuimmgremmdtiommm.
Isne’ dims ‘5 h mvc heemucuihcrmlmmtenh:
\ I hue mmoxtum‘c remudtsmurliuuhmmticmmlly iii limo memudiour, ins which tIne tenuspenumlumnedromius

to 380 (‘. ins tine muexl step lime hemut is sumpplienl lOu t’dhidctl lIne process‘louw lou 600

‘b’hnc mmii litre is first lmcumtcd to 805 (‘ muon timens nemuc s umnbimuh’mticmully its lime remdon,
wisichn hums mum omumliet lcnnmperumkurcoul 600 (‘:
‘lime ncumdt’omm uumunl Imemul Inmu usfbr mmmc siunuillaticourms: lime isemut is srnpph’eddrum imup lime
remuctuoumsdeep’mug thelemumlu” mtu me umt 601) c’:

I’igurt 3. /: I)i,sii’bbuiiio,m of thu ‘,serpm los,st,s (per inmoln’ ‘11~)a,s cm ,‘e,su!t aft/ic c’hueitoo a!

rc’mt’ti”ii no”! lt’’ti ti’co’s/ ‘r/oir i/mn’ i/urn’’~’n’ s,’ s/tnt, in in /bpmmr’ 3,6

Im ,uib lh ‘e di 5 5 II ‘ kulu erpy loss is U smosie(do siol :nmg Ume process‘ s ,m hubuicd~l~ lh
samneIlouws gnu ‘n ‘mm d unit oil thur pmocrss).Howes ‘r. time distm”huuliom u of Usesebussesis
o ‘Ifbremi . ‘ mis m smouwn ‘m ‘ipumne 3.7. 1 his anmupl slmomws u cx rgy lotss‘s mis ci ‘esuill if Un
chmemsuicmul rem cOons‘mud Iscumt I ‘mmnmsf’en sepumnumleby. him’ ~ivcnmmpcc nnpemmutmmnediliener cc I/mr I nut
Ummuisfhn is 510 ( 10’ cmuseA, 300 (‘10’ ‘itSd ‘3 ‘mn 400 (‘I/un dii5d I (seel’iguu ‘c 3.6).’
ohiffercuneeit ‘ ven~mgeten m ur rumt ire leumnls tom dilbe ‘e m ‘mImes loin 1 e n xn r/y oss mis it n sun 10)

hemml trmmuisf’er mu cums’ \ In ‘ cu ‘rpy loss mis ‘i res mit oil huc’ml Inmumuslcu is ome m Imurger timumum mum ‘u so
B. Cumse1’ l’es helwe ‘mu boIls oilhcn c’mses. ‘Fine Ilu ‘cc cumsescouussidcnerbcommu’cspoumd 101 nlib(cmr mit
assrmuniutiouis wilhi r ‘sped o U r processwilhmimu Ibm ‘ meumet ‘. If’, imu time gi cmi c ‘munuple. U e
tcnuupermmlum ,,,file ju’ there~md1,mrii. Iium~uurPl’t/dç ~1’(mnmsI~,mm1 1ur ~x”ngy ln~~lhistr,h,,1’liti
umppnoxiumnmmterbby cuts ( . II lime nemudliomi ouccorsv ‘my List ummuni huemml I ‘mumusbOr is tine sbomwenstep
Usedislnihuotious oil busseumnu hemmppnomximummutcdwills cmuseA mmmd if lime reuudtiomn diumetics uo’c sbus
ummud Imemut Immmnsslbr is ‘mis dit5d B will he limo choscstmuppuommuchnf/mn Ibut distnihumtiommmoul busses

hue cxuummn~ulcshuows Usmul tIme n ill eneuml apbunox’musumtionusle’md to nhil’f/mnenmt resultswitlu nesmccl o
time distmihumliomuof exergybomsscs.loin thousemmusit omlueu’uuliomuus wiserenhf’l’c ‘dust bi~0dd55mmmc cbousely
huskedlime hI’ucd houx muppnoimmcbmis Ihserelomnehtml sumllicienut. I is nuecessummyto dmmomw wiliu somnume
umccuracytime teuumbu”nalumnemmmd comusceumlrmutiomunproml’iles wiblum tine promcess.ins lime fuel cell syslemm
theremmmc Iwol ummmit oupcruulmolumsf/un which tIme scriumcnnliumb mmsommbcIliumpdotesmmoul yield goionl ‘csudts,
I hueseumumil ompenumlioussmmmc lime nebolmunnenuunsd lIne fuel cell, Ins then’umse oil thend/moser,time hneum
winch is usedins tIme m’ef’omnmiuup remudtinumu is trmuunsb’cmrcd f’ntuumn lime f’imue gums tom time cumtmulysl h ‘d.
l-hm’mtt tmuumum ‘.,n munmol o’isrmmmiu”ml rean’lirnmu mun,7 tiseneforeoh i reemby u’ormpheoh. 1mm tbuc immel calI tine boss, s
ims lime ebcctrouchmeumsicumlnemudlioumudepenobstronglytanthe lennupermutrurenlistnihuutiomun iii time f’rmc I
cell, Counsequcumlhy,loin limeseumnit ohuematiomusslime exergybussesemits muoul he selumunmutedby
sphiltimug lime ~unomccssus sruhsequenlsteps(e.g.clcctroucheuumicmubrcmmdtiom us i/mltomwcnb by hemut
trmumssfer).
‘our houthu immuit olucnum ioiums ‘u delmuihedusuondethums beetsmusmude. ‘I heseusmoudelsdelermssiuue

cxcm’gy loiss IdJI ~j ciseuunicmuh
I ‘lse’ml I ‘uuuusfen
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4)



teummpoanmubummcproufibeswithims therelommmumenmumud fumebccli, respectively.‘Fhesetcmmupermuluurc
pnnmfiles canhue usenilou delemunimmewhich pumml oil theexerpyItussesis duekm healtrumumsier unnol
whiicl’n pumml is duetom thechuemicumi mumud ebcdlromchemuuicmulnemudtiommus.l’omn thefuel cell mm rietmuiled
unoudelis deveinupedfour time systemumcumtcumbmutinmmss(seepartII) . ‘Flue datumwhich this mmsoudoi
pcumen’mtcscumum he usedlou cumlcoutatetheexerpybntsscs.l’oun therebOnusuermi himuck homx musounlel is
usedimu lIme syslemum cmmbculmmtinmns,A msmuredetmuihedunounleb humis beetsnlevehoubucolspecilicumity lou
c,nhcolatelIme exerpybusses.This nuoudelis olescnihedmu Appenndix3. ‘lime rbetmuitcdmsmoudcbs mmmc
usedtom dislingumishtime differemultypesoul exergybuss ‘n homlim umnuit nupermilions.As ilbumslnatenh‘n
figure .3.8, mutul all bussesmire cmubculatedin thedelmuihedunonbeb.In the cmuscoil lIme ncf/mmmusem,time
exergybmsscsmis ‘u resumil of Imietiom u mmnd uts a resullol ssixinmg(stemumsu-m- mmalum’ml puts) mmmc
cumleumlmuled mn priouni. ‘Fhe oletu ibenl mnoudeb is Iheummused lou caicumimutesepmmratebythe bussesits mu
resumlt tuf Imeumt Iruuumsfcr umnud as aresull oil the chemniemulreuudlimmns.1mm the (ouch cell blue fu”ctiomu
bussesmmmc cmuhculumtedsepummuntelyitS webb. l’heolelmuiled uuuonleh is unsenilou cmnbcubuuletime lossesmis mu
resultof heunt trummusler amid as mm resuiloil the chensmicmubmunsol theebecbromchuemmsicmmlremudliouss.

it) n eiuurnmmcr msoudch ,~ ‘°‘~~ detmnitcol nmmntolet m’el’ormumc,

/m,ei

nmm mx,

lu) l’rmcl cell nmuo old olciummlerl nmmorlel 1 umel e ‘II
alnfff,i~Q A

nat/mode t,’a,s

f/par’ 3.8: i’lmc rn/c of thin’ n/c/allen! innunlcl inn u/n/n rinirubng tIme emerg5’ Ia s,se5 pn’r typefar I/mn’
refhrmnn’r armn! i/in’ JOel r’ell

Cahcuiat’omm out theditberenttypesof exergylossesfor tine refourmer

‘I heexengyhoussesin lie relnmrmumerrepeumdon commncemmtrmut’ommssamid 1cm uluerumlure.As Uses’ vu my
iroumn its- lou omuliel mubomumptheref/inner,theexenpybusseswill yummy ums well. ‘~henebommetheexerpy
huss cuulcumtumlioumuis humusedommn lime cumlculatedpmomfilcol tub leunpermulurdamunb conno’eumtmumtiouus,i’our lime
o’alcrmluutiomnuoil thesepm’omfilcs imu lime rd/innermumnmdcl, lime relomumuenis divinled imulom stmhusectioms
(figure 3.9). h-our emmchof thesesubsecliomussmuil Ihenmuuouniyunuumumicabdumtm mu ‘c cumhculmuled, ‘blue nhumlum
wimicim arerelevantloin thecalcumbuntionmuoil lime exergybussesimu themebomnusenmmmc:

Ac, — chanugeits nemudtioumu comordimummleloin therefouruniumpmemmdtiommu inn lime cmmlmthyst mcd
- Ac — chmmnge imu memudliomum conlrdiummuleshift remudliotmu in lIme calmulyst bed:
- 1, — temopermutureof thecumtuuhyst bed

—
1

I’ = lenspermulutmenubtIme flume ~it5 chmmmumncl;
AQ = hemut trmunsferrcdimounmu Ihe flute gums lou time cmmlmubyst henl.
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sumiusectioun

flute gas

CII)

11,1) iunnumbruct gums

cmutmulysl hucol

fig urn’ 3. 9~ A s mth sen/bonnof’ thin’ refOrmer nlefbnmen/Jinr tIme n’ntln’mu la/bait of temperaturecumin!
n’anmn’n’nmiraiiaim projile.o (f/mr tIlt’ ,mmonln’l .oceAppendix3)

Lmmchu oil thesevariablesis calcumialedloin all subsectioumus.Usimug theseohata time exergytossesins
thesumbsectiommmcmmmm hue eumleumlumledusimugthe equationsdevebompedin Section3,2.

Hcnut /rntnsfOr
Time buss mis mm resumitoil Imemul trmnumslemcmiii lie cmmbcrubumtenbuusimmg enhummuliommu (3. ). Using the
Iemnpermmlunrcof tIme cabmuhystbedTI, (pnimommry) amid flute puts TI. (secoumudmimy)amid Ike heal
trmmuss(eu’n’erbiii thesobsectiounAQ. the exerpybussenhumuls:

mm ‘I A’lAEn AQ (,u.b7)

whereA’I’ is thr di(feremmccIuclwecmu lime flute guts lemnpermmture‘I’). amid lime bed teusmpermukmre‘1

Chemical rent cibanu.s
T’he exerpybussmis it resumit oil the cheunicum rccmdbiommmsrequiresemulcobmutiumptIme (nIhuhsemmergyoil
remudliomum loin hoilh time shill remudtiomum A,p, mind thenelommumiumpreadtiomumA,p, (seeSe‘tion 3,2).
Bomth remmdliomuusouccunrunt bedtemuspermuttureII, ‘l’he exerpybussmus ut resruttoil houlhu cheumuicumi
memudtiounscomunhiumedcumus he cmulcumimmtcdumsimmp equmutiomus(3.15):

AE~m~ T°(A,p, Acr A,g, Ac~) (.3.18)

Calcmulationof theexergybussespertypeof processfor tiue fnueb cell

Thedelumiled msomnleloil theloch cell is split mIni suuhsectionsums well (liprure 3 10). In the bum “I
ccli mnomdcl mu subsedliommucommutainsthreeelemusentsfour whichthetemoperalumremumud nuther

1urnmperliesmmmc caicruhunted:themumuomobemmmmd thecalhodechannelmnmsd the cledlmomlyle(tine nmsomnlei is
describedexteumsivebyimu Chapter4). ‘h’he subsectioumupuurmuuumelerswhicharenelevamutf/ui time
calcumlatiounof theexerpybussesare:

— V = cell voubtumpefour time suhsecliomum:
- U = curmeustfour the subsectiomum;
- A

1 c, — changein reactioncoomrdinatc(our lime etectrouchemoicalrcmmdtioun;
Al c, = chumumupeus remudliouncomommnhinnuutcfour Ike re(ounmuuinpremudlinmum;
A c, — chaumpeiii remmdlioumu eomnmmnlimumute(our the shift rcmndlioun;
T ,, — tempermuturemumsodechmunneh;
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i ‘ temiubuermumurdcmumumomucetimunmuct:
‘1’ -- lemnshuenumhrureot(time electromlyte:
A Q, luemut trmumusf’emrerb i’m’ommnm lime dleclrouhyk’to time munsomnbcgums Uotw:
A Q hnemut lruumusl’emrcnb I’roumms tIme elcetromlylelou tIne cmuthodc~it5 floss

Usmug,liucsceuubcunlmutcnhvunbumestime exerpybussesf/in every~urocesscumun hue nlclcmnmuinncnb.

umumomnlc chummunmuel
snuhmseelmotmu

ittmomnld 4it5

emil Imoto c guts

cmmlhmotnhe~~ I ciectmobyle

f’bguurn’ .3.10: A outhsn’ctbanm our ,s’uth cell of i/tel mmcl n’n’lI n/c/Omen/far i/me n nmln’mmlnutiatm of
/ ‘mnmpernl/nrn’ numnl n’a,mn’enmirni/baim pro/i/n s (seen’Imnmptn’r 4)

Heat trnmnmm/n’r

‘I’hc exenpybuss‘s mis mm resumll oil bucum In amuslhrmmmc 0 umleumlmmhenbsepumnumlely I/un lIme munoniechmuusumci
mnmmd lime cumUmoude cimummummeb.II A’t’, (mum mm,c) is lie lemsmpcrm Inureolilt/renscebuetweemuline ebedlmoubyle
mumud Iheprocesshouw im lime c smumumsel (mu snide,cunthuode),hisems lIme buss f/mr hue ml It mmmusfcm 1/omum lime
ehedtroutyleto lIne cumUsoudeccn hecumlemubumbedusi up:

A E~” ‘F, A’l (3.19)

mummd lime bums mum mm nesmmlt of Imemmt tnmuumsf’er nu the umnuoudn lnoumss:

A’l
AC), (3,20)

C/men-iinn!
‘lime exergybussesit5 mu resultoml cimemumicumb ncumctiounssc’muu becuubcumhuutcdins lIme smmmsse mummnmun r itS

time commmcspondimspbosscsiii Ume nefommusen,bum calcumlumhinglime bossesimu lime nd/mimer, lb e
mussiummuptiounswuus nusanle,tiumut time shift muusd lIne mef/unusmimugremudtiomumsnuecrurumi lIne muverumpehucol
teuuspcrumlrmrciii time srmhscctiouun.(‘oumrespotmudiumphylime lemmuluermutruremul whuicim theremudtiomunsoccumn
imu time fuel cell is mussunuedlou he equmaltom lime cicelnoulyleIenuperuukureI,. ‘lIme exergyboss itS a
resultoul chuemumiemmbremudliommus mire liucref/uncequmub lou:

(s,~ \Er \,g Ac~) p3.2’)
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Licetrica!
Finally the lossesasa result of char2etransferin thefuel cell arecausedby polarisationand
ohmic Losses in the fuel cell aregiven by:

A \ VIA (322)

3A CHEMICAL EQUILIBRIUM AND EXERGY LOSSES

14.1 Chemicalequihhrmm

I ‘or eachprocesswhich occursin thefuel cell system,a driving t~rcehasbeenidentified. For
heat transferthis is adifferencein temperature,for mixing proCessesa differencein
concentration,etc. ‘I his driving force is important becauseit deterninesboth therateof the
reactionandthe(exergy) lossesin theprocess.In mostcasesthis driving force is readily
interpreted:it easyto understandthat a largertemperaturedifferencewill leadto alargerheat
flow, a largerpotentialdifferencewill leadto a highercurrent,etc. ‘I’he driving Prcewhich is
difficult to understandis thechemicalpotential: thedriving force for thechemicalreaction.In
this sectionamore physicalinterpretationof the exergylossesin achemicalreactionis
developed.~I’hebasisof this discussion is the equilibrium temperature.Usingtheequilibrium
temperature, theexergylossesasa resultof achemicalreactioncan beinterpretedin a
mannercomparableto the lossesas aresultof heattransfer.I irst theconceptof chemical
equilibrium will he considered.

p, ‘L

I’Ca(’IiOfl

Lu figure 3.I 1 the generalrepresentationof a chemicalreactionin asteadystate,opensysLii

is given. I~heinlet composition is given by the vector u [mold. It the outlet composition is
given by the vector n, thenumberof nioles for componenti at theoutlet is equal to:

‘l’lie chang‘ ‘n numberof molesfor componenti, An, dependson the chemicalreaction.
Using the reactioncoordinateintroducedin Section2,~3,the outlet concentrationcan hc
written as function of the reaction coordinate:

n~ n’ v~Ac (3.)f)

Using the number of smolesat the inlet n~amid the stoichiometric coefficient Av ( ~ v) for
the total reaction, the total number of moles(ml ~ mm) at the outlet is equal to:

ii mm Av Ac (‘I. )4)

Iw

I’igimre 3. II: Isothernmal si’SIeni ii? 0111(11 iii (Ofll/)OSiIiOJl (ha,1ges (11 (1 15 suIt (1/ (1 (IleFflil (11
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For a steadystate,opensystem,thechemicalequilibrium is determinedby theGibbsenergy
G. If thereaction is in equilihriumnat the outlet, the Gibbs energyof time flow will be minimal
(e.g. [Smnith & Van Ness)).~I’hesystem is consideredat constantpressureand temperature:
theC ihhs emiergydependsonly on thecomposition.i.e on the reactioncoordimiate.‘Lherel)ire
thc chemicalreactionis in equiLihriumn at theoutlet if:

~heGibbsenergyfo~aprocessflow is eclual t :

G II TS

if g~denotestheentropyof component at staidard conditomis,the Gibbs emiergyof a
eompomient at th partia pressurep1 is equalto (e.g.[Smith & vami Ness)):

g1 p° RTLnp1

I-’om tim idealgasmixturetheGibbs energythereforecanhe calculatedfiomn:

G ~ n1 g R’l mm1 lop1 (3.25)

whereg1’is theGibbs energyfor thepurespeciesat standardpressrrep°andat teriperature
T. Thepartial pressureof componenti, assumning ideal gasbehaviour, cami he c~mlcrmLtted f s)m:

Usmnh he xp ‘essionsfor n, (emuttio i 3.23) and (ccuatiom 3.24) thes ‘com cite’ ) 1 thc
right hamid sidecan he ewritten o:

n Li p (mm~ v,Ac) (Li (i~ v,Ac) Ii (n” AvAc) lnp)

I he (Ii mb ncrgy G of theon Let flow i igmmre31 can herefo‘e he wri temi as funetio of
thechangein reactioncoordinatec timid theinie flow i”:

G ~ (n” v,Ac) g ~ m V
1

t.)Ln tmi,” v,Ac)

R~I(n’” / vc) (In (mi Aye) lnp) (3.26)

/ s am examiple the eformi ing re~m’ion wil heCo iscered.As hefor’ thesystem is i st ‘ady
state,opensystem. hc inlet flow CO isistS of anstoichiomnetmic (1: 1) miii x ureof I hO mmd
(‘H1. The reformimingreactionis g enby:

CH + F,0 311, (0

I he compositiona lie ocrtLet ~mbecharacter,edby thereictioncoomdim a ec. 1 1). ii

chemicalreactionhasoecrmrreclandito 131 amid CC) arepresemit.0mm theother handc
indicatesconversionof I mole of CL-I1 (i.e. full conversiomiof OH1 and11,0) whichr ‘s mlts ii

au outlet flow of 3 moLeH and I mimoLe (‘0. For till vahm.Cs of cbetweenI) timid I theoutie
flow consistsof a mixtureof Cl~i4,1-1,0, H, amid CO.
Usimig equaion (3.26)theGibbs emiergyof lie processflow at theormtiet of the syst ‘in has
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been calculated as a functiomi of c for the coruclitiomis 600 C and I bar. ~L~heresm.mlt is shown imm
figm.mre 3.12. For the given imilet composition timid conditions, time reaction is iii eqLmilihrium if
the reaction coordirmtmte is 0.47 mriole. To calcimlate the exact equilibrium value the derivative
of theGibbs energy is used. 1 his leads to the clefimntiomiof the fourth reaction property(sce
Section2.12), time reactiomi Gibbs emiergy:

A ~ (3.27)
dc Ii

‘I he critem~iomifor chemicaledLuihibnicmni is:

A,g(c) () (3.28)

G [kJls] L~o[kJ/mole~

-681) 500

-685 250

701H
0 0.2 0.4 0,6 0.8

reactioi coordlimiater [mole]

1’)gure 3.12: Gibbs energy (G) and Gibbs energy ot reaction ( f,g) at the outlet of the ivstein
am a tune/ion of tIme reaction coordinate e (i.e as function of the con lervion):

psi bar 1-600 CJ4r an initial cOmposition 1 inmole CU
1

and] mole 11 C)

Using theexpressiomisderivedFir the reactiomienthalpyamid the reactionemitropy,the
expressionfor thereactionGihhsenergy is equal to:

A,g ~ v, g,” Ri ~ Ln (p, )‘1 (3.29)

In time same-way as theexpressionfor theGibbsemiergy C), this expressioncan he wri temi asa
function of thereactioncoordimiate:

\ g ( c) ~ v, g F’ e, La (n,” v Ac) RT \v (1’ (n Av Ac) ,mi p) ‘3.39)

In figure 3. 13 theequilibrium mole fraction CL—I1 for the reformimigreactionis shown,based
on theinitial compositiomiin figure 3.12 (I mole If,O timid I mimole CH4) its ti fumictionof the
temperaturefor severaldifferentpressures.Ontheleft Y-axis themole fractiomiC’b1~in the
eqimiiihriuni compositionis indictmtecl,on theright thecorrespondingreactioncoordimiatec. As
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cami heseenin the figure, at high temnpertmturc the miiole Inaction CII1 tmpproachesiero timid
correspomidimigly the reaction coordinate approachesunity. ‘IL-c reactiomi coomdinatc
tip iroaches0 if the temmiperatune approaches infinity. Ihe behaviour is asymptotic: the valime
c I is neverreached.In otherwords, it is hot possibleto comivert (‘IT I on 11,0 (c 0) tuLly Li7
n ‘cjuilibnicmmn neactiomi. 1mm the sameway it is limit possibleto comisert all II, or (‘0 (c 0) Liy

lowerimig thetemperature:c=0 is theoreticallyaclneveclat ahisoluteicno (1 0 K).

mole fraction (‘H [ ] react ion coonclintmte

(1.5 (1

l~

201) 800 1 ,000

~e’,i1iertcurc i ] C’]

1’)gnre 3.1.,: Lcjuilibriiun (H
1

male fraction as afumlion of pre-ssiire ~tiid !empl raturc :1, I
bar, 7’-.-OOO (‘for an initial (omuposition / mole (‘H

1
and 1 mole II C)

3.4.2 mit Lu e cc I’ lie eqi ilihrmuni mi fL-c exergyI ssesum a rca‘hi mi

lime (miblis energyof reactiom em heCO isdeneclasthc tfr ving fdrc for theclienmic I meac ion.
in Sectiom 3.2 tm expessiom v as dervedfor time exergylossasa esul of this clnivng force:

\F1 AC

In tig ue 3. 4 the Gibbsc lergy amd Gibbs eactionenenuty‘ne shownagtnnicr thc c’is
whereI mole H ,0 tue-I I mole CII tie suppliedto theopci steady-statesysten ‘it 600 C
and I ban. lie reactioncoordinatecon espondimigto this coinpositiomi is indicated m f)gc ne
3.14 as c1 . I lie driving forc’for thereactionis Ltmrge at first. As thevalueof reaction
coordintite hecomnescloser to the equilibrimumi value, time dnivmig forcebecomess ntiLlcn. The
samiieis valid for theexergyLoss penmole which ctui hecalculatedfrom:

dE 1

cIa I

As time comnpositiomi approachesequihihniimun, the clnivimig force reducesto /eru and
coiiscquently the specificexengyloss becomesiero. ‘1 he samiie is trum for the ratewith which
the reactionwill occur. Lu tm ‘neal’ isothermal reactor it therefore is riot possibleto reach
equilibrium. Due to thedecreaseof the rate of the reactiomi to ieno at edLimihibniumm,tins would
require mu inhinitely largeretictor. ‘~‘herefone in figure 3.14the reactioncoondimitutefor the

0.6
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1)1 0.2 0.3 0.4
reacion coonchimiate ] mole]

f’igure 3. / 4. Crap/i s/moo img’ I/u drii’imig fom en ( I,,~)amid tim resultimi g e scm 41 los sm’s (tim cc
‘111/ )for a chemicalrcnmctiomifom i/mn case ui/her, / moo/c 114 and I moo/c (‘H

arc .s mmpplied to time opemm steads’ s tatd .sy.st,mm at 600 C amid / bar,

3.4.3 The e ‘uiiL,ritm’n ~“mpe ‘r’u,’e

1 him reaction (mihhs emiergyA,~ctui heused to indicatelion fan outof CdlUl ii iu n a p (ic ‘ss
flow is. If’ the retiction is bin f’nomn equmihibniummithe retiction Gibbsemiergywill he Large.
Consequiently the specificexergylosses(i.e. per niole converted)will he largeas well. I tIme
reaction tipproachesequnliliniLhmn. both the reaction Gibbs energytimid theexenmzyLosseswill
tend to /ero. in deternnnimig time equnLihniummn state in theprevioumssection, theequmihibnim ni stat
was(imnpl icitly) defined as the sttite with thatcomposition for which the systemnis in
equmilibniuni at given pressure timid temperature. If so defined tm ~inoccssflow ctmmi omily t ciies
equilibrium if the comnpomiemits netict to the equmilibniuimn comnpositiomi. However, it is tmko
possibleto tmclnevc edlmnhihnium Liy chuamuging tue tempertutumne of the process flow at comisttu I
composition.
‘1 his is illustrated in figure 3. IS. ( onsider ami opensystemnimi winch tue refonnnmig retic ion
can occur. [lie imilet conditions tire imidictuted by (1) in figure .3.15, ‘1 lie composition tit c 0
correspondsto the initial comnpositiomi of I mole C1I1 + 1 mnoLe H ,O mmscd in the prcvio is
section,The counposition at state (I) in fi~uuneis chtiracteni,ed by the reactiomi coondi itmtc
c ().2 tuid the tempertiturc of 800 C. The cumrve represents thosepoints (c. 1) for winch fric

(3.33)

outk t flow (c111) is snitul Len than the equmiI ibninni vtilume (c~1).The tottmL exergy loss in the
chemical retmctionfromn c,, to c

1
, ii is equtul to:

‘1 f Ag(c) dc

‘liii 5 is pri ihi( mrtiontul to the tmrca winch htms been shtided in figure 3. 1 4.

(1 [LcJ/s] Ag1 ]kJ/mohc]
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un’x tre is iii equilibrium(notethtut this graphis tu rottmtech imtuge of Ftc line f’on I htur in figure
3.13). ‘1 hemnixtumrereticheschiemictuledluihihnium if thecompositiomuchitmnmgestut constant
tempcrtituuneto thecomlipositioncdirrespondimigto a 0.92.The chiamigein etiction coordimitite
from 0.2 to 0.92timid thecorrespondingchtmmige in conupositidinAmi is indictuledh in figure 3.15
by theprocessI ~2.Omi theotherhtm id, time oumthet flow is tulso in ediuilihniummn if the
conipositionin (1) is froxen (Ac=0) tuid the temnpertituireis loweredto 520 C. [Ins processis
i idie’tited hi figure .3.15 by theprocess1 ‘2’. Insteticlof achievingequmihibniumhectiusetime
processflow htis reactedto theequmihihniumiucomnposition.theprocessflow is imi equilibrium
becausethetemnpertmune htms been loweredtd tl e edluiLihniumntempertitumneconrespondimigto
tl e i let comiiposition

tenipertituire I ] C
1.400

1.200

1,1)1)0

An
801)

601) A’i

400

‘00
(1 1.” 0.4 0.6 0.8

retmctiom coorcLi late4 [11(1 C]

[‘7gm re .13: Acimi ‘i’ini~enjma/ibm ium m hi a cimanige mm com ipohtiomi mm (‘qim/hibriimmmi en mmmpo ‘lion)
amid by a chanige imi I ‘mmmjmeratmmre 4/’ (equi/iimrimmmmm temnp ‘ratmims’)

In Sc t oil 2.2 thelos es iii heirn versi ile processwere et r nmned my eonpt ni mg I me
irreversible processto tui imtigin’mry ‘eversibleprocess.Usi ig theedlumihhniumn cmli ‘n, tuim
suchti reversihl ‘ pnoccssctu m hecomi tiumc edfor ti cltmssof ‘hiemictil reactions(tis wIl he
showmi i Scctioi 3 5, ot T~ till chenic’ul r t ctioi s). 7 lns is showi ‘o fi”un’ 3 16 6’
nelori n ig netiction ill ti i opensystem. 1 ic st’mte at tt e ml ‘t 4 epncsuntemby (I) ‘mid I e
ouithc st,mteis CdLUti to (2)
There’mcti ii which occmmnsinn ‘versibly is nepr sc it d in figure 3 16 iy I ‘/. A I nntm v ‘ly
theehituigeof s t te fomn 1 to 2 cti i he achievedhy the i oc ‘ss 1 2’ ~2” 2. In this proce.s the
imipu flow is first cooleddowi to theequihihruin tempeti ire. lb’s pro‘ess is ‘eversible if
thehetit is trtinsfèrredfromn tI eprocessat A I 0. Subs ciuei ly thechieniictil me’ic ‘o i p ym ‘eeds
graclm.mtihly imi such ti way thitit thetemperatureof thepmn ccss fi w CO ‘r ‘spomidsIi the
equi ihiniunu temperaturefor everyvalueof a umntil theoumtle Comnfosilon is ‘ichieved.‘I e
cheniictmhretiction cami hecomisiderecltus ti ser’esof sei i equmilibniu i sIt test sugh uvl ic ht i

proc~ssflow pt sses. I thecm ipositiomi COITC5~Oids to 11 e ouitlet co i1iosi ion (lie reticti i 4
‘froien~‘uid theproc ss flow is rehetmtedto theoumtlet temimpe tmtur ft g’uhi tit A’I —0). If lieu is
sumppliedto andremovedfnomn thesystemtmt thet ‘mupentitu e of tI epmoc‘ss floe- tit etmcti
intermittent state,the processis comnphetcly eversible.In Section1 5 this processwill i

usedtdi developtu grtuphictiL nepresemittutionof the exergylossesin lb echeiuicaL reactioi
‘I’he edldmihihriumm temnpertutumnectmn hectilcultutedfromi the ‘d1umihihnium comiclition:

AG All ‘t \S 1)
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f ilac’ i I’ by the equnhhniuumn temnpertuture ‘F,,,1, the following mnust he vtilid:

AS
(3.34)

Tectm mse time chtu ige in II tuncl S is lue tum the ‘hutimige in thereactiomicoordimiate \H (~A,hi’Am:)
tim AS ( A1 s ‘Am:) ct n lie repL’mced by theneactiomiemithìalpy tumid entropy’

h (335)

Not’ thitut A1h timid A1 s toe thee ith alpy tm id entropyof ‘eaction ill ecLumihihni in temnpertmtumre.
cu sequemitly tIe- ctmcultu’iomi of iii equnlihuiumm i t ‘miipertmmure with edhuititiomi (3.35t is tm’wtiys

tenative.

ii’ exergy ossii a cheoictil ‘e’ictiom de i m ds in I echegm ‘‘ to is InchtI eme’ ‘tiomi is oumt of

~muihihr~uri ~,this ~ ‘tic,m’ I spp ‘i1mchcs itt’’ bce c’~is~dc~, ~ nt.s $i”Wu ~‘c’1 0
exengylossesimicretmse‘ s the compositionsdiff ‘ns morefromim theedhuiLihriumn compos’ iii
(s ‘e figuune 3.14). ‘1 lie secondt p mo,ch is cc nsidenhow ne-mcI theteulpentm tin t whichi ‘m
netu ‘lion occurdi ‘tens f’om thecc1uilihniu i emnpc‘atuime. In tb tO etmse the cxci gy loss ctm i he
interpret ‘d Ct ni is of heattntmnsfen.‘I lie exengyloss i i t n exothe‘mmd ‘ti ‘ticm occuns
hectmumsc the het t is n ‘mci d f’nom there’mc ‘o i ‘m tm lower t ~mp‘i tmtui’ lit n thu equulih‘ium ii

tenlpertmture. hi tin ‘id itlicnmiit 1 r a ‘tim e cngy loss ‘s ii e dumeto tli ‘ diffe ‘ci c he weei th
eup ‘rtituure tit wInch the I ett is suipphied a id tie emiuperatui‘e a wh’cli thene~ctidin is

equnhihriuui. n he i ‘x sectiontins approtichi will heeltihortited.
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1.5 GRAPHICAL METHODSTO REPRESENTEXERGY LOSSES

‘I’he amountof datti which cimesout of tin exergy tmntulysis is very ltmrge. Ccinsequemithy,the
niethod which is used to represent the lossesis tis inlporttunt tus the method to ctmhcultmte the
exer4y losses.One wtmy to mnttke the cituta etusily tuccessibheis the useof grtmphs. 1mm tIns chitipter
somemethods will he Imnesentedto visumtmlii.e exengylosseu.’I’wo types of ditmgrtuiis will he
consideredh. The first type is the vtilue ditmgrtuni. [Ins ditugram is developedfor representing
thc kissesas tu resumlt of hetut trtuisfer [van 1_icr]. Using thetupprotich developed imi Section3.4
htused mimi the equuilihniumi tenipertutumne, this clitmgrtmmn ctun he extended to include losses‘us ti

resu I of cbieinictih retuctions. Not till typesof chemictul netuctions ctmmi he representedin ~mvtuhuu
diagi’tmm. Therefore a inure general type cmf ditigram is introduced tus well.

3.5,1Vahumediagramfor heattransfer

Hetm transfer is the mnost iinporttmnt caumseot exergylossesin the f’umel cell systemmi. tus is shiowmi
in part III “SystemAntihysis”. Chantmctenistic for hetmt trtmsfer mcmsses is thtit they occuir in
nituny loctutions iii the fuiel cell systemim in differeimt hietmt exchitimugensando bier unnt dmpertmtidmns.
‘l’o he able to comnLmtmre the lossesin differentumnit operationsin an energycomiversion system
the vtmluue ditmgrtuim wtus developed[Lien, 1992]. ‘ his ditmgrtmmn is htmsedon theQ.’l’ ditmgrtm ii in
whiie’hi thetemnpentttune tmt which hetut is trtmmusfenred to timid from the processflows is
represemited.

tcnlpcrtmtumre ] C I
500

secoimchtoy flume-
100 pni imtmry f’Ioe-

311(1

200

100

1)0 20 10 60 80 100 121)

Q]kw]

C’ an lot ftmclor I ]

HI
1) ‘9) 40 60 80 100 121)

(3 1kW]

J”igimre 3.17: Icuamniple of a (3,7’ diagramn (top) amid n’orre.spondimig m’a/mmn’ diagrann (bottomn) for
cm heat euc/mnmmigcr
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A sinmiple xtmmpie of suchtm Q,’~ ditmgrtum is given mi figure 3.17 fumr a single heal exchanger.
n tI-me given extumphe time cold flow or primary flow heats tip fmcmni 80 (‘ to 380 (‘. [‘he heat
for Ihis t ‘unpentutuire incretuse is suupphiecl by the secondtmry or hot flow, which coolsdown
frciin 430 C’ to 200 (‘. I he timnount of heat which is exchtmnged(120 kW) lmetweenthe hot
‘md die cmi ci flow him time hietit exchtmnuger is immdictmted nm the X—tuxis ‘i’he Q,T ditmgram shows
the teniper~mtumredifference betweenthetwo processflows exchtingimug hetut, This tempertmtumre
chif’f’erence is the driving force for heat trtmnsf’er tind consec~uemitlydetemnnnesthe exergy losses
tms tm resuilt oh hietut trttmisfer. However, theseexergylossesare not proportiummial to the
tenipertutuire difference, bmumt to the differemice hetweemi 11

”I’ and 1/’~,. Acccmrcling to equmtution
(.3.2) theexergy lcmssesas tu resuilt of heattransferareequal tdm:

AE f ~11 dQ

weuep indictutes thepninntmry flow whichreceiveshetit tuid s the secondtmry flow which
sumlmplies time heat ‘I he ecltutution ctumi herewritten to:

\L1 j’ Hi’ 4o) uIQ

Usingthe Ctmnnotfttctor f, with f — 1 ‘F,/T tund f, ..- I ‘I ,/‘I,, thus can he simplif’ied to:

AIcm J (f f~,)dQ (3.36)

ii the vtmlume diagrtimn, the lower graphin figure 3.17, imistetudcmf the temnpe‘1mture of the two
process flows, theCamnof factors ‘ire representedtis tm funictio i of thehietm whicl~is
transferred. In tfumt ctuse thearetm which lies underthe prim mary cumrveemutmhs time exergyof the
hietit which is transferredto thepnimtmry medium:

Alt J dQ

kewisethe tmrea wInch lies umnderthesecoudtuy cumnvewi I heequmtm to thecxc‘gy of i hetu
winch is trtmmisf’ei’rcci from the secondarymedium I:

Alt J 1’ clQ

‘l’he ametiwhich lies betweenthetwo curvescorrespondsto the valumecalcultted using
equtution (3.2) tmnnf thereforemust equitil he exergyIciss as tm resultof hetmt rtmmusf’er. This
diagrtmm,tt s ighmthy modifiedversion of the ‘vahuue’ diagram ] vtun Lien, 1992] will he usec
extensivelyin the systemtuutulysis in partIII.

3.5.2 The valuediagrmumfor chemicalreactions

[he basis of the vtmlue ulitigramn is the differencein exergyof thestmmne tim lunt of hetIt s it is
trtinsfemred from tm processflow tmnd almsonhmedhmy anotherprocessflow at a lumwer tempertmtulne.

mm Section 3.4 theexergylossesasa resultof tu chemicalretuction tire intenpieted in tm siniilar
way. Exergy lossesin tu chemical reaction occumr dueto the difference in thevaluie of the
exergyof the hetit tut time teniperatuire tut which it is tictutully supplied ancb the exergyvtmlume of
the heat if this heat is sumpphed to the processtit ediunhlmriunn temnlmertmtune. Using the conceptof’
time edluihihriuumn tempertmture, a reversibleroute for tu chemictml reaction can he conceived,‘1 ins
reversible route consistsof thi’ee steps: (a) reversibleheating/coolingof the nnxture tmt
constant compositiontdm the equuihihriummi temperatuire, (h) the retiction occurs slowly going
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throumgh tm series of equihiimrium states until the outlet composition is ohttmined,(c) reversible
rehe’ating/coohinig to ti-me outlet temperatumne (cf. figumme 3.16). In figuune 3.18 the irreversible amid
themeversihle processtune shown for tm reforming retuctiomi in tu Q, I’ ditmgrtmimi. ‘lime cuurves in
fig ire 3.18 tire ctmlcuhtmted cumrves httseci on the folldiwing sttmrting poim’uts:

An inititul mimethitune/stetum rtmtid of 2.5:
• 96’d methtuie conversion:

In let temnpertutuire 500 C:
• Outlet tempertmtumre (if 850 (‘.

Pigmm re 3. /3: (‘ommmpa r/ son of
clint g m’nmmnm

nmmm cmn’tmmal amid a rn i’ers’ible m’efdrmnimig process routes mm a (3,7’

ctmrnuit fm ‘01’ f]

hetut traiusfemrcci Q [kW]

Pigmm mm’ 3.19 Value diagramnm for thin’ refhrmmmmnig procecs correspond/mug I/me Q,T-diagrcmmn i m

figure ,Cl8

T~ C]
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Ii’ ‘nneversihle(tmctutuh) processis given by 1 2 is Imich is an (tissumned) himietmr teniperature
pi’of’ihe (‘.e. ci’ ‘/dQ is consttmnt).‘l’he reversiblerouteis given by I I ‘-2’ 2: tmf’ter cooling hegtms
to ecldmi ilmriumni fempenatuinecomTespondiligto the inlet concentrtmtion(I - I ‘)‘ the refornnng
retmctioimproceedsslowly goingthrouigh aseriesof equilibrium sttmtes(1 ‘-2’) unitil the outlet
cuinipositionis tuchnevecltumid thegtms is rehietutecito theoutlet temnpertttuire(2’-2).

‘1] C]

1000 fluic gastcmnpentutumre >

800 -

pruicess temper’mttire
600

rcvensihlc~
400 (edtuiLibniuun tcmimpertmtumu ‘)

200

20 (1 20 40 60 80

lietuf traimsf’emneclQ [ kW

I igure 3.20. (3,7’ n//nm grammm fur I/ic r ‘formn/mmg pron’e.ss s/mci ‘inig both th nommiparisomm of
r ‘i’ers’ibm/n nmmmd /rre m ‘rsibd react/onm rommte.s nmmid time heat Iranmmf’r to time atcml : st
ben/

Btmsedon the Q, I ditm~ntmnmii f”guir 3.18 hc vt lui’ diagrttm for the p‘ocessescai me
constructed(f”guue .3. 9) by umsimig f I ‘i ,IF iimstcac of he te upe‘tmture ‘ oi he Y ‘mx’s hi
tueawhich lies mc en the cumrve 1-2 is thi anmoui i if cx ‘rgy which is tmctually s mppli d tmi tI e
process. Ihie e ergy wInch htms t i he sumpplieclto tI e n ersihmleprocessis edlurd to thetmretm
hmehumw tIm curv ‘ ‘-2’-2 minuis th ‘ e ergycoi respondingto the tm ‘etu below I I’, wlnc i is
exergywh’ch is recovered‘nititmlly (moreexenmtyis re‘overcd ii c imilinci f’ro i I to I’ htun htms
to hesupplicd fmmni 2’ to 2). ‘The differ’ icc h ‘tweemi the exergyredLuunedlby th’ reversible‘ nch
theimreversilmlepndicessthereforecomnesp ndsto theareaemic oseclh-my the tw( curves 1 1’ 2’ 2
tmd 1-2 is equt 1 to fhe e ergyloss tms aresult if thechicnncaL ‘ tmctio m.
\n tmdvtmiit~geof Ins diagntm ii ‘s that i is now posshleto coinptmretwo dif’f ‘‘e it typesof
exergylosses:exerg7 lossestms aresultof lieti trtmmisf’er tind exergyluissesas‘m resuilf (if
chiemic’tul retmctiminsin mute dit grtuil. In the Q.’l chiagntunin figum ‘e 3.20thec oling cuirve h is
heemiaddedthetemperatumneprof’ile of theflume gasflow which supplieshie’mt to thecat’m ys bed
is tmnhded to ti-me cuirvesto’ he reversibletumid theirreversiblereformimig lro~~ss‘I lie tmssumnied
inlet temiipc‘tmture f’on the fluie gtms is 1200 ( tmnd the outlet lempertutuire631) ( (thesevtmlu es
tire repnesu’mttmt’ve for th ‘ v’mLimes wInch tueuis ‘ch/caleuiltmtediii thesystemncalcu ationsin
part III).
(‘onvertinigthus diagrtmmto tu valuiediagramby rcpLacimig teIlmpenatuin ‘F by th’ C’amnof ft don f.
mesuilts in theditmgram showmm in f’guinc 3.21, wInch showsboth typesof Lossesin camtuici the
stmnie figur ‘. ‘~‘his nitukes it possibleto comptmiethecoiutnihumtionsof both dnivimug forces ‘tmsily.
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ctuniut ftictor f

cxcrgy loss hetut trtunster

(1 20 40 60 80
hetut trtmnmsl’enmcut Q I kW]

P/gum rn’ 3.2/. A mnmbmue nb/nigrcmmnifor the reforming process n orm’e,sponin/imig time (3.7-n//cm grain imi

f/gmmre .3.2(1

ec1umihihmnitiiii tenpertituireI ( I
3000

2500

(1
(1 (1.2 1)4 0.(i 0.8 1

retmctio i coordintiteC ] mole]

1”igurn .3.22 Eqmm/hihrimmnnm Iemmmpcrcmliure for i/ic shift recmn’Iioni (e =0 n’orrespommnbs to
C’O:H,O= 1:1, e= / n’orre.spominb.s to CO,:H,= 1: I) cmnmnb reformmm/ng rean’tiomi (~0
corresponds to C’H

1
:H,O— 1:1. / n’orresponid.s to H,:CO=3: I)

In figumne 3.22the eqmnlihniunufor therefoniiing retictimni is shown.At lngh tenlpertmtuinesCH4
is consummecltdm lmrmldumce H

(‘H1 + 9,0 ‘ 3H, (‘0

‘14 converttill ~“‘l (as I) theteunpertmturewouulchhitmve to tmpproach infi nty:

him

0.8

0.7

(1.6

t).5

0.4
20

exengyIo~schiennctmlreactidin

2000 t=

15(1(1

1000

Sot)

shift rctmctio

‘efmmnuningnetiction
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0mm the nithenhand,nhecretusiuigti-me teunpertmtuurcin ti-me equmilihriuumsttute, letids to productiomi of
(‘H, ‘icconding to:

C FL + 0’ 3H, + (‘0

‘I o convert till H, (and(‘0) iumto (‘Ii. in this casereuluirestheedhuilihmriuuuntemnpertmture
tmpprotmchiestmhmsoluute iero (in:

lini ‘‘I
1’ II

‘l’he figure shuiws tu characteristicof thereformingreactidinwInch is very important if useis
mtmdeof vtthuueditmgrtunsto representchemnictulretuctiomis:fmr everycompumsitidinomi the initervtml
a - <0,1> dm1 equihihmniuni teulmperatuumeexists.. i’hierefnmre, tu revemsitmleprocessis tmhwtmys
possihhc.
(‘ontranihy, for the shnft retiction ti-mis is not tupptiment.Startingwith tm conipdlsitioui
comrespoumdlingto a=I (i.e. tin equi-moltmm mixtureof (‘0, tmnd H,) the tempematuureat whichtIme
hietit hasto he suupphiedhtis to lme Inghertus the retuctionproceedsto (‘0 tmnd 11,0 tus cte-u he
seemi froumi f’igume .3.22. ‘11w shift metictioum is exothemnntil,i.e. theequmilihniuintenipertutumme
dec‘etusestis H, is produucedtiuid C’O is consumed.1(1 cdiuivertall CO. thetemperatureof the
(equihihniumm) netuctidin should hmeconneequut I to (1 K. On the other side,comivertingtull the H,
into CO throumgh theshift retmctionhmy incretisiuig the temnpemtutum‘e s not possitmle. ‘f’he
equilibrium temlmertutummetmlmpndlachesinfinity ‘it ti vtmluie of a which is riot equitmh to iemdi. It is iot

Imossibleto let the metmctioumproceed he ow tins value(i.e. comivert moreCO,’m-H i ito CO+h-l,).
Thehouuuidtmry vaLume is iuidicated in figure 3.22asa,. l’om therefhrmnimig reac’Iiomi t II valuesfor
ftc reactioncoordimitmtecan lie aclievedasequmihihmniumconversons by mlaptimig thc
telnperatuure.bmectmumse:

himn a () t u-md hun n 1

I ‘ ml

Tut for the dmifi recmcticmn omihy vtmLu esbelow a ctmmi h-me t cli evedlhectuumse:

hun a 1 tuid liii a a
1~11 I

I’om theshift -eaCtiu,mi ~ ‘s ‘io tmuc tl’t’~fumi ever c’i aposidmiuoi th~hitertala C), fo ac
equuihhniuumteunpematumneexists.‘Therefore,ti-me rctmctioncami only herepresentedin tm stulue
ditmgrtiuii in tu limited rtmnge.
A secumnd,morepmtmcticah himnitt tiomi of the ditmgrtmnn. is that thethenunmodyuitmmnicdttta umsech tui
ctmlcultute the eciuilihniumumi tenipetmture time cinly valid in tu huntedmange(for theJANAI’ dattm
uisedin tins thesis,for extunphe,thelimits areti~mpmoximnately1) 2000 C (depeidiu’mg on the
species).‘Fhe equilibrium teunperatun’ewill thereforein mt ny casesexceedthemtmnmge where
the themniodynittmic dtuttm tire valid.
14mm till prtmctictml purposesthevalumechiagrtmurmcm omihy he used for sp~cif’iccomiditions.A nioie
geuierahiedchiagmtmunwill hmc developediii time folhumwmig scctiomi.

~.5.3 TheCarnotfacto” euithatmpy(f,nl) diagrafir

‘I lie vtulue diagrtunt’dmr cheuiuicalreactionsis useful hectiuse it usesthediffereuicein
temnpemtiture hetweemuthe reversibletumid theimreversihmheprocesstimid visutmhiies the reversible
process.however, for tu chemicalreactioui it is not tuhwtiys pdlssihhe to determine a reversible
route iii the indictuted miitmnneu . ‘1 herefore,the grtmpbncal presenttutimmul developed in the previous
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mnethicicl to visumtiliie dieexergylossesin thecb’ueunictul reactidimi will he develmmpedlhmtmsedon ti-me
(‘tie-cit factor. ‘i’lns tupprotuchi is simihtur tim the ommes propmised by Ishicltm (11986], [1998] tumiul
]Ytm ntmmnoto, 19971) tumid Le Goff (~1990],[1997]). Fdlr theexergy tmuutuhysis tin (ismmthenuntil)
chieniictil retuctiomictmn heconsideredtms two-stepprocess(seeSection3,4). In ti-me first prmicess
tlc hetut (if retudtion is supplied to ti-me pmmcesstuicl in the secmmidstepthe hetut of retmctionis
‘tmhmsorhed’by thechicmnictml retmctioui’ . Septmrtutehyti-me exergyof tue hetit wInch is sumpphied to
thechemnictil meactiomi tim-md ti-me exergyclitmnge Al) of thie pmuicessflow ctmmm hectmicuiltmfed. ‘Ihie
cxemg.ylossAl) is the chif’h’eremice hmetweenboth.
‘Fle exergyof the hieatcami hecalculatedCoin edlduatiomi (2.10):

T
dEQ dQ I

7 h-me t ‘mm betweenhrtmcketsin this equmtmtioi is indictuted tus the Carnotfactor’ of theheat:

f 1 (337)1,1 ‘1

tumid, as ctmmi he seeuifrom the equmtmtioml for dE11, theCtmmndlt f’tmctom of theheatcon espomids o:

~ dE0~ dIQ

(in, if the processoccummstim tm consutmnumcuupemtmtumre:

Q

Fhe C tmu not f’tmcto’ ‘s ‘m netmsumefor tic qutmhity of Ii ‘ heat, i e. tmim dicatorfo’ thertmtio he wee i

the exergy(if tIme h ‘tm (umsefulenergy)timid theemlercyof thehietit. It is umseful, tms will heshown
in thecouirseof this chitmpter, 1cm def’i ue thi (‘tmmnot f’tmctor in a nonecciertul ntmi ncr tus the ymtiO
hetwe-emiI lie exergytmumd emiergy:

exergy

euiergy

It is possible.usi ig suichi ti geicr’mli,ed ( tmmnot tudor tdi define ci ( arno fa ‘tor fo ‘ c
processflow f1> ‘ile eme-rgy micmetmseof ti processflow (emmeigyhaltmncefor ‘mum open stetmcy-
sttute systeun)is equitul to AH. I lie e engy‘ncmetmseof lie proecss flow is 7 _. ‘Fl emefdlr Ct mnot
ftuctor fmi’ fl-me processflow is:

At (339)
AH

For ti e chiennctml retiction tI c excmgy htilamice is:

exergy loss = exemgy .smmpplied wit/u he /ueat exerg’y increa.se of he proce.ss flow.

I lie ctimcciimmn mif theLie-mi fluiws isctiff’ci’cnt fdil’ ih ‘ cxuittiernmtml mc aciimin, huit ilns ntmmcs mull ftc’ mime
hi ic uif rctmsonimig



1 1(1 ) AE

- II c processoccurstmt tm consttmnttcmperatulmc.this equtmtionctmn herewritten u si-mg the
‘ti 10 f’tmc os definedby cdlutmtions(3.38)tuimd (3.39):

AH

if theten pertmtdme chtmngesduiming th processthecdluatiouhecii mes:

A ‘.~ f (f, f0) cI Ii (3.40)

‘I him gene’3 exergyht ltmuicc f’or ‘m p ‘ocess iii thest ‘tidy s tile, ipe system (equtmtion 2. 17)
comisiders hc exergyincretuseumf the processflows t s wel astheexercy(if theenergyflows.
Ii suichi ‘in opensystemilemcrgyis transfe‘mccl to tm id ho athesystemeitherin ti-me Firma of hetu
((3) aid or work (W). A ge mcmtmhiicd (‘armio factsrof theemiergy flow f~.ctmn hedefined, ~ is
equtml to thertmti of thend exergyflow to thic systea timid Il-me uiet em ergy flow o I e system:

W (3.41)

/11

Ins siunp ifies to eqm’mt’o m (3.38) if immly hctmt is cxc i>m igcc h ‘tv c n systelm cii cm-ms‘mum men
‘h’hc gemientIiiecl foni i of equiti ill 1 (3.40) s I erefore:

A J (‘I ‘,) cbH (3.42)

‘Ins equtmt’onc’ mm he scdl mm visuiumhii ‘xcmcy ossesiimi lIme C te iot 3 ‘tom ‘ill uml~myc t gnu
(next scctioi) ‘I’ i cttlcuilat the Cuni 01 f’tic o’ of tI m c ‘gy fl is. cquumfion 3, 11) cum mc umsed.
The ctilcuul~mtionof th C ‘mmnot factorfor I e proc ss lo v ‘s hm’ s d omi Ii gen muml
cdlmmtmtion (3.39). I mm um systemi w’ th do S uni ccii post 0 (no ‘I c nictd 01 C edtsiclien icuml
metictions),tmss lmin4 ichetml gums lmcl tivioumr AS is eivcu by:

d p
AS of “ d’ uRn

.1 ‘1 p,

If the comnpositiii f thepm icessflow ch’ ugcsth r u dtio i immo m ‘rt’es (Secmom 2.3,2 ctm h’
ulsec to ca cuml’ te th’ (umnmiot uctcm if retmctoi occuirsthechtmimgc ot thecxc gy of tIm
processflow ‘o’ tin i mfimiitesimtml chiummige of thenetictiomi coorchiiumtc da tO tel iLmeruituim ‘m c p
tmcccmrchng mm cdlumuutiomi (4.36) is edlutml to:

dL Ae(c)da

‘~Oc emiecgy iC”~ti’,u qum.”cu cc >>ie me- si’> s eq uu’I ft i_’Ot, i4 i ‘ m~l’a‘is, e-h’1
ecordimig tcm edhultuticmn (2.2.3) ‘s cornespoids tum:

dii A1h(c)da
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energy(ow fc~
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hmi’occss flow f’p
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cntlmumlpy H IkJ]

I’/guuu’’ .1.2,3: f)H n//cm gm’cmmmm for I/mn rc’formnunm g recmn’tiomi c’nmlc’ulcmtn’ci as,smmmmmimmg a bum nmr
Iemmipercitmmre prof/in’ /mm I/in’ catcmb)’.st bech, cmmm imutiab c’ommm/mo.siticmmm of(’H1 II 0 -

1:2.3 cmnc/ 96h c’omn’er.homi

3.5.3.1 ‘1’ lie f,H~diagu’anif’or time reforunei

‘I’o ihitmstruute the uuse of the ( armuot fuuctnmm, umnce uuguuin therefommnimig processwill hecomisidered.
Cuulcu itutiomms time based mmi time stime tmssuniptiom’ms which were usedto cummistrumdt thevumlume

INow It-me ( umrmiot ttudtom 1mm thud pm’cicess 10mw cumn he cumhcuuhumtcd tis time ntmtium hmetwccnchtmuige in
exer,y ummcl chtmmige in emiergy tus um mesuult of the chicnncuml metudtiomi:

A,e
A,hi

Or umsimig A,e = A 1 -‘F,,A,s tins cqumumtidlmi can he rcwrittemi to:

As
f 1 ‘1 (3.44)

‘l’wo (‘tumnot f’umctors humve beendefimied f’o ‘ thegeruertul cumse thmouugh equuumtiomis (.3.37)timid
(3.,39). In the remnummning pumrt of tIns section someextimnplcsof f’,Fi diagrams specuhmcahiy f mum
chemicalretuctionswill hediscussedto illuustmumte thecuseof the(‘umruiot f’umctor to visumuuhiie
losses,Hciwever, theCumrmiot fumctor cm he uused for other processestms well. In partIll 1mm
extmmnplc. the (‘tmmmidlt f’umctom will he umsecl to visuiumliic tle exergylossesiii um fuel cell.
For tim-my chiemimicumb retictidmn the twdi relevtmmu( Ctii’not fuictoms tire:
• ‘Fhe Cummnot fumctmir winch chuurumcteniies the emmeu’gy winch is suipphied in dueform of hetit to

the process.The(‘ummnmit ftmctuir dependson theteniperumturetuid is calcumlumtedusingequutmticmn
(3.37):

• ‘~lie cheniictml rcumctiomi heumds to a chuumige in exergyumici um chiumuige in energyof theprocess
how. ‘I’lie exergychitinge in thechemictml reumclionucummi he chuuruuctemi,ed hmy the (‘amnuit
f’umctnmr, whichi depends(in the conditiomis (p~’l’)timid cdimnpositioui (describedby the rcumdtiuni
ccicmrclimitmtc m:). ‘~lieCannot f’tuctdlr is cuuhcumlumted umsimig cdluuumtiomm (3.39).
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diumgnumni f e- themcfomniimug retuctiomi in ti-me previmlus scctiomi:
• un ial cummipositiulmicomusistimigof CH I:H2O 1: 2.5
• in tI tune conversion969
• inucumr tmanlperuttummcprofile (d’l /dH) in the cuutumhyst bed(500 C ‘ 850 C).
No wuirk is hmerfdlmnledomi mm by tIm system. ‘~lie chtmnge iii cmithtmlpy (dll) thieref’omc
correspondstum time hetmt trummisfemredto the cuutumlyst bed(dQ). ‘Fhie Ctmmnuml fuictom for theemiergy
suu~mpliccl nm the systeun is cuulcuhuuted from die tissuumedtemnpcmumtureprofiLe (equtition 2.4). ‘i’hie
Cuummmot f’tmclor for time processflow is cuulcumluutcdfr un thegemieruul edhutitiomi (3.39). By plotting
he(‘umnu 01 ftmctors f,, tumid f1, uugunmist thechuuigc in enthalpyof the pruicessfigure .3.2,3 results
(tile chtm mge iii emithumipy uusedii thegrumph is equuuml to the heat tnt mislemmedto theprocessis
hecumuuse VV=0).
l’he uppercumrve mcpresemltstheheumt suupphcclto thelmrocess. i’hc exergyof this heat is cquumL

to theuurcuuwInch lies ummider thie curve. ‘~lie lois cm cumrverelmmesemitstheCuummiot (‘actor of the
processflcmw tumid corrcspuimichmiglythetmreumuuiderthecurve‘s equmalto theexergyimicreaseor
theproccs’~flow. ‘ lie uireum hetweemiIbm cut‘yes the‘efomc is equal to theexergylosses(see
‘quumtiomi .3.42)

3.5.3,2Shift reactuoi

/ secomudexuimpleof um chcnncumhretuctiomi for whichti-me f’,H ditigrutm ‘s comistnumcted,is time
sinft reumctionm,hi Sectiom 1 5,2 ummi cssenti’mlchffe ‘dice hctwcemitherefdummni ig reactimimitimid
shnf’f wums discussed.‘or ut i-mixture of therctmctumntslpruldiuctsof thereformimig reactionfor
everycomrupositioi ummi eciuihihriuimn Icapemumtumeexists. [owever, it wuis shownthat this is u Ot

time ctise fn r tI e shift reaction. ‘FIns poimit can heclumnif’icd hy considenimigtheC anmiot f3uc or for
theprocessflow. n f’igure 3.24the Ctmruiot fumc or for thetwo ‘eadt’ons time ,skdiwmi ums um
h’uumuctiomi of the reumctiomicodurdimiumle(thecomrespumnudingdiutgmumnn sI owimmg the equiiihniuun
tdmnperuumire wums showi ‘ml figure 3.22).Pci owing thecuu ‘ye for the sbnf’t m ‘actiomi amid sttr iulg
from theright htm id sideof thech’umgramnH,O+( 0 is form ied. s the shift reumctiomi proceeds

interial cur lot fuictor f’p I

shift mcumctiom

m’cfumm’mnimig rcumdtiomi

(1.5

()
() 0.2 0.4 0.6 (1.8

metictiomi coomdim’mumtea I mold

[“igutre 3.24: Carnotfiuctor for the proce s’s jiow for time .thifi (a —0 correspond~s to

C0:H,0” I: I, u / c’orm’e.sponcl.s’ to CO,:H,= 1:1) cuumnl time ref()rmmmmng recmc’tiomm
(a=0 corresponds to CLI gH,O—I:/, awl c’orre,sponcl.s to H,:C0=3:/)
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imonm c—i in ui-me cuimectiomi ot a t). tIle i, umnmiol tumctonof die pruicessmnc’ncumscs. I html meummis thmtmt
ther mtio imctweenexergytund emiergyof the hicum suupphicclto the chiemnicuml rcumctiomi incm’etmscs.If
energyis sumpplicdto the pmumccssliii the form i of hicuut only. ti-mis i meti is thiumt the tcilmperumtuirc umf
thie heath,ms tdu ‘mic ‘eumseto ohmttmimi um fumrthicr convcrsiomm (H,+( 0 l-h,O+C’O). If emiergyis
suupphicchiii the for n of hetit, ti-me tmmmioummit of exergysupplied to tIme processis miever hu mgcr thumi
th ‘ ummnoummitof energyumd thie (umm’nof f’u ctor will Il-me ‘cf’mmm’c umlwumys mc less thuimi uunily. ‘I hereomc
i is mimi possihile 1 mu let tm chemnicum rctmctioml hmnuiceedif ti-me (umnmiol f’umctom is lummg ‘r Ilium munty f
>1).
in figuire 3.24 Ilns occumrsumt c-’O. 14, which con’‘spo id to him ums3nmptmtic hmcliumvioum’ of the
edlui ihniuuni fe up rumt re ‘u clicuit c in f’iguirc 3.22. ‘bum cnu i ert miore H,+( 0 to bl,( +COby
sumpplyimig hetit of um bnghemtemn mematumme~5limit possible. C ummmiot f’actom >1 seemsstrunge.
h-low men,comisidfcr for exanplc umi clcctmumcLicmnicumtcomive‘siom which is encfothenmnuml((3>0)
utuid produiceswnmrk (W>0). ‘l’hie reversiblemm uulmnnms reversibleelcctmochicni’cumlo icit t’uu i of
carbonis an e utmnpl’ of suich a pmoccss(chuuracteniiccih-my V (uJ>~ALII). n thatcase 1-me w irk
p nd mcccl hy ti-me systOn is lummmzem hiuui thie n ‘I AH ‘mu d f heconi‘s L’mm-g m thu i ui nty.
Note I ium lie C” nmi~ fumcto’ ctm Cu Iumted ton Il-me mcf’ommn’ng re,mctiomm in comifruis is s numlicr Ilium i

umnty overthe wholerumlige of metdtion. lns umgrccswith the fuict thumt t n ccunlihni mu
temnpeatummedodi ci hedetermined uif tie v iolc intc nyu 1 a 10.1]
In Scetiomi 3 5,2 tins hetmd to Il-me comichmusioumthu t tIe- sergyIcussesums um ‘esumlf of the shif
reumdtiomi dumil mo ‘mlwtmys he show iii tm uthuic ch’umg ‘u ii. however,Il-me s’mig I ‘ (uunmmt ‘utct r, u
is possible o showtheselossesiii t”guic 3.25 lie I’. I diumgrummim fu m um sbnft mctmcl’mun ‘s shown
‘1 Ii ‘ cummvcs time cuulcuIumted uising thefollowii g st’m Shigpoiui 5:

• [miitiutL comnpostiomi F’O.H 0
• Pr c‘ss ‘nip ‘rumtui ‘ 60’) C.

ii cml ccii ip msiti( A tIme cciu i lihmmiuu i ‘o i positici

In theclit grummi tI e lumwcr cummyc in this cumsemepres ills thu mutt wlimc A rcj c c by I c
prcuccss. s ccmmlstunt te pcrumf inc ‘s assuia‘c 3m thcp ‘oc ‘ss, lie (‘um ‘110 f,mct u of I c en gy
(f) isccinstait(l ‘ /1). ii ‘ Fiflrcactioiproc edsf’mon e 0(C( +11,)) o c~uiihr’uim’t

C um ‘ mit ft ctom I

1,S , -
I >1”’,

mroecss(lmmws f1

0.5 / 6(0 (
ene’gy (his (f

10 IS 2)

enmtfiumhpy ]kJ]

J”igmmrn’ 3.25. f,H n/icmgrcmmnmfdr I/i ‘ s/uift ,‘ecmc’tiomm c’cmbc’mu/cmtc’c/ cms.summnm/mmg cm c-on~-tnmmmt I ‘mng ercitnmrc
(600 C), amm /nm/Iicm/ composition of (‘0 ‘H,O— /: I, T 600 C arid a.s smmmn/mmg
n’c~umil/hr/umu cut time ommtlet

(It



s themcumctiuun p’ mcccds,theC umnmot ft ctcurof theprocessthow checreumses,‘ he
‘I i xothicmm itul: Lieu t is m ndumceci. ‘I lie exergyloss is dueto flue f’act humt tIm exergyof

cum wInch is mrociumccd ii ti-me rcumctio ‘s lower thumn thie cxc ‘gy dccre’mscof lie proc ‘ss
liv . ‘ we fumcsuu’c ilnpmm’ ‘m imi tins cii’mera a. ‘11mm fm st is the f’umct thi’at I ‘ exergylosses

h cmi ic s a’mIhe’ ‘us the ‘eticti in proce‘cis (f1 f, hmeconuess numllem) ‘ibis is luigicuml tms tIme cimivim g
A ‘cc ( 0. see’ S ‘etim m 1 4, f’i4 ire 3.14)dcc eu sesums um ‘‘suult of tic ‘cc chun um id Fccuuaes
z m ‘ h process10mw umcbn esechumiLihniuim (cdmm ‘espomicli ig to 62 1 (‘0 comivems’on)

mm iu t the slut ‘t ot t i’ ‘‘umc iom Ic ‘i ‘no ‘idol o ‘lb ‘ p ‘umccss flu w ‘s suhstumntiumlly
high n I ii . As ‘udi u fec iI is lot possihmlcto I ‘Ill-me reumdt’umnp ‘mc ‘‘ci m thie ( P1 isit’
din c lun hy si pniy’lmg Li_tim, ec:timsm’ .1 1’ mimi hurl in fun imcai is always su mumll m’ 1 ‘mm uilmi y. .f
theret c ion mmccu‘s ‘ theoppmmsitcchrectiomi me meadtiomicuum munly he m versihl ‘ i ‘file cxercy
‘itunc, im tic retction cdLuumhsth ‘xergy ‘produicech . c. thecx ‘rgy f the emiergywhich i.

mel u s d, I lowcv -, if ic proc ss i acI cm ncuml r’ chdunflu’ c iemgy ‘s ‘el ‘ums ‘ci ‘ i e f/mu of
‘tO ( ‘<1), If ‘I’ Ium’ge’ Ii ‘m I, Ii’ m ‘umct’omm is I ref/n’ alw’mys ‘m’rcversi mhc, hc ‘(cure the
xc ‘gy OSS ii ‘igume 3,75h,ms h ci div’ched in o a p’m ‘t wIn ‘hi cmumld h-me m ‘ ‘ uvered (f < 1) ~mnd
ma~whi’ ‘I cuunidut me covered n ‘ cl-mci ncum ‘c,tc io i (f1, I)

5,3,3 (or e-mstm 4 inc ha i

I” malcxmaplcofthi iifuisiiiofui i~iewUheco s’deedusiig ie ‘.1 ci’>mgitmi. ic
cmimb istim m if ‘ m nxlmm ‘u if i lOtion m n’ mm in (‘U,.t 0A6’O 4) wi L ‘ -

O,:N,—0.2’( .8) is c~tlcif’ t m’ f el simm’ u t s thi C m imp s’ ~ll of Du c Sloci I m ‘ii gums)
hm’Ca’ f’c irmA i m(c’ssfllwf , m i” it d~>mclissio’vm “i’ r - 2(

P

j

0. I

250 7)

enIf dpy 1101
I ),~imn’n’3.26: mmahv.sLs of 1/u commi/mmm.slmomm of mnm ‘Iimammn mm/Ibm cur bicmsn u/ 0mm thin cmbc imlcuteci (‘cmrnm it

fcmctor of I/i pm’oc’n’ssflcim f1. (‘cmm’niotfcmc-torfimr I/u ‘ cmi ‘n’g fiotl’ simo I mmf
c/i/f ‘m’emml Iemmmpercmtmmrn .s of ‘mln’rgi m’ecom’ ‘mm

Ins is tin 111111ox innumimon Imccumm se f1 hums hccmi eumleuilumiccI t I 1mm-ui ‘cii teniperululne (61)1) ( ), cf, I Ii
‘losing m’eni’umks him Section3 5.2
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‘I lie utmeum in figure 3.26helcuw the f1, cuurve timid below Il-me 1dm f1,-.- I is ti-me exergy which cdluibdh
ii pnimciphehe recovered in Il-me fcmnun of hetut. ‘I’lns exergy hasbeenroughly divided intum 4
‘qual 1mar15, which showthe influmence uf the averagetemperaturetut which theheuut is
rccovereddumi time exergyefficiency duf Il-me counhmuustiuunprdmccss.If theuuveragetemapemumlureis
lit) C’. time ef’ficienicy is tupproxiuntutely2S~,’.‘1(1 icretusethis efficiencyto 501/c theumveruugc
teimiperatummeof heatrccumvenyshumumld he 300 (‘ tumid 751 efficiemicy is uuchieveuhif thie utvcmumgc
tennpcmuutumneis 900 C.

Ctunncut factor(I-]
‘uuiuuvuuiduuhmlc loss’

-0O

7(1(1 ‘C
08

(1.6
3(11) (‘

0.4

(1.2

0
‘251) SOt) 7a0

emithumipyH ]kJ]

1”/,m,imr ,m.27. Ammcmim’.s-/ of the nmcb/cmiinitic c-omnubmmm</com of mmmc’thcmmie ~m’/tiinm/c based u,s/mmç /ir ‘/mecmln’c/
cam’ amid ,f mmci (.100 (‘. 2 = 1.2)

in thic ionmauth cdumhuustidumipmducess.thehmm’ocess fiow comisistsuuf till-mixture of reumctamtts(num umnumh
gumslumir) at thie imuulet wInch is (gradumuuhly)cummivcnteclto fluue gums. ‘ he hieumt of me’mdtiOui is nelcumscci
to ti-mis p ‘dlddSs flow. Dunimig ti-me processti-me temapcmumtumreof I heprocessficuw imicreumses.‘ lie
f’,H diumgramafuum tm cuuuahumstiouiprocessim winch tlue heatis tnuuuisfenred to theflume gums is shown
in figumme 3.27. ‘~lietemaperumtummeprofile (d’h/dH) is cumlcuihumteclf/un the processflumw uussunnig um i
umchiuuhumtichi~Odd55mu timid inlet temnlmeruutumrcof tIme processflows uf .300 C . ‘~bicuuutlef
temrupenumtuncis cumlcuuhumted(1700 (‘). Duetcu thedecmeuusecuf f~,hut unumimihy the imicreasecuf f’, tms
thereadtidmmi Imnoceeds,the specificexergylosses(exengymusspen tmuaoumi umf emiergy
converted)tire niumch Inghiemat thie stumrt thutui umt thecud cuf thecuumnhumstiuumiprocess. lie f’ m,umne
shuuws thiumt umppnoxhinumtely clime thnmd of theexengyiii time fuich is host tus um ncsuult cuf hm chenictml
react iou timid ‘s ‘reccuvemed’ ‘mm time flume gums.
If theem-mergy in ti-me flume gums is sumhseqcmemitiyusediimu aprocessto pruiduicepower, f/un extinple
in asteumuncycledI~um guus turbine, fummthimr losseswill cuccuur. [o determinetheroleof tIme
conmhuustidlmupm~icessdi the tcutuul exergyIcissesimu ti-me cdmnnpletc energycdummversioi system I t ye
Ic> he considered.In thesechuuptersmnethcuds(cur cumbculatimigexergyutnd exergyIdissesamid fcmr
repre’scmmthig theselossesgnumphncuuhly haveheemi develcmpeclccmmisidemingcindy time sepummtmtesteps
in theprocess.[ml part III thesemethodsivill lie usedtuu matike theummiumlysis f/un suchthe
comimpleteenergyccuuiversionmsystem.
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1)ISCUSSION I
‘EXERGY ANALYSIS’

o ‘mmiumlysc time perfomniummiceumf uhf’f’emcmmt fuel cell system ccmnfiguruttiomisiii theitust puirt cuf ti-mis
thesis,unm rmdvumumcedexergyutmmuulysis mimetfaucl is umsed, ‘~hethccmreticuuhfrummaewcinktimid ti-me
equumticiuis umsedb to cumlculutte theexergykissesimm the(mmcl cell system biumvc imeem deriveddi
thesefirst chiumpters.
lime degre‘ of ‘rreversihmihitydi tm steutcly—stuutcprocess.cummi he detenumlimmedlhmy ccumptmningthe
tic umuml processwith um meversihmleprumccssheuuding1cm the samechiummige cuf stuuteuuf the process
fidiws. ‘I’his lcumds tul ti-me defniticimi cuf “Lost wcurk”, ums theuumnduunitcuf work prumdmmccdilessby the
irreversibleprocessthmummm by thereversibleprcmcess(Section2.2). he lost wcurk mactbicd
huuwevem,dcucsnot takefrito uuccduumuutthat lessheuut is required(cur theirreversiblepmcucessthuumi
f/un thereversiblepucucess.if theenvinummmmaenitis ccwusidercdums tIme simik cuf heumt, ums is um lcgictml
chclice 1/un technicumlsystems theyuihuie of theheumt is dcf’iuied as the“ ixergy”: hewcumk
pctemitiuib m’elumtivc tu theenuyircmmimncmut.‘I he ‘xengy ‘halumnice’ (cur ut steuudystum e prc~cessus
derived:

exergylosses= exergysnppiiedto theprocesswith theenergyflows
thecliamige ‘n exergyof time processblows

Lxphicitly scptm‘ati ig exergycuf time pmdmccssficuws tim-md cuf thecm-me ‘gy fiduws helpsumndenstuumidiuig
comaplexpmcucesses,e.g.exengylosses‘n c’mennicalncumdtium is andis thehumsis or grumphictut
aethcmdsd‘velciped di Chapter3.

- cm cahcult c the dl Icusscuf work pdite itiah, uun Ihie “exergy ldmss’ , f/mm um steuidy statepmcccss
cquuutiuun2.1 7 is dci”ved:

A E~ Q ( I W 7Ii

‘ho ctulcuilu te the ‘xergy icuss, the cbmamige(A) imu exengyhetweemiimil ‘t tumid oumtiet hums 1(1 he
cumlcultmted.TFc gemierumi equuumtiomusf/mn Il-me cuulcumltmtidumi uf time ch’mmuge ‘mu emiergy(emithuilpy) timid
exergyin a systemawheretheccuuapdusitidmmchiumnugesums um resultof chmeinicuil reumctioms is
described(Sectiom 2.3). Usimig atihscilute vuuluucsfuur theseprdupemties(H, B) is required(ci’
exumniplewheuefficienciestire dcf’imied cur 1/un matiking emiergyandexergyflu-mw ditigramas ‘ he
umse cuf uulmsumlutc valuesfor theemmengyamid exergycuf a Imrcmecssfhcw requiresthe misc uuf tm
referemicestumte. l’dmr thecuilcumlutticun umf time valume cuf thepropent’es,cm nefememicestateis selected.
[‘or thecttlcumlutticmmi uf theenergyrelativetm.I theselectedreferencesttute, sttmmiduurd
thermaodymiummric cmunnelationsaresumfficiemmt (Sectiomi2.4). Our thecalculuutioncmf ti-me exergyE
rciuutiveto ti-mis enyiromimaent,a u-mew macthmcmd is develcuped(Sectiouu2.5)
‘~‘lie tculuml exergyIdiss di a umnil umperuutionnutty hethemesumltcif uune(in nncuncprocesseswi Li thei
specificdriving forces(Section3.2). in themaethduddevelumpedin this thesisS suchdnivi ug
fuurces tune chistiuuguuishedin thefumel cell systeun
• temaperrutunedi f’fcmencc hetut tram-msfee
• pressuurediff’erence ‘ massflcuwt
• difh’ereu’mce in cuumicemitruutidumi ‘ mnixhiig (iscutherumiuil)~
• difference iii chenncumlpotemitial ‘ chenncalreadlidumis:
• differencein electnictul pcutemitiuml clectnicumi cumnnent.
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II cmnLy omednmvnig 1/urce phumysum role in ~muiiit cupcrtmticumm, calcumhumtiuigthe Idituml exengyloss -s
sumfficicnt. loweven,i ‘tuie prmmcesscsdii tm uummit dupertuticuntune dctemnnmiedimy unulnc thumui (mIld
d iyi g I cmmce, it is umsef ml to dctenmndiicwInch pumrt cuf Il-me tutal exengyloss cuuu hm tuttnihuted mi
cucli cmf the sepumrumtccumuuses.Imi Sectiomm3.3 methodstine developedho cu I ‘umlumte thi ‘se lumsscs
scpamumtely.‘~lie first method is ‘sequmemihiuml mncmdelli g’, whereum mu uiplcx processis cmunsidcred
ums a scniesmif prcmcesscmccuinrdiig sequuemititully.Our exutmaplethe commiimuistimin processc’mn he
‘omisideredums um pmcmccsswhiere dii thie fii sI stepf’umcl timid (mxidu mit tire mi-mixed tim-md dii the secomid

step m ‘umcticun takesplace.Fimuweven,‘u sommie cumsespmdidessdscannuutime sepuinumtcdiii tIns wtuy.
‘Fl is is ti-me cumse(cur the me(omuadiigproc‘ss, wherechemaie’mL reumetidulis ‘uid hmetut tram s(ertime
clcusely limikedi. Anothierexummnpledii the fuel ccl system is tOm fumel cell i self’, whiere the
ebectuochiein’cuul,chemnicuulreumcticmmis timid heattrumms(e’tire insepumrumhieby with um hlumcl -hcmx
umpimndmach.imi sumchi cumsesum mncmchel wInch cleteminimicstIme pnccesswithimi he hlumck—lmdux is
miccessumy. ‘ho ctmlcumlumte the differenttypesof exergylosseswi liii thefuuel ccli ti-me mm mudel
deyeicmped~ii pm rt II is used.I/cur thcref/unnierum sepanumlemodelwums dcv‘loped c scparumte Ii e
kissesas u rest 1 of heumt tmummisfcr tumid chcm’cumlreadtimuns.
Of pam’ icmmhtmr diitemest im the fuel cell systenit mc ti-me lcusses‘is tm resumltof bmeumt trumnsf/c’m umuicl tb-me
lossesdii chemaictulrcumcticuns.HeatI rummm( ‘r piumys umuu imapduntummutrchc dim >mll e iergy systems.
(‘hemnicuil re>mctiommisarm difficuilt tdu ‘muialyse imecumumsethey gemcnailycuccumr sdinuuhancoumshywi h
other prcucesscsums hcumt ntmmmsf’n, fn’ction tim-md maixdiig. ‘ he kissesimi Ibm chcmmncumimeumct’ons‘nud
heumt Irumnmsf’er time ummiumlyseci imi mire cietumihed.
‘lime cduncept(if ti-me cciu ihhriuma eunpe‘umtuimc is diitmudumcediii Sectiom 1.4 tcm clumnufy exergy
hcmssesin cheuaicuulneumcticmnus,lime equmilibniumun ‘maperumtuncis die tempemuttuimeumt winch ‘m
chemn’cumi netidticimi uuccuursreversibly.Usdiig time equmihihmniummntenipem’ It me exergyIcuss s cuim hc
iuiterpreed macincccmsiiy. I cur exum npfe iii he mcfdmmnnimlg me’mdticmum h-me cciumihihniummmi tenmip mum uur
cumm lie consideredtim the i immmnumi temaperumtumn’umt winch> heathums to hm s implied to tI c
process.‘him exengylossesi tuie chcmaic’mlreticti in OdC mm u ‘ctmuse c actumalpmoccssOdd >1
>m lngh ‘‘ tdmmmpemu tumne. Amid I icrefonclieu muf um lnghem cmi pcnumtu ‘e (—high en cxc‘gy umium ) hc I
miecessumnyis uumecl 1mm ‘mchmicve II ecl emaicuml cony‘‘siumni.
‘Fhis imitenlmnetatidun mf lie lossesii lime cl-me nicuml reuudl’mun, whi’cl ‘s humscdom the cxc y
humhumccin he fArm giv n tihove, nitmkesit possibleto sisumumliic him ci ‘m nmuml ncumction ‘ um

‘vumlume diagruum’ (Smtionu3.5). ‘ ‘hue v’mhmuc d’umgnamactmmi heumsed Ii visum’ml’i ‘ tli’ Iossms ums
resumit cm(hetut mtnusf’cn. ‘2Imc heumtcdtimid cooledfluuw tire showi tim-md umneasii this diagiumui
me1mrcsemitti-me exergyhdmsses.I lie yumh mc dit granu is adl’iptcdi f/mn v’sumumlisiuugexergyloss ‘m ii
clmemmmicumI retidt on umsimig time edlu imbniummatdunpemumtumrc.
Hcuweyen,this method is misefu lo ily for um Uuaitedcl,msscm - ‘cuudtiomms,iii luumy mu s ‘s mb
cqumihilmm’ mini temapcnumtumrc cummm hedetemnnmmedAmmcuthc nnctimod is developedto visuuumliic lb
lcmsscs in (elect‘dl )c ‘mnicuml m ‘tidticumus mi thosec’mseswhiere nmu che mcaL cquulihmniumnn
temnpemtmtuurm cum ime clctennnumcc. I h’s in thuodco msid ‘n separumtey dime cl-mangein csmrc,y he
pmmmcessflcmws timid time exergysuupphicd1cm tuie hi~dlCd55imi tuie fcum iii of hic>mt cm pmuwen.For both
ciumuuntifies um sepumnumc ccmenum iied (‘turn It f’umctmmr (—exergy/emergyrum di) is cumlcumlum ed. Us’m g
theseC ummnot ft ctcmms, cdmniplcx processesi ivuivimig chemnicuilmcumcfdumis amid hmeumt trums‘c cum i lie
rcpmcscmited ‘n cm C’ummno tuucOmn c ithmuilpy diuugnummmm.‘II esediag‘uiis plu y u mi imrupcim tan mcmi ‘

thie uuuiahysis of Il-me kmsscsiii I mc fuiel cell systemmuin partI
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INTRODUCTION II
A FUEL CELL MODEL FOR SYSTEM CALCULATIONS

A systeacalcumlalicunhumsicumhlycdmmisists mf ti-me ctmhcuiluutdmnscmf umil unuussummucl energyfluusvs dii
tuie systeun.A nicudel cuf tIme fuel cell (cur umse dii systeuncumlculumtidmmis timcrefmume shioumlc c’mlcumhumte
tIme mme-mss tumid emiergyflcuws 1cm amid f’rcumn time fumel cell stumck. ‘~‘lie untuss fimuws f/mr time fumel ccl
stack‘ire time uuncmcbc flow (f’umei flcuw) uund thecuithimudeficuw (which suipphcs0 tumid iii thecumsc
mf the hvICl’C CO to ti-me fuel cell), herelevantthicnmncmdynuunacdumttm of theseflmws tine ti-me

teunperumtumnes,pressuresuunui coinlicusiticlmis umt time im tumid cuumtlet muf hue l’uel cell.

Detailedmmmodei
A hummgenuimnher cuf phcmcmmaemia~mccuu’im tIm’ fuel cell: cheinicuil tunmi dcc rmicf ennctml reumcticumus
bout trunisf r, numsstrumuis(em,c c Thereis um it ‘dug im cmuudtidmn hetweemih’ process~s the
cell I ‘/mm example,Il-me ruite um( each(If theimrcucesscs(cimemnicuul mctmdtidmmis,elect‘ochemaicuui
reumdtisuums,imeuut truuumsf’en,dId) dependscum the Icucuml temnpertutumre.Omu time muthen hi’muid, euucim umf
these urocessesin turmi i ifluiences time teuaperuutuurc.‘I’his lcumcls tdm um lumrgc nuumnheruufcdluumhiduuis
which imave1cm he sculvedsdinuml umnecuuslyto calcuultmtc lime hoc’ml pumruimneters(e.g. emperumlumme,
emmerit deumsity, comapositidmn).E’uirthmemnldure,fo’ ‘thy typecm(c ‘II, the ‘tue of It ‘ proccsscs
cmccummringin thecell is dish”hutednon u nif mrmnly. ‘ihe macudel of thie (mmcl cell thencfcu‘d 1(11

cumihy describesthe locuml pimcnumiacnumdii lime lu el cell, humt tulsuu cumicumla esthechist ‘ihutemmi cuf lb c
pummumunetens:ucmapcnuumumeprofiles coumcemuurummiomupncu(imcs,cuc
[mm Chapter4 time developmncmitof a d ‘tailed miumc el is described,wimic uu heusecto
calculcit hdmt heouitpuut pumnu u i ‘tens (e g. cud Ii ‘I ccimcc it “it’ mm s) u s hedist “hut ou if r Ic ‘mull
paruumnet‘ns oven tim’ cell (e.g. uu cunmentciemmsi y clistnihu iuum mum tel ill ‘nuituime pruf’ihe). ‘l’his
mode ‘s used(or two pumpuuses.Firstly thecumlcumluitiumn cuf Id cuml tdulipcrumtummmscuid

cdmmmmpositimmmisen’mhlcsti-me caicu um iou of cxc‘gy losi~,s im tImedif’fereumt pncmc ss ‘s cuccurndigi
thecell This is mediumired (‘in It cm lethidmdl of exergy um alysiswhich is developed‘n p rt I. Tim
secondobject’ye cm(thie f’uci cell mmmdcl ‘s theums of tic uncmdeidim thesysuemu cu Lculumtidmns ii

partII . Howmver, umsimg ti-me mcmdcl dimec’thy i m tI e system cu cumltmt/cmns is midut Imossible‘nid ‘m

twdl stepcipprdlaChis used.

Simp’itied imo~eI
Solvimig him’ ma’uthemnaticcuiu cmdel umnalyticuI y is mm it pcmssi Ic if lie ldmcuml pm mccsscsum -

deserilmcci - i sdmmnedetumil ci5 in ti-me m iodcl d ‘vekmpeddi Chapter4. In orderto smlve 1mm I um ‘I
cell undudel itcnum ive numinenicumlnicthcucls tine nequmired.‘Fhmc ncsultdiigmndmdei is not well sum’ted
fcur cuirnyim g uuut systemcalcuhtmtiuuns.System-mi cuulculumtiuuuisdiivuuhvc highly itcnumtivep ‘umceci res
Id calcuh’uletill the process(lowsin ti-me systeun.( uumncspdmndiugiy,im thecdmumnsedmf (mule syste i

cuuhcuhumtidmi, time fuiel cell niodel is cutiled ui-mull-my times, Usecuf um detumiled macmid uts descnihec
uthoveim a systeii cabcuuluuticmmmwI hdcid tcm extreniccumiculaticuntimnes,Mcure f’u mmduumnentumlly,ti-me
stuihihity (cdmnuvergence)mu) suuchtu umicmcicl is um prduhhemn,especiuully(on ~Its emswith um lagim
degreeof iuitegnuutidumiums f’uuel cell systc’mns.A mcmhust nmcmdel us ‘edlunredi (umn the-sctyp cm(
cumleuhumtiomiswhile tIme detailedunuudeiis verysemisitive tdu vumniumticiumsin i iput Imummuimiletems.I or
systemcumlcumiumuicins therefcureum ‘agbmhysimplified fuc 1 ceLl uiicucuei is required.mi C’iap’ ‘ 5 uhe
cuuicmuluutionresults(cur thedetumled nncmdel tire discussed(cur different stack cdmnfiguimuutidlmis:
SOFCumncb MCPC,externumi umnd inmtermmuml re(uurmning.ccm—flcuw timid coumnlcn—(lcmw. Pm C manter6 um
simimplified mamuuIel is develcuped.‘l’hc effect of simnphifydimg tIme fuel cell macidelis evaluatedhy
ccumnpummingtime resumltscuf time sdiaplifiedmodelwith thedetumilecl mmdcl.
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CHAPTER 4
4 DETAILED MODEL FOR THE FUEL CELL

4.1 Nb BODUf’ fhON

‘1 ft c c ‘II mmmdcl de -elopedin I us cim upten ‘s umsedto ideitif’y wim’cim pimcnunmcumaarc
i ip( m u RI I mcludd in a iodcl th’ut - us ‘d mn syst ‘m analysis ‘h’b c dfom , lb e m duddl sIn old
he abletci im Ii miude‘staid dic (undamic u ml relationshipshctwccm time panani‘tens wfocl are
nchev’nt td time systemi calculations:
• 11mw dm es u changein fuel m ‘lisa on ‘ (( clIme efoucmmncy ml time fuel c‘hI’!
• Doesthe mmetimanccomiten t um( time ummiode gas ‘m time cell inlet intlumeice he tem p ‘ru turdof he

cm F di Ic mm ‘( g’ s at time moOd,
1(1w dm time nI I c incen ‘u hum s affec e Tic’ ‘ mcy i-md -mow ‘ dem ity’

- 1 emain mhj ‘dive ml time d’ ai cc f’um I ccl m -mode us m mmderstamdimmmw time opcnat’ ug
pamamehensii F n’ mc’ I c pcn(i mm’nc - hi (mel cell h valu’ tim-mg whelm ‘n he mecessa‘y
ii aplmf~ing‘mssuma ‘mm s ‘m he acdcl arm p‘‘n’ttcc , Ii’s ofjcmtive for 0 e f’mel c 11 mmmdc
shicuoldhe kept in ni’nd.
‘h he aa’mu p uc ss in fuel cell i Ii’ c ecti’ochei ical mc ctdi i hi fins m’ ctimm I c Fydnogen
snpplicm thr ung Ime ‘in mdc 0mw and6 c mmxygen(a d a s m the(‘0, in time cumsemm( aMCFC)
(mci athec timodm flow m u c . As aresult - he eaciom s,a i clcctm’cml potcnti’ul diffe’ ice
SolIdsu m tic w ‘ci heelectrodesm( time hich ce’i. Becausethecellswi iii a I’m cell ‘s cd - ‘ mc

cctm’ical y c m cc c U scm’ s u ha g’ poe ial dif’c’cic’ esols h tweem0mm d p’u csof
Ohm fuel ‘d 1 s ‘c timc cm a id -mci m cc ). Wim ‘n anel ‘tnic’ cm nrc lciws imnoogh I m

stemnal d ‘md, mm fuel m ‘I de ivensc ‘ mcml m uwen mu ruble tim eectmomF inic’m n’u ‘ icm
several u he’ p mc ss s mccu: ‘Icc nc’ y ‘s O’um s mom cc hmou ~hlb cc ccl u les imuns ‘ mm
tu’umspmn cdl em hO ‘ccm y a dnucccntsc d mmmdcc m( h n ccfimsc’ffomm a
imcpomcmms l’’t’ I .0-men r ‘csscsu c atdim’mly - fumtec mU cl’cmmcimcnicm cmc’o
DiI’crcmutc c’ nmmcius im mc’ ‘nbime(uelc Lwi’’F u’yconsu t cirgenematchem
s wel . ‘1 his i eat,and lme im I gc cruted im m” clcclnmcimcma’calreactionis ‘cunoyedF i tim

‘mmci ccli by lime ‘all mdc ‘und mmmdcflow by comivec ion u md madiatfon,A dctm’lediamd ‘I of F
(mmcl cell wil - dc d’ u wide m’mngc u( ph cc u me ia ch ge I ‘u nsfcmii eel odesamid sepantior
trmrspcunt( F ‘mmn, t’immugt’ he ‘lcctno’y m c ccmoc eui’c’ul meactimimsciii cimemic, 1 m ‘mc io i,
heattm’mnsfc mnass i mu spcm e c. 11 thcs proc smes mcc n wifi varyingmt ‘cmi y - i c 1ff n
pantsof tie cell. Key parameters,tin exutnpie ‘maperm rem id cm npcms’tiomms,w’l v’miy y”

time cell. It fill mmdcl hr time fuel cell will tic “f/in’ did de both a dcsc“ptimr of tim mcml
phmencumncua’ s well , s desem’hehim’ My punt n”tdms us u (umetfoui of the loc’mhicun 1mm tim cc 1
the tenFcr e-’ c ‘s ‘bc ion).

Secion 4.2 discusseswh’ebm phenmmacnaumre i-mel ded‘a Ome mdcl and
which me im” keyin- tm-md 00 mut ‘iucmamndtc‘s (or thefuel cell u ode
n Sectiomi ~ me mc s imaporrut conreahions usedFor theealeuhmticmns if

O ehocahprocess”s(rateof r action heattransfer,etc.)arereyicwed.A
cmmmsistentandcompletese of equationsfor thesuhecil is giv ‘ i U
Section4.4. How lime distributionml tenmpemmtumesa d compositionsminim
din cell mrecalculatedis disemssedin Section4.5.
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4 Z. setwim OF HF. FUEL CELL MOI)EL

4.2,1 input dataamid omutputdatafor the fuel cell unodel

/ scheuntuticmepresemtuutimumicm( tI f’umcl cell is givendii f’igumre 4.1. lb-me umncdegums (f’umdl) ummucl
mumthicude gums (oxidamut) tin’ scupphicciscp’mrumtcly tmu the f’uucl cell. As uu mesuiltcm( (electrum )
chemaic’uil neumcticmns,ddlmapdusitiuunsumndl lenp‘numtuim’es (If immuthi imncmccssfimuws chiummimic ummud
e ectnicumlpcuwer (P,,) is gcuiemuutedby lb-me Fuel cell. ‘I hecuuuthct fimuws tune ti-me (puintiumhly)
cxhuuumstechuuncuchecm(f-gumstim-md cuutIicmde(1ff gas. ‘blue mnumdim cdummmpomhcmt imi ti-me Inch cell is time
PLN luuycn’m. which cdumisists muf um cumtimmmd’ cm electrumiytetimid ummi umnuidle, ‘~hasis tueactive
comi pemmienut ill which theelcctncucimcmaicumhtumid cliemaic’uml mcuuctidmuis tuuke plumce,in wh’cim the
electnicumhpcuwcr is gemierumted.etc. ‘i’imc seccundessemitiumhelcuacuit imi ti-me (mmcl cell is lime sepumnumlon
phtuteeur diilerccmnunect. i’hc sepumnumtdmmplumle hums three(uunctiuuuis:

ho emmumeet0-me Iwo cehis in serieselectn’cumlly:
• ho t/mmni lime scpummuutcchum uels himnoughu which thum umnoch timid ‘uuthcmdc gums cumn F mmw’
• di sepuurumte heutnumudetumid ti-me cuttlmodedOi ipuumtmuuemmt.

tommIecm(( jam

cadio(fc m ‘I cums

TIme mnuist meleyumtprocesseswhich play um role dii tIme (ci cell ‘ire:
• the electncmcimcmicuul mcuucticmmis:
• cimc’mnicutl meutdt’dmm’us;
• heumt transfer.
Mcuuhels lAm time foul cell cumum describethe b-m~Odd55d5occuoni ug mu lie (‘mmcl cell 1 vumnyi g dettul.
As a m-ninimnumarcdluuremnem-mtfcmm um (mmcl cell undmdel it hums to cuilculuite tb-me m utuss tim-mci cmi ‘mgy
balancesciver time (muchcell. ‘~lieFuel cell mmucmdel osestheuncuic flows (up) timid ccmnditdams
(comapositionsx tim-md teunperumlune‘F) (IF lime diet uis inpuml dumlui. ‘Fl-me unumss flmuws,cmumnpmls’ io is
unici temapemuit urcs umt thedmmmtidt tune cu icuulumtecl dudulput duuta. Ahtimmuugim (cur systemmicumlculmt’duns
other ccuunhiumumticumus cml iruput tund (mumtpult tire o(temunmcmncumsefol, f/in siuuuphcity tium detu iled
macidel describedin this cimumpter is such an ‘inlel—lmm cuotldh’ unciclel.
All tlmemunumdymuamnic clumtum of lie imdet flows (ancmdeguis and cumthuucle gums) haveto lme specih’i ‘dl:
time manIc flcmws (up [maofe/sI). tcmmuperumtummes tumid pressumnes umt the(uunmcmde timid catbnmde). ‘ c
cdunnposilicumu mmF theseI lumws is defimied by simcci(ydiugthemcmic Fruichicmuus x b/mn eumch ccauipdmmleuut
i. As f’igume 4.2 imudicuutes, time macdc (rumduicumms turd treumted ums ti yedtdun (x, with theelcinc Its

x(i)_x,). Other inpumt duutuu requiredl hmy the(mmcl cell nuidel are ti-me ccli mmmd stumck gedumnet ‘y. ‘~his
imuclmmdes f/un examapletime nimimahem cu(cells, cell utneum, chtimummei diummneters. [t umlscu imiciumdcs thu

PEN Puisiluic clecii-ode+t’.lcc’uicilyte F Negauivcelec’unuicte

I c cleclrumlyte

uummcmcle gu 5

‘umlium he gus

seluumn’utu m imlal

1”igure 4.1.’ &‘hematic repr .mefltatio,i of cm Jimel me/I
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clumtuu m ec~muimedto cumlcmmhatctIme cimemnicuul umnd electmcucimcnuicuul lmnducesscs:cumtmbyst umctivities,
mimnac nesislummice,etc. Evidently, whichdatum tine reqcminedlwill depemiclciii time de umi wilim wInch
lime pmcmccssesimh time I/mel cell tune mcmdellcd.
‘lhe elcctnieumhperlAnmumummicecm( time (mmcl cell is chuurumctemiiecl by the electricuml pcwer which is
gcmmcrumfcd in the(cud ccii. i’h-me mupemuutdiig pcamt fcmr the (mmcl cell can ime defined hy specifying
time ,‘cmuerutredpdiwcm, tIme cuumncmtdeliveredby lime (much cell umm thecell vdmltumge. Omihy onecuf
thics ‘ pummam meterscamu he selecteddiiclepemudemutly I/un the cuuhcmulatiouns (seeSectioim4 3). km the
f’uucl cell model tie ccli vmmhtumge (V) is specified to del’ime the mperuutimig poimit 6mm the (much ccli.
Bumsed cumi the ccuuiuplcte duutum (cur the pmcmccssFlcmws (inlet timid dimmtlet fluiws), cmtimem pumrummneters
cumn hme cumlcumlumtecl, (mum extumnple time ccii emunrenut I timid lime ciectnicuilpowerF,, gemuematedby the
stumck, I’ig ire 4.2 givestin mmverviewmuf imi umnul dummupiul fcur lime I’mmel cell mncidel,

hAd ccunditicmns imilet flows

x~x111 T~m~7 Iii (p (~u up hi

cell yc)itagcv — —n— P (pcmwem)
imilct—lcm—ommtlet’

mucuehel t/ur lime fume cell stack ~ 1 (cm rrcmit)
cell am-md stumek

geclmridtry j
~mmhletccmmidihiomis~ (umutiel fidiws

L2~m~oui T omd’
1

upocii upummui

J’i,hure 4.2: Ba sic in/el to outlet model Jor 1/c Juuel ce/I

4.2,2 Fromui a34)stackmodel to a CD simuglecell mnodel

A simigle fuel cell cumn cumuly geieru Ic huntedpower. lmercfcurcum fuel ccli nimudumle ahwumys
comisists cuf um large muomahmer cub single cells. Different gecmmnetniestire pcussihlc 1cm time cell
elemnent tund 1cm jduimamig tcmgetimcr um hummgc nuimnimer muf (mmcl cells imildu ut nnodmmle ‘‘lie f’mmel cc 1 ‘s um
3-dimensiomiumi systema.which lypicumihy wduoldb ‘equmire f/un exummaple (imbile ehmmmmenul teclimncium ‘s km
mndmdhel. Macmy sumchm nummmclels huive heemu dlescnihed in literature.Exuimples cuf nigondumus 3-I)
miumudels (cur sduhid muxide foci celis hmumvc heem discmmssedl ummnommg cmlhems hmy i:rdhe 119911,
Kummohimusseru 119931.Achcnlmumcim 119941 andReckmiumglc’ [21)1)31. 3 1) mmumdels (cur ui-molten
carhcuumate (‘mmcl cell stacks have heemi disemussedby He, 119941 ummudl Scimaan[1990]. ‘l’hic .i I)
macmcfeis give musefumi imifcunuaaticun fcun desigunmig(mmcl cell stuucks. 1 hcuwcver, thies ‘ m-mucudels luici the

flexibility reqmmired (cur ummalysiiig time influence cuf different cmpcrumtimug parummadters cci time
perfAurmumnce cuf time fuel cell. ‘~‘imerefcirc, imi view cuf the cmhjective cmf the fuel ccii mm-mcmclel 1 flu’s
thesis. uu lessnigcmrous typeof (mmci cell uncudel is required. In this scehicumu,the foci cell
ccumifigmmmation is selectedamid severuil assuunpticumis are mnuude Id simplify time umucmdei,

P/at plate tv~Ieor planar ce/I.m are considered. I he huusic active elemnemil (PEN-layer) m( um
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fuel c ‘11 mamudnicin that caseccunsisfsof a flat plate with amuodegas(Icmwiuug mmii mm~side of
tic pl’utc amid cmthcudcgason lime other.Ion time mamulten camhcmnmtcfuel cell (MC’I’C’) all cells

mc mm( lime plauumm typc. ‘~herearcdiffenemuttypesof SOi’O stacks. (‘imc n-most imnpcmmtmnt SOI’C
typestine ti-me Imuhoimum cmli amid time plumumn(flumt imlumtc). Altiumoghi cmmnnmm tiy Il-me tumbuml mm type ‘s
netherdeseldmpcd.lime pimum’n type hasmm imnpdmnlamitadvamutagewith ‘espectto Oie

miuurmumu%mclnmimugcdmst [ S dmwdmmu, I 99 . lIe-h 1994, Rcmui erm 1996]. imcrc (cure this type ums
hecu sdlcdledLm’

• Jdc’alicedflmelcell stack. O’cummditimm is 6mm di((cmcmu cells iii a stack i-may any. i pmnticnlmn
lows andtemapeumlnnesn-muy simcmw a nom u nIAm ad’slnihutfon mv’n I c s ack, Mmmnhulding

amid imihet effectswill mcsnih lu-mm di(fcmemmtLeimmy’mnn f’mmm each cell. A detailedmmdcl of tIme
sha‘k thereforeshouldreflect imow time mm icven dishdhnh’mncmF thesepumramaclemsaflActs time
performanceof a meal stud . ‘l’imerc arctwci memsois wI y himms’ cfl’ccts arcnot inconpmnmtmd
liii lie (mel ceOmaocci developedin this cimapt’”

‘IF fuel cc I nod ‘1 developedimcr Is limIt nsdI (for exaaple)to cvalmmumt n anifmulding
desigm, mIll cv’m n’mtc I c effec s if I m ummm ge en’ I pamu i-me mm m( time ( el c ‘hi’

• ResultsFmumm stacktestssmmggcst hum devi,muidm i lmmmm lime nnmi’mm adish ‘ih mticm m
temapemmtmme aud tlmv s osemthe s u ck can h’ 51 omugly nedocedlhy u dmpl’ ug time stack
design(see Am cxmmu pie time nesmims mepum’cc hy ER ‘ [I lam, 19921,] anmomne.19941and
1111Kaidiimt mu 994])

Tkemehurcin Ois I mesis time s u ck is n odelledci5 t i idea stu ck. A ideu stac . is u s mci
wimicim consistsof ‘m largemmnmu hem of cells y imicim upemate onder he sum c cc udif’mn, (ffcmws
emperatumes).Evidently timms sImm mg y s’nipliflcs thcstu’k u mdcl he ‘u u meo mly mum’ Foci

cell el mi-men imu s to he mmmdchicdii dclcmi
• 1,imimmtatiomm to c Jlomu’ and c’omomtcr /1 im ‘ muoclelu. /m mdc mm d cathodegas Imuw cm d’ 1 mc

sidesof he I N-layer.‘lime uelmtivc dineclidn 0 1 mmmdc aim 1 cm luode (1 uw dclmm ai c I c
Pc w cmn(’gmnat’dmnof plamiu’Foelcc 1 shacks:cm F miw, c momiter-ficuw, crmuss-fhow, 13’ mcd in
othe’ evumlomlioms c F Fe d’ fl’cmemmcc, hclw cm themehy mesof c ‘hIs (c.4. [S ‘im mami~) the
mduFuionu amdchldiugefi/urt ucqn’ned o cnmsm-flumwcells is mulljostil ed f/mm tim cm men
pnr~mc. ‘ hi” dc a’ led niodc1 hasonly h ‘n dcv‘ho mcd (mm cm ‘umud conmu cm flmv c lIm

A (mu I g nc’u 1 mssnnupt’mus is that timc c’mLc mlm immus ‘n’ has d ma tim ‘‘iv’” g p’ ‘ssm
pmcmmnncdndmp muver tim’ Fuel cdl sta‘k will ypically he6m’ examplemm

4 5
c~ciF hi m due

pressuc. his leads ci a ii ‘mucmm efl’ccl mu time cimenacumlu mid ‘lectrocimemaic,I nemdlicmns,v ‘cim
depcudmm im ‘ p’o’timl p ‘essoresof lime memctim g species.1 c de- dl pm’ofl c il lIme p ‘c surelmss
oventime cimu nn ‘is di time dimec dii oF tIme (fow is timemc(cmd mucut takenmImi acemon
Ilaseml m 1 0-mm ammo mp ions list d aim uve ‘I y ill h s P1cm nt Ic i-mode ‘mc Fu ‘ cc 1 ‘us a 1’ ‘cc
u-mum ml ‘n di rep“ul’mmg ngiecell denents.i’imc (low dimcct’camin time singi cell el mmcm 1 ‘s
indict I d as lie x directidmn((1gm me4.3) As a ‘esolt mm( 0 c~ dd55d5 m cenirim g ‘n tim 6 ‘ cc
(reach mns 1 cml transfer).com posillci m aud kmapcnatn‘cm wi 1 cli’ mge ii time x-d’mccticmi. I c
detmikd m diddl thereforeim’ms 0 dt lcnimtc lime cdum-mcei Inc tom aud temap‘‘u loud immo lies ‘mimum g time
ccli iii time x-ddmclim i (evcmu limmogim tim mile flows. cmmmcemhationsmm-md hem memumlonesat I e
cunOe ml Pm Fuel ccli my he time only cuntpnl ‘ncun u I c adide ).

hmmi the type ofe’ulcu l,utious whiul mine penlnnm mem iii C map e ‘s 5 a iS 6. thehit Iecemmcc Imeuss ccmm plmm m a mc

I cihci 1mm dulls i5 umma esseammit -

I lie presscu-e fuss oven mIme fuel cell is aim - mntmnmdam elteem ia mIme sysciii ealemu lai iou. henaims tIm mm ‘ssmmn loss
iaf’lmieaees tIme nemtainmcl pmmwen fan lIme am aimS neeyeIc hlmmwens (seep’mm Ill. “System / iii lysus”),
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dm’cmss medium

N f’4-Iuuycm

sep’um’umton miumle

Iv

4,2 3 Maui pro~ses‘ u Ike cm’oss~sectiouu

Winch tune theprcucemscmwhich hiumvc to h’ tuikemi imitcm umccommmtdill-me 1/id cell mamuclel 1mm
cumicumbutte lime cimunugescildiii4 the cell’! Am ‘ndicumtcd the ums ‘numgc pressunehetwee in timid cuumflcl
is umsed imi the (mmcl cell maodc . ‘ ‘herd/inc Il-me Oicmncmdymamaicmtuutc mm( thie gasfldmws dii um given
crdums-scdtiuu ‘s detcrmaimicclhuy lime ccmnccmumuutidlus ummid temapenalummes(timecmdusm-sedtimmn‘m the y
i plumuc, sec(igmu ‘m 4.3). (‘1-mci ugem ui I ‘mapcrumtumn’cmmc ccm ucemitmumtdumumlcmmmg the cmli mi (Imuw
cli ‘edtidimi, u redu ‘ 1cm seym ‘ci processescuccumnninumi mi time cmmiss-sedticmmcuf thecell. ‘hhe umums
dii pdmntunt pmcicesscs‘oc
• cicclmxmc ucnni ‘umum d cime i icuml ncumdtimnus in tumid on ti-me P1‘N iumycm:
• heat lmummss(di (c .g. cmi vectdmi ‘mom li-mm PhmN-lumycnui-mcI sepummumtmunplumle km time imnocessflcmws’
• ccumudmuctiye icuml tnt nsf ‘ wibimimi flue P1 N-lumyer ‘01(1 flue sepummumtdurplumte~

miiumss mum ushmont ‘muam lie PI’N-iumycm to he imnmmccssflows umncl with-mini hue p ‘ocessflmv s~
iii time iexf s‘c ‘mm ti-mm mp ciflc umssmnmptiomim mmcci iii macide limig etucim of limes’ pnocemmcsw’Il m
chiscuimmed I dcl’ml . B,mm ‘cI mmmi I e ‘1mm mnptdus disc’ mmmcci imi Il-mis medlicum lb ‘ gemienuml
cimmnumclenis ics of me ‘mmcl cell umiodel dimcmmsmccl ‘ii li-mis ‘hiumpt ‘m cuui he sumuammiumniicdtim l/m Imums 5:

• A (mmcl cell mimuclel cmaisicbensmm mimigle, repetitive(much cell clemimemul.
• ‘~lie im pull Fur Il-me ( ci ccli i (mdi 1 clrc tIme die F cuws,dnliiddli ma dim m tim d 1cm-mi crumtuu’ m. flue

ccli vcultnmgc u m d I c geuummuetnyof li-me f/mel cc
Omutlel i ~mwsum mci ‘mumiditions c nd time cell cum ‘rem I tinecumicuuiuled.
‘~lie mnuc ci clesc’nihemthe (‘lcctmo-)chcniicuulncumctiois umuud hicumt trum ushii wi him h-me (mc ‘ If.
‘I emaperuitmuneci ud cm micemmtnuuhcuu profilesuulomg lime cell dii ficuw dimectimmu arcc,micohum ‘d.

4 3 SIN( Lit C ml L MOI)F,

Mummuy diFFc ‘emit geom m”es d ill hecmmmcciv‘d on ti-me f’oel cell. ‘I bum y mc of geom id ‘y
ncpmesentedI (igmu ‘e 4.3, wherelime sept umtcim plumle cur imlcmco umicdt hums um cuunr ugated f I . is
‘ii exummumplc (uf cl sped ‘Ic gecmmimdtmy.A gemicruml chiumrumctemistic(if till cdmmcdlmtm is lb-me P1,6 u ycm.
will mu mum side lime umir elcclndmdlecm cumlimode timid cun lime otherside aIucl clmctruudemm ummummclc
I hue (iomu—ccmmmdnctimg) electrculylebetweenboth electrdmdlemis thedcFlmnng clenmemutf’uu ‘ em cli
typeumf fume cell. A sccuuumdlgeneruil diuuurumclcmimhicmis thuumt till I’micl cells humve scmmacmmml muf
mepumnuildun plumle wInch (cununstheclmanumuels lhn(mngh whichtime ummuodc tumid cumthmumdcguis cmii 1 1cm v
timid the electr’c comuclmmctcur im ‘twccn two adjcmimnmig cells, Time fuel cell uncudel limcrehumeIts Im

pruicemsf’Iow~

I ipmurc 4.3 4mm eucmmpleo/’a Jicmt /1/cute ce/I mit/i c’orrmmçcmtecl ,sepcmrator~mIate
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dcmc ‘ihe how pm’ocemsem tim eicctrcuchiemaicuulmeuudtiumms, chuemaicuml rcadtiumms tumid hicumt tnuumisf’en
tumke plumce imu mm gcmieraliied fuel cell comisisldiug cuF mm PEN—ltuycn timid um meimumnuilon pluite f’mmrmnimig
time chumnnucls(cur the pruuccsm ficuws. I’cur cuichi of theme prmuccsmem, the mtumntdiig pcudiits will he
dimemusmecimepuuruuteiyin Ilie f/mhlcuwdiig mcclicmnm. ‘Fl-me umssnmmuptidun wlm.lclu tine mmmdc time explicitly
vumlid cmmily h/un high temalme‘uuture foci cells (MCI ‘C tim-md SOEC).

mm node

It
H,()

“~~j

catimmuchc

I”igurc’ 4.4: Principleof e/ec’troc’hemnic-aIrm action in tIme ,soljmj on/c/cfuel ‘c/I

4.2.1 a enmlahioui of bfle powe geluem’alecmDy I me emectrocheuuuicat‘eactiomu

In timc Fume c‘11 thue c m ihummt’cmmi neumdtimum + mO 1170 is spl I im cmlv o buuull reum ‘ iou s. As
timemc meumdhidmmum imiymmhyc electrummim mis ncumdluuutmcur prcmduicts. themencumclicuus tire dec rmmhcmm icum
meactiom us. In the SOFC(or examuiplc(seefigore 4 4). thehiydrog ‘ii F,) reactswilim mmmi uuxygeI

icumu (() mm im’ mumummd’ amid two eleclrmumustune neheummecl:

hI, 0 ‘ H,O +2c

lie electronspumms thncmogh theextenmumml eledhnic’mI immud tund nelmmr ito tic I’m ‘1 cell c’ thiode
whereoxygcm is nedmuced ‘ihsmmrhimg 11-me two clcctrcumim ii hue secoid buumi( rcadtiomi:

‘aO +2e “ F)

hi cinder to closelime dircumit, chuurgc tramusfem (-) ‘m ‘cqmuimed (mom hue cumthmdc to di mncmce. ‘I him
cluuimge Imumu mFcn is achievedby Inuunmpcumtof iomis, Imi time cumme (IF lie SOb‘C thechimu ge is
transferred by the () immns. ‘~hech(femcntstepsdill-mis imncucess (eleclmum I ‘uuimpmnl throu cli tic
cuuthode electrode, meductim i muf 0 1mm 0 culls, h’umm sport of im is timmomugh themicelmoyte 11mm’
rcuuctiommm mm( , with 0 . dledhnonuInutmusimort tim mngli ti-me tO odle) duu he ccmumsidenedmis u m ‘u’ s (IF
stepswhich htuvc hum mccmmr to emuahmie time mm enumil neadlumumi:

H, I zO “ H,O

In lime MCI (‘ lime chmtmngc I ‘ummimfem thmuuuughmthem Icctmcuiytc is umchievecby thelnumspo’ of F 0
iomm.s ‘mdlii the cuuth’ummde to the uumicucie timid time imumlf memudtimmum become:

H, + CO “ 11,0 + CO + 2e

tumid:
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maO + (~‘() +2e .‘CO

As mm ncmmflt of ti-me chcctrcuchemnicaihumhfmcmudtimmns tut hcutim elcctnmmcics,ummi electric pcmtentiuul
diI’f’ercnce hunids mup betweenanode( ) mum-md cmlimcmcle (+). 1 his potemilialdifferenceis indictutech
tim the cell imcutcmmtiuml mum cell vmltmmgc V. [he efficiemucy of Pie fuel cell tim-md time pcuwcr limmut the
I mmcl cell gemucrumues is directly meimmtcd to time cell vcmltuuge.
[ii ti-me icleumi cumme. ti-me cell vcmltuugc is cqmmuml Id time reveu’sible voltagecur Nernust potential V,,,.
‘blue reversiblecell vcultmugc representsthe cumme timuut u-mm lossescmccur in the electrocimemical
meumetiummu. mu um neuml 1/id cell iuowcyen, there is umlwutys um diffenemme betweenthereycnsihle
vcmltage V,,, tim-md the muclmuml cell vciltmmge V. ‘1 his diff’erem’ucc, AV, cuin heconsideredmis lime
dnivdig %mrcc (cur the clectrcuchenncuml neumdtidumi.

V V,,~ AV (4.1)

mu gemuertul f/in (html phmute type cells,lime vmitumgc Icusmeswhich umccmmn imi (Il-me phummie cub’) time
electrcmdem am mm remmmlt of nesistutnucetire mamuchi siaahlcm thiuun the lcmsscsdlccunnimug imi time
clectmcuchemnictml rcumdticm cur tim um result cmf tnummimpuunt cm( icuum imu theelectrolyte’tm. ‘I hierefoume the
vculltuge clrcip dii the electrodesin the clineclimmi mmf lime processflcmws can he ccunsidereci
imeghigihlc. ‘I h-mis leads 1cm the amsummaptidun thiat the cell vcmilagc is ecumustamut iii he whculc cell,
V—V(x). i’imc reversiblecell vcultagecmmu time dlthen hand dependscumi lime pumrtimml premmmmrem cm( lime
neaclanlmand on time Iemapcruutnre. ‘l’imerefcure, ums time reversiblevoltage (and he vcilumge drcup)
vummy uthcuu-mg the cell utmud thecell vcmltmge dducs mcml, we write:

V V,,~(x) \V(x)

‘flue cfepcmdency(If ti-me reversible voltuige ai Pie temiutmemmmtuure tumid cmii the pumntimml presmoresum(
Pie neadtmumts um id prcudumctm di theciectrcuchcunicuml meuudtimunu is givemu by ti-me Ncrnst eqmmumlion
[Ilinscimemihoffer]. Ecun flue SOI’C the Nennmt eqmmalidimi ecimutuls:

V,,, V,~,(‘I) R’F In Pmm~ (4.2)
ii p11

‘Fhic b’arummiuuyconstuoul1’ ‘5 dle(muiedlam the(eledtnicumbchimirge)cmf cunue mncmlc of electrcimis.1 15 the
nmmmunhem cmf electronspncucbmmcedin time clectncmcimcmnicuml humif meumdtimmnm pen muule hydrcugen (i_..2).
V,,,’ is thie stamudmund cayeraihlc voltage.‘~‘liE ccmmmespciuidia to time thuccmretical vumltumge till idecul
(mmcl cell would deliver if mull lime neumetamits tumid pmudmictm are present uut mtmmnudummcl state(at um
pmurtiuml presmumne (If I hmmmr [Simmitlu & vummi Ness]).Am eqnaticmn (4.2) imiulicuttes, Il-me stummcltmrd
reversiblevoltage dependscmn lime teunperalmure manly. ‘~‘he mcccmnd lemma dii time equumuliomu is um
cdmrredticun for the aclmmal partial presmoneof lime meadtamits am-mci products. In the casecuf the
SOFC, time ncieyummit pummtiuml premsumnesmmmc ti-me hydrogen pressure umt lIme uummcucbc (I I,,uu) umnd ti-me
partial presmmmres (if oxygemi tumid wumler uml the cmmthmmde: (O,,c umnud hl,O,cncspcdtiydly). l’om lime
MCFC, CO, plumys tu role mit the cmutbmmmcle tim-md ummicmde mis mm memmduuunt tim-md prcuduuct respectively.
Ccmrrespmndiuugly (c-mr lime cahcmmlumticmmi cuf ti-me reversible vcuhtuuge cmF time MCI’C the pumrtiuml
pressuresof ( 0 appeumn iii the Nemmust eqututimmu tim well:

V~, V,~,(‘F) in p,,, ~ -‘ Pcmm (43)
iE Pim,mm Pco.,,

mmlmticmdiglm miSs is mmcmt tnue fumm mutt I ueI cell dlesigmis, I mmn exmmamplc see BcmsseI. I 992 mm I
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lmsimmg tIme Nennml edimuatiomitue reversiblecell vmuhtmmgcdtili lie cletennudiccl. im cumlcumimmlethecell

v itage. time pumrummaeterwinch is himiked directly 1mm IFuc el’l’icicmicy timid ti-me pcmwcr mmulpmut umf hue
(cud cell, thie vollumge drophums hum hecumlcumlateci. ‘hi-me vmmittmg’ drop iii ncmstcmumcsccunrcspuumidscm
30 5 )( of theN rushv ltumge timid is tim ‘refmmrc u u ‘lmmpmun ‘mit eflAct in thu f/i ‘1 e ‘II niodel

fmffm’c tim-cell rc,si.stcu,mc’e
Ii ‘ vcullmmgechiffememuceAV(x) cuom he ccummidemcclums the cinivdug l’uinc for lie electncmchiemaic,mI

n ‘tic ‘onu. ‘~‘he cmmnreuldlenmit) tluenefcuncimicreumsemwith imucreumsimigvmultumge clncmp. lie vcullumge
chum‘m dtenimhucsof mu f’nei cell ‘mmd g ‘nemmully givenu s mu dun ye duf time vcuhlumgc (V) umguui 1st die
cumrmem I demisity (1). ‘iNc scimemmmmticrep‘ementumlion (If smiclm mm i V cumrve is sicmw m in Figmum 4.5.

hue ytemueralIdummm (cur suchmm curveis cliscumssedext ‘mivcly ii hiten,utumre(e,c. [Vetter],
[l-hinshemiimcmff’en~)./ 11mw comeit demimily lime vmullmmge loss is dcumaimummtcdh~the uuchvumtiom
lcmmses w ncli leumclm km ci sharpiuucre’mme in lime vmull’mg dlnduim di thus ncgidmm (‘I’, di Fig inc 4.5). At
highercmmrncuil density(‘II’) theeF’cct (If li-me cuimmaic mci qmuasi culnaiclcmsmcs ‘s clcmma’mi’ mit mm cI lie
slcupccuf ti-me i V cmmmvehecomacscuuiumlunt. Al evemi Inglue emunrentdcmisi y (‘III’) 0 c ncuic m -
tramuslamnl(IF ncumctmmm Is tumid pmcuduucfm l-mecuaimesimicreumsimigly imimlmontmumit timid mum ‘m nemulit hue slcupe
(if the1 V cm rye imendasem.(‘cmmrmspcmmudinmgII tli’ s cl’ums’ I’icumlimum of lmmsscs, lie vol tumge os cmmmm
hew ‘itlemu as:

AV AV1 ,,~,,,a AV1 ,,~,a,,,

Hcmwcvcm, this xpmcss~mmu15 of ii uucdpruclical vumlu c f/mm pneci’c ii g di vo lumge d ‘op 1mm b e
foci c‘Ii. ‘lime ‘c u metbueom’ctical edlmmut’ u-mm f/-mn mull cl’f’f4m’e it hypes(if kmsscs,mmicl 11111 umlim is. blot
eyeu m ml i pieumpprm’ cim humsedmmmi tim diff’crei I mcmi ‘I’m ui-md I ‘mu spom n clumu uisn m muds 1 ci

Icurge m mhci mm( ~c “ nu ‘tel s wlu’c haveto he(1ll ‘d. I by even ic ui mc ‘ mum im 1 ‘0 dy
simaph’Fi ‘ci by Ii upimig tl’ Idussesby I’ ucam Ill ug ti-me vo muge d ‘imp
• ‘I he l’mhe’u”Iation is jumsl’ ‘led by thefact that ti-me i icumsummecli-V cmi’ m f/u Id cm ipmn’ a:

(mm ‘ cell dcm u II 5 umw tim’ devim iou (ncmiu limiemu hmehuv’umm r u 5 shummugly us I ‘ scim m
curycii 140 4.5 (d.c. [ ~amiainy& D’ckm~ [1 hinmchemiiof’fcn~).hi puu’ icc l’mm Ii~‘11cc mF
tie ivuilo lmmml~ im,mt’um umi ii y c i Temmt ci nsi y Is i mch less mnmm Odi ‘ed ‘ m s mmv mm
f/gui’’ 4.5. ‘Fhcrmf/m‘c dieassummmp‘cam Is jums I “ d hu 11mm i-me c’ I y mltmmg (V ‘ I ‘—0)
cun‘cm mm udm mm flue nevemmimic c ‘I vcmllmmge V - ml - A).

• lime com’nenl d nmity mmmge wI iclu is ‘e ‘vail to m tic icmml ccli umpenmu ii ‘s i mu’ u mmmc i icc
thcmnu mu uwmi ii I/cm ‘c 4 .5.,mmwvcmlmmcmoF duecm ‘r mit d lusily lemuci km ii ~l-m‘ uv sh he I c mm
perI’W (the(mci cell Is mmpcralcd ‘m low powerdemusily). Mcmme imupon “ii ly A’
limi mm ‘i,uut’mmm . ad cummncnl emisiliem I cud km 1(1w f’Fic’emuc’em. ‘lh (mimer m lu-mg ~mimgc0 Id

ft el ‘ Ii tlicrcfmmmc id’’ on hesscm ‘nempo ucls Im ti-me n,m ge I clic’ lcd mm ( I) i (‘am 1.5,
wh m themmbumunc loss s redomni mmmlt mild thc limic,m ‘ixmmlion ml li-me vol ‘mac 055 5 ‘ml em lie
mm acil estclevicm 101

l’om time cuilcnlmdommm ‘ii di ‘ F i ‘I cc m i I jul-mis 11 m’s cml gc miss c c mum m cc o I

pmopmmtimmmiuul to die cuimme d’ usity. I lidto’II 11mm (ml th 1 V c i ‘ye Imum s oIl 1 m I m vu
cxprcmsion(mum Il-me cell vol ‘

V V lx) i(s) ‘R -

wi-men ‘ 11mm’ siuhsm’n’pt’’immml’c~us tlmm,l I ref_nc mm I-mm ‘m ‘ ‘:m sneu’if’im’ nm’s’st,m uc m,~, -i I I
mumuil [mmhima ma [ distemmdof [mubmun]. li-me ccli nemislmumuc will gemueraihydepenudmm 0 d dl Id ‘t dud

tumid pcimhmul premmunesin crcmms medium u x. ii Ap~euudix 4 lie edlmmumliom s w ic u him ye Ii m s c
I/mn R mm ‘e dimcuumsed.

80



I i II IIIV
I c’(mht~

- mmetivmiliummm liumlanisuml iumn clomaiummmml

It, umfimim ic lcmssesmtcmam immmirmi

Ill, um’mmmmspcmm’t pmmfminismml cmii clcmm immmumu

cmmmne~uiidemusiny I [A/mn2]

Figure 4,5: Sche,xmcmticrepresentationof time i-V curie fdr cm jmue/ cell

Time cummemutdensity jim lIme cmmnremilper mumuit umneum:

i(x) = (4.5)
dA

[-(mr lime defimidiomiof ciA in ti-mis eqmmumtioih thue ideutlbmeci vemsiommi (if diime sepuummmkmrfuimute slcmwn di

figure 4.6 is mmmccl. ‘~hemctnuml sepuunumtmrplumbe (cmmtmipanef/mn examplefigumne4.3) ccmverspuurt cuf
lIme electrcudeameum. As mm resmmlt, lime Inamuspontof speciesb/’mmu Ihe prcmcessficuws IdI time
electrodesis hinderedmmmd tIme active mireumcuF time cell is recimuced.Time Form cmf time sepanuutdmr
pimmte thereforeimifluiemices time pem(cummamunuce(If tIm fumel cell. Scumaecstinuuateshumvebeen nimuclc 1cm
cletenunimiethemuifimmemicecuf time sepmummmtorplumle, e.g. omi time ncdbuudliom imi effectiveumremm (eg.
[Statcmil]). Hcmwcven, this huis mimI heemitakemu duomicccmmmuit mum mu seimuinumleeffedl imi the mmucmdel.
Time e(fecidcccli nesistuinceRmi is cmunmsidemed1cm ccumncspoudto lIme tcmtmi mmmcmi (or mmlmlmuumemut umncmm
mis is sdumehimaescalled) immstemd(if time effechive mmcml.
‘~‘huecmmrrentcanhe cuuicnimiedfmcmmn Fumraclmuy’s law. fcmreverymole mmf buydrogcmi wInch reacts
iii time eiectrumchemnicmdremidlicun, 2 mammlcsof eldchnumnsturd released.Becuimusehiycincugencmii he

1mmcmducedwiliiiui time fuiel cell b’rcmma cutherconnpmmieuhd,thetolumi ummamonit (If FmydncmgenuwInch cumnu
nemidt in ti-me eieciruchiennicumlmemmdlidmuuis determainiedby time unnonmit mm( imydmogemiumnud umther (‘mud
comihpomheuhls whichcmun memmdl 1cm pmcmdmuceimydrumgen. ‘l’mmkdiig imulo umcccmmumhtCO andCH,1 ums
pm-mssihiefoe! cdummhpcmmuemhts(c(. Sectiomu4.3.2)this leadsto time deflmntiomi cuf Ihe hydnugemi
eqnivmmhemilflcmw:

(~im, cp~1‘ 4up~) (4.6)

‘~‘he chummge cmf mme maumleof electrumuisis edlommi id lime Emurmudmycoiuslummt (F=96485C/uiucmle), If
uP,,1mmz is lime buydrcugeneqnivmmhemitFlcmw mul die inlet, time mamuximnummncmunrenlwhich cmiii he
produmcedimi lime (mmcl cell equmuls:

— 2 ‘

However,in time fuel c:ebi ndut mmli time f’neh is cmmmuvented.(ienermmiiy lime Fuel mutilimmiticun, i.e. lime
f/’mucticun ci( (mmcl comuverledin lime fuel cell (U1~),lies between70% timid 90%.’i’uuking imito
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ccci mmt huefuel mmtiiuisaticun U1 duecxpm’cmsiumm f/mr time cumnnenl imecmumues:

h~ 2’h ‘dh~uim‘U~

lie ma cclrmmhytcuulwmmys mimuiws mm smammil cummdudlivity to ‘lectruinsums well. ~lmicbicumumsesu ml mm
dincmuit ficuw cuf clcctnuummdirectly f’mcummu themumucmdc to diecuitbumdc.As mm nemmuit, 11mm cl’b’edfive
comremt will lie scumnewhimmtlessthimumu time timcmrcticmul cuimrent(I~). ‘I lie muuhicm bctweeiutime mmctuimml
muicl ti-me Iheoreticuti cumnrenl is called ti-me E’mumuudmmy efficiency:

lii

‘~‘he macuclelmimsuimmues short cinemmit cuum’rdultm cm he mueghigible (I -Ii) ummd thiercf/mmeti-me cmmmmembl
pmcidnmceciby dme Fuel cell is eqomi to:

I 2~h~up~”1~U~

‘I’his is mu umcceplmmhleummsomnptidumufor lagh Ic mipemumlumme(‘mc! cells.Suumauiummrisimighue
‘electmcuchueiuicuul mamudel’, time ‘e mire Immumicumily two nelevumnu dependencies:
• ‘~hecmmmrcnhimi tIme f’nei cell is limuked 10 the chummugem‘n cmmmpuusiticmnby ummmmdumym lmmw mmmcl time

mpcci(icmmtionuof hueb’uucl otilisum 1cm U1
• The cell voltmmge dlependison theneversihlecell vmltumgm. which can hecumicolmutedf/mini Il-me

Nenmustequumlicmn,unid on thie vcuitmmgc cbncmp. I cm the vcul mmge dncmp Il-me muicudel mummmmmucm mm lmnem m
correlumujovu~y,tt~ I i~cnrmcmlc (c ,‘ior’ ~ ‘cc ficmm hy im %mmmmion (4.4) Id’ c mmd,,tm c,c”sily). ‘h’I a
cell rcmimlmuuccis diutmudnccdo cumlemmimuledievmlttmgc chcup di diemcmdel.

cumdmmmdcgums c uummune

ummuodegms ch’mmimmcls

I’igmmrc 4.6’ [imp//tied g ‘onnmc’trs’fcir t/mc fuel cell ,noc/c’l cm.s.sumningan icieczli,,ecl.scpcmrcutorplatc’

4,3,2 C ‘m’cal rmact’orsin the fuel ‘eh

Besidesbum dcc mcmchieiu’cumI memic dim m dillere I cbucma’c’ulneadtiummisplmuy mu ile h dim foe ccli.
‘~‘hueshift mum-md ‘cfcunmuiiuimz nemmcticumusmmmc thie nummimi n ‘mmdtimmum detemmaimmimugthe dlummlge 1
ccmmapdisitiomimulomig ti-me cell (mit thie ummimdeside). ‘ hue (much cell mmuodci hums to calcolumlethe ‘mite cmf
neumdl’cim IAn imcuth. he rmmtcm of rcumdlicum depemudcmmu thepuirhimul pressummesum( the mcmmdl’nulm mum-md cii
time lennpermutmumc.[‘mm lime cumlmmmlumtiomu of Ihe rmmte m( meumdlidmm, lime hulk cmmumcdmmlmmmtidumusimmi c lmeemu
mmmcd ‘l’hc Im’mbmpenumlmunu’ (mm whm 1ch ccii mi1i Imni mm mmcl mmmtm’s tm muye im :m mu cmi im’m ml mu ccl is 11mm’ tcnnupm-’m mmii mnu’

dii time PEN-lmmyer(seemecticmmu4.3.3)

S/uif i recuc’tion
In hdhthm MC~’C ‘muid SO~( CO cmlii he (Ixidi/ed directly mIt thie mumiocle. However.I meemum mmml
tim polmunimmuticumuimi time CO oxidumtiomi will lie slightly Ingimer thunm in time oxiduiliorm m(H . CO

scpmm’mtanP mIld

LN it yen
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cumn ‘ulsm lie cmumuvertcclimidirectly thrmummgh ti-me shii’t neumcliuumu.(‘0 reumels 1(1 buydnogcui iu lime shalt
nemuchmmn:

(0 11,0 ‘ h-l,+CO,

Scdmscdinemuly ti-me hyulrogem nemudtsdull-me elcclncuchueumuicmmlremudtidumu.‘Fl-me slmI’t meactimnummppeutrm
to lie mery l’mmst imu hcuth typesof high teuupermutmmrcfuel cells tumid mm mm remumlt Il-me shift rcumctidumu is
prmmclicumhly mIt eqmmiIihnimmma.Ills Ibienef/mmelikely. Ihmmt thuc mamimi rdummtc cuf oxidmmfiomm of CO is
thinmmlgi theshall nemudlioml: CO is comivertechtmu H, mmmicl Fl, is ccmuvcrtcchdii thedlcdhm’ducbuennicuml
ucumdlicumu. im curden to cietermniuucdieeffectof ti-me rumle cuf the shift reuudlidumm, hcilim eqmuihihmmimummmtimid
kimiattcs haveheenamcidelled.

Rm’forming rc’cmc’t ion
l’hie mcf/mruning rcumcticumuis a veryduupmnlmumutrcumdtimumu hecmummsccuf time luungc ummaumumnlcuf heumt
which is ccinumnmaed‘n time remic icmni amid its mlm mumug imi(lmmcmicc cii time imydmogenucomccmitmuiticumu. hi
tIme mefcurmaing memuctionhyclnugenis pncuduicccifrcim mactimmuic:

CH1+~1,O ‘311 +CO

I mm time fmmei ccli acmclel a distimuclicmmu mm-most he mamudehetweemiexhemnuultimid imitennum mel/mmuadiig
foci cells.
• Imi exler’uu’i “efcu~’n’iu’gmy sle’as,flue mactliam’c is imm”geiy “uumi’c em’tedhefcire heb/mel is f’cd Ic the

(mmci cell, lime conuvermionucm( mnehbimumie di time ref/unmemmupslnemumaof lime fuiel cell is veryhigh
(97 to 9la%)muid comhseqmudlihy time uumuuuummul mm( nmuelimm u-me iii lime f’nei guts is suiumli’ . In hue
MCI’C tuie cmuudihicumm(600 70() C, 1 5 ham) tire fumymurmuhic (cur the b/ummiuuu immu ml ‘ macthummie
(i.e. time mevcrmc cuf themuueduumiencfommmaimigrem‘tiomA. Aldicm ugh somecvidemiceiuidicmmtcm hiutut
this meuuctiuunmdoesmmccmmm. he ‘eadlionappcmins1cm pummeecclmlumwly 1mm muhscmuceof mu cmulalymt.
Cmnumeqcueuutiy.duemefoimm~mingmeumdhimlnhums mucmf lice i inucimucledimu dueextemmiutl mefor ‘uuinmg
MCFC m nude . Dume 10 thenumuchi higher mpcrumtimhgIcapmmuutummemmu dueSOI C virtually mill
macthimumuepresentwill lie cmumuvemteclimi themeb/ununimignemuctkuui mIt equnlibnimimu. Becmummmcli-me
miickei timhodic mnmmtcmimi is mm gcmodcmutmmlymt for 1mm re(cunmaimigremudtiomumit this Icuaperumlumne.Ihuc
remmctioml cmmn he nnudeliccimum mini equmilibnimunumcuudhiom For Ibid extermum! m el/Inulmimug SOI’(

• [mu thie imulemm,mI m’efcumnrimig (mmci aell thud dmmmmceilrmmtlmmum Ckt1 i,m the mmncmdegums is mmmmchhigh”:

amid conmsequmemutlytheimpcuntmmnice(if ti-me refcumuaiuugmeadtiummuis unmichu lmrg ‘n. / gaimu thereis
mmmi imlhpdurtmmnt cliFFemeuucelmet~eemihcuth typesof high lemhhperatnnefuel cells.Al lime high
mlpenuutimmgtemuiperuttmnemu time SOI’C, theref/mnmaiuigremudlimumi is sufficiently c’mlalysccl by li-me
muncuchemnimiterimml. ‘~huelngh rutteof thereadliommmumider mmctmmmmi cell comuditicimus cummu leuldl 1mm mm
mtrouug hccuuicuuohimigeffect wimiehu cmiii diucloce themmaumistresses.lime cdlrrdluubldmmbm mmmcd di the
modelmire hummedomi a kdiueticexlmnemsimmi fcum time rate cuf remmclidumm. IF time ki leticsof 1mm
memudtion mmmc very (mish dii mmmi mmmcmi cuf thecell, equihibrimumamncicielhmughums heenmmmmcd. imu lb e
MCF(’ a mepmtrumtecmmtmmlymt is reqoiredto prdumaotethe refcumnminmgremudliomi, I murthenmaminelime
ccmndilicumis (600—700 C) ium li-me MCI’C f’muvmmmmn mm macire gruudmuuul cdunuvensiuunmcml niethiummuc
Flciweven,ti-me s,mmne kimiclic/eqnilihrinuamuuodelhmugmuppnmumichimmim beenfcummmud 1dm give good
results.

(‘a than forming reac’tion.s
I hereis munculimen gmcumupof remmdlicins whichmluuuy dlccmmr iii time (mmcl cell. ccmking memuclicmn,Ic.

clue mum it-me 1 ugh It ,O/(’t—t , nmulimm mmu mIme umlem mmmmd mIme Imunge I mmcnemmse iii mmmmmmmtiem uI nimmles imm I lie mel umnummi iid IecmcI iiii

mIme ummeitimmiie eumimlemim mit ut-me amiumcle gmms sutisimmimuimml ly lessmhmumm I mmmmmle’A
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r ‘act ‘minus in wInch carhcmuu is fcmnmmuech.Cmrhcin format ticmm is detnimaemitmml mm hue pemfArunmumicecuf
lime fuel cell hecumoseit himuderstime lmumm-mmportof memuctummits 1mm time electrcuclc/ehectncmlyheinlcnF,ucc
ml d cuumh iiiechtmnically dmumaumgeti-me cell (~Mmgcuuscui. 1991)]. [i~cmnmiamuy& Dickm I). Whhetbuem
ctmrhcmmm b/mnuamuticmmucmccmmrs,dependsc-mum:

‘l’h ‘ thenmiucmdymuummaicmquill ibm’ mmmii:
• [I’m kdiiclicm uuf tueremdtidmnm.
1 5 muot luhilmorlunil to kuicuw how mammch cumnhuuuu is /unmumecl(i.e. lb c numle I/in dieme nc’mmdtidmmhm). Bum
it is mmnportummil 10 kuicuw if cmrhcmnwill he (cmmmned. I lucref/umeIbid modelchecks~iielhucn
ccmmiditions (mmvmummrumhmlcto carhou For amutimmmcmccur. general0 cony pmecl’cI’umg cauhou
(dmrmnatiouuon hummis of kim-me ics is mudul uvailuthie. Il-me mamcleiestluamulesthepossibility (If cummimo
depum’t’onom huisis cif Il-me ‘dlmlhihniummmu (if de cuunhcmmu depcisitimn remuctimuns(Bmmmdmummmmmci
uaediane-cracking).A mum lily Fuuctcir is mmmcd ho give auhiargimi lAm diememudtimmh kim-me 1cm.
‘~Fehigherbuydmocumnhommmwil for acmmrho mm oreeumsihytimmumi miuctlmunuc. Al houmghm mlertuncc1cm
imydmocmmnhmmisdi snumul cci cenlnuuicmns hums heemu‘mtumhlimhed [P’gcuunc. I 994], ills ucut demur
whethertIme higherhydrocuml mum i die u ,m mural guts ( ‘,H1,, C~H5.‘Ic) wi lemuci t( cmmnhcmmi
fcinimuaticmmi mum mmcml. ‘I hereAre li-me omeof apre- ‘efonmuic - hums lmecnasmumunedon till systemi

cuuiccmlumlicinsof inulermiuml mcFcinmai ug systemam.Nmm check i m lie cuurhcum F mnmaumldumu(nomim imighem
hydrcucmmrhmmmishuts heemudiucindedimu the b/el c ‘ii mmhmdel.
The wu y imi which each of ime meuuctdnumIs tumkeu imuk ,mcccmumnt ii due(mmci cell macmdel (cm he
diffe ‘emit typesof fuel cells is mu aua~umiiedimm tab c 4.1.

Table 4. I:~ olcilimmo’th- ~‘~,~mcti Em f lic’hemruic’al reac’tions ill t/~,g,fuel_ce/Imodel

~j~.cFommi ig~~~rmni~grem tim jsh’FI readhiom ~~umime cr~iig1

M( I C dxlenmht 1 lull includedi u I ode hodu ‘q milihniu ia a d ci ek mi cmmn m ii
— ~ kimetic imodeim In luid’d dcpom’l’ imi mimi -mg

luke ‘mit 1 FiuehIc/eqnilihrdim i ‘smuFety f”mctm

~ mud ed

&3,3 ~Ct “, ~vtlir ~,,cu m

Tb e c mupe‘mtnmem if 1km pm icems flcuwm cimamuge. mm i-mg thu cc mum a n ‘mdl 1(1’ id cli muacmm a
miect ocimc u-mica! meac‘ons. ‘-maci of them’r mmctdmmslakes ml mc cmuu specific mmcmmtimuh 1 0 c
crosss ‘lion of thecell. h’cmr exuu aple, imc cimenn’c,u rmmctkm us ,mic calmlysedm m tim’ m mr(muce if
O cdcc sdcs.Bot cit genemmuted,mm ‘u nesmuimcut electronicmm id ‘0 iid cimmlnge mm us “r wil hm
geuuertmtmmcic’ hi i di muim eni,uls if ci ‘ctmolyle c dIn ud 5 t i s ‘lIt m’m 0’. Doe o he highly
pcurcuusch’mm~dIemmm( lies dc ‘ ruclcsu d time mi-mail Puck -messumf all comapmuienus due rem’110 1~

cmun be oms’ de ed to occum’ im lie PEN ‘ ymr msmmmmnimiga cm imlummil emapealor’ ‘mu li-me EN
layer.
‘I he hu m’s bom lIme cumleobul’mmuu of 11mm cbimmugc 1mm lemmuperatmur um( lime unummdetimid c~uthoddo is
them c‘gv h’mlmumcu u~venmu smummhl nmum mu ‘the fm el cell s b/gun’ 4.7 ‘mmmlic,m m’m, m, Iemmg,t.at’ cell
clx is cmmnsiderecl,Withimu tins infimmilemiunal distummice,diehemI dQ ‘m trauisfcn’edtdu dueahcide
mund theImemul clQ, tci thecathodeflciw. In time cell clemaenutelectricalpcuwerP, is gemuem,mled.‘I h
lemig lu of cell dx. with time system-mi homundariemindicumled mu figure4.7 wilim ‘I’, is mmmi mudim ‘mm Ic
staliomiany cipemu syslemaummid thereforetime energybalancediver thecell cleniemitcmii mempumds
to:
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1) d dl-!, d~I, (4.8)

whereciFi iumclicmmtesIl-me cimmunge imm emuthumipycuf the pruuccmsIlciw hmetwecumluhiel timid ummutletof time
control vciieuuae‘I’. Notethuumt theemmu’ngyhmmulmmuuccs mine mmml humsedomu cmergy[kJ ] (mum in pmurt I)
imum mm c-me‘py I’Iows ]kW]. Henceth’ uotuutiuunclQ instetici um( ciQ mm ud themisc of ~,. imistemmdof
W ii pau’t II.

Ilecut gc’mmemmtiolm
Flue hemut which is prcmdmucediii theeiectrocimeuiuicmmlamid clmenuiemulreactionsresmulls du tam

irmcremumecif the thermihumi energycmv ‘m themulmceil. Hcuwcyen, mis mu remmuit of time ciucmaicmui tumid
eiectccicl1e1”uicairemicli~mmimtIme d

1
idimildtli emhergy cuf time p”occmmficiws deareasem.‘ imcref/ire time

luemut which is gemiermuteddill-me i’FN—eheuaemilstimid umhscimhedby theprocessFicmws dcics mimI
mmppemurexplicitly hI lime emuengyhuml’muucc overtIme mmmhceil (‘I’ ‘mu figure 4.7).
o he muble t u cietemmaimiethehuemul c’ hichu is gcu-merumledhi the PEN-elemuuenutexplicitly theemiengy

humluimcecmver this syslea is conmidcnccl(diidicmmtecl imu figmure 4.7 mum ‘ ‘). [he PEN—c dihiduut is
umimum mm mtmuticumhumry cupemu systemuh:ti-me l’lmuw mild time system-micomusistscm(thespecieswhich remudtamid
die immcmcess I icuws mull of Il-me system-mi tunethie neumdticiubprcudncts. hue teuhuhmemmutore1 thePEN—
elemaemutis ummmmumaedto hecomustmumit ( ,). ‘flue e itimumipy of lime remmdlumnlm tim-mci pmmidmuctm cmdussing
die symtemh bouuuidmmmy(‘II’) is cmuhcnh’m ed at this Ieuupenmtome mum well. ‘~heemiengyhumluuice cuven
lime PEN-dchemutis:

ciQ dP~‘ dH (4.9)

where:
diP, — I celectricmu wmmnk ncmdumcccimu he sohcell:
dH dueendiumipy diffe ‘emuce hetwecu hue nemuct,uml into the P/N~eldmment (remuclul it)

tumid Frcmn ime PI’N ci ma u-mt km he processficu ‘vs (p ‘did dIm) mit temutpertulmmrc‘1
ciQ -‘ healmmhmon mmd (Q>O) mm gemueumhed (Q<O) in tuePEt clemnent.

In time I/mel ccli umd’ hemu ‘s ge crumled h I c P ~Ndc n ‘s,memuml cm’:
• the(dive‘all) dc ‘tncmchicumuicmml ‘cue ‘mm (m),
• ti-me shift reumchomm(5):

• Ihe ref/mr aim-mg remudhimmu(3.
‘~ha ucm mil i’m:t genc”cuteaI ‘ the -em mu ‘am mm ‘ci summcclm hula ‘el/ire ecinals:

Q ciQ, dQ dQ, (4.10)

heat tranmterfro,nI’ ~Nlcus’er to t/mc’ /mroc’c’~sS floum’.s
lecummisetime mu cmdel mmmuuuaes he kmtuul heatis gemu‘r’mt ‘d witimlu dieI EN c lemmucu I theII, idel huts
to clescnihehow tiuim hcmmt is hmuisF’Tcd (nounthePEN clement.‘~‘lie gums Fluuws (umncmcic ‘u d
cmulimcmde)ccxii thecell. ‘ herd/memull hmeuml is olldmimutdhy trummum(em’ncciho lime processficuws.
I ‘gune4.8 smuws lb-me meievuuuil macudesmuF I eat trmnmfcn 11111-me (mu ‘1 ccl . A distimmcticmmhis m d
hetweemuhcmul timumisfer hum lime crcmms-mec ou am-md hic’uI muimimfem imu tIme dmrcctlimmu (if lime pmmc mm
f’hcmwm. ‘lime nidust im hponl~m-ml hiemut tnt nsfmontmmuechiuuisni im duex-dim’cc’t’dmmu (i.e. iuu lime dimec I mu mmF
hue flow) is hheuul comivectiomi by the guts (Imiws (Q~,).Hemul trummuspontdu thedirectiomuof ti-me g’us
(lows by the immmrd wumme tmdimumrmmmumn mmmd ‘AN huuyer) is mamucim sunuihier~Q~tho’ bums mmccii mmukmmu
‘utdm accdlmuntdii the m uodcl ums well Hcuwevcm,miccumnalelyunodeildigtime luemul Imuinsfem dim time
crosssect/emil I/nun time PEN imuycr to ti-me gums Flows is uuumnccniticmul km lime cumhcmulmuted
ciaperatuuneprmufiicm.
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dx

cm/mod/u’ gcms

reuudtmuuls dQ pm’cidmmctm

4

PItN elemnemute
,1

4”neumdtmimhtmtm
dQ Imrcmdlmmdtm

cat/bc/c gcu.S c

!“igmire 4.7: 3~nergm’and mncis.mJ/omuc om’c’r t/me .s-i’Ste,mi hoiummc/arm’ of a c’c’// c/cement~u’itlu
infini/c ,simal c’c’lI lc’ngt/i c/s(‘I’) cmmmcl dim’ PEN layer Suit/un time cell elemc’mmt

As i idicmuted imu f/gore4.8, hemul cmiii he trmmuispontcddliredlly Fnmmuuu the 3h/N layc’(whereIke
hieumt is gemiermuted)1cm theprocess(icuws (Q1). ‘Flue hueumt I ‘uuuus(cnmuiechumumasmaimu timuml caseis
ccunuvecliumuu.(/iveuu thenelumhively mumummil chumn mmcl cliuuuactensnmudimuhivc hemut lrmmusl’en fmcuun the yb/N
elemnemut1cm thegums f’lciw is mueghigihie ecummipamec 1mm time ccmmumectivchuemmh hn’umsfer. ‘~‘lie bmcuul
geuhermuledimu llhe PEN elenuemutcmiii mmlmmm he tnumuumf’enmed(noum Il-me PEN lu ye’ km time gasflmmw
thrcmugii li-me septumIon hmlumle. Ii diumt cuusebuemul is lrumnsl’emmcdfirst f/cummh 11-me PLN-lmmyer othic
sepmmmmut(I‘ pimule (Q3 mumucl sumhmequmemmdyfmomih thehumunciwmurc 1mm he proc‘ss Ficic m (Q,).

Ihemul Imuousfen iuthe cruussscctdun(y / plmuue)

co uvec in PEN gum

Q convccdim sepumnumtcum > gums

— nmmdiumtiom PEN -> sepmmmmutclr

‘3 d’,lmdi,ldc ii P ~N .- ~epumruut’un

hemut tnumnm(cm ‘ii die flow direc luau (x)

Q convcdticummin gums f’lcuw

ccumudmmcticmmuiuu Pt,N

(3 — ccmuidncticunmscpmuruubdlnpimule

I”igmirc 4,8: Ma/cm mnodle.Sof/meat traimifu’rJromn time PEN c’lepne,mI iii tIme jiuel m-ell

(3

/~is l’lcmw
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I igumne 4.8 alsosimcuwm twdu wutym iih which hucatis truum’us(enreci(mcmiii lime PEN lmmyer to the
scpmmmumlmmr [mimIc. ‘~‘hue I/rml uncchmmmiismn is by commclmmctivc hemut trummusfenimu ti-me crossmecticumi ((3,3.
Secuumdly ‘adimitive hemuthmmmmum(eramy umimo plumy mu rcuhe huh reducimigtime temiupermuturechifferemice
bmctwcenP1/N lmmyer munch selmmmrmmtorplumle ((3m) . (icucud heatcouhdmmdlivity iii time crcusssedlidumu

tendsto mruiaimuii/c temmulmenmulmumediffememiceshetweenuti-me sepuurmutdlrplumle mum-mci thePEN—lmuyem.Imi
Appeuuciix5 it is shucuwn limit hi-me hemut cuundmictivitycuf thesepumnumtcurphmmte is nuumuchhi’ gimer timumn
hucuml lruunml’er coef’(hcieuutmFor heuut ccunvecticmn(rcuun Ibid sepmurmmtomplumld Id time processFiciws.
‘Fbuenel/urcmtsmummmnmhgliumul iii mm crcusssedlidumi time teunpemmulmurein the mepuurumlorpimule tumid li-me
tduuupermutmurecu( thePEN imuyem mmmc time suuae is uum mmcccpluuhhesimuupli(lcumtiomi. 1-letul tmmmmusfen is
thucref/uncc’mlcoluuteduussmmmaiuhgmu munifcumnnlemhpemumtnre‘i,. iii the crosm—sedtidincuf ti-me cell. As mm
m’csm’lt, duconly macideof imcuut tmmumisfer iii thecrosssectidunlulkeum immtdm muccuucmmit in lime macudelis
comuvedhivehcuuh trummisfen (mcummu time imuurdwuure(PImN layer+ sepuuruutcurpimute).
Summuimnmnisi g the stmmrtiuugpuuimhlm (cur duemuuodelf/un imemut trummusfen iii time (mmcl cell:

Hemut is gemuermutedby electrocimemaicumhtim-md cimemaicumi remudtiorusf/u tbmc P1IN—ltuyer:
• huePEN—lmmyer maid mepumnumlcurplumle mIre ummsmunmeci1cm immuve the smummie lemapermmtmmreimi mu crcmss

scdliom’u of thef/mel cell:
• Omly cdumvedlivehuemut Irunisfem l’rcmun hardwaretum gums f’lcmws (cmcums-sedtiouu),comuyedliyehemut

Immunsfemby time guum Flow (x directicimi) tim-mci ccuumdmuctivch-meal tramisfem iii tb-me hummrclwmume
(x—dimec icumi) humve 10 hme tuukemi into muecoontexplicitly in lime model:

• ‘I lie leunpenatmumein thecross sedtidumuis chmummuctenimedku 3 valumem:
‘1’, (x) — eiectrcmiyhctennhmcruutuume( teuuhperumtnrePEN—layertumid mepmurmmkmrlmhuu e)
T,,(x) — temhhpcrumtmmrcuf theu’mhode. tcm cumiculcuteheattrummusferfro ii PdN km aumodeulciw:
‘1 (x) = temnpcnmmtunecuf time cmulhcmdc, to calcnhmuhehealtransferfrcim PEN to cmthcudeIlmuw.

‘‘he othernuumdemof hemut tmtuuhsFdr(imemul cmummveclicmntumid bmemmt condmdim u ii x dircctdmmm) mmmc
depemudcuui the grmmdiemI d’I’, ,/dx, (cur each mmf timese teuhipenmutmumes.

4.3.4 Usiui~rem chiom coordiumatesto caicmhatethecompos’tiouuiii ii crosssection

‘Il-me ccumnpositiomusof ti-me prcmcessOowm plumy ‘u ole ii mull cuulcnlmticimmm. thuc cm Ico uul’oms cmF
eiectrcucimemaicmulmu-md cheunicuuhremuctions,the cmuicoImtimmu muf li-me heuut lmuulmumuccs. heattmmummsl’em,
etc. ‘1(1 simplify descrhbdigtime chmungemii ccmmnpcusitmiomiumldumhg Ibid cell, museis numade cuf due
previouslydefInedm’eactiomucoord’muates(Sectiomu2.3,1). A remudtidunccicmrdimuumtea indicuutcs
time numaherof ~iuomc/schich tune cuincerteddi mu re”etidimh’tm. Becmmmscmorethan‘ire reaeticmmi
occurs,the pncmgncsmcmf memmchiom k is didmidiledl by a~.By del/mullion a~is iemo mut the inlet muf lime
Foci cell. Agmuin nohethumut ti-me remuc icumi ccuordiuuumtea f/u the (mmci cell macudel Is de(im’md usingthe
unucmlef’ltuws cp whereiii Chapters2 amid3 thuc remiethouhcoordimumulea wmum def/miedin ]maohe].
‘~‘he mole (‘~ow of compcunemuti mit time inlet mm( the fuel cell is equimi 10 up” . ‘Fime stciichimmuaetnic
coefficiemut (cm time memuctimink mum-md cdunapdmmicntis givemi by v ‘Fhe mmmciie ficuw for comlhpmumheuhlimut
cndusm-sedtiouux cmii lhemh he umivemu by:

mp,(x) p” ~ v ~‘ e~(x) I/in k—i...miu

itme mmmmuxi uiicmmmi ccmnnestmummmd’, bum tIme mummmxm ummmmmmm (mmmmmle/s) wlm ielm cmlii tie ecmumvenuecl mm mIme nemmeuiuiu mmmkimmg bib mm

mmeu,’miummi itue mmnesemmcemit’ cibtmen cuimmltmommemmus mimmcl staicli iuimmmeum y cml lIme nemuclicmum I Dmuutieni I
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‘hmneercuudliomis mmmc imnpcmrtmunmtin time fuel ccii (mum chimcmmmscddii Sectuomi4.2) umnd
c(ummmasp(Imhdlimhgiythreercmmdlidmmu ccmordim’mmmtcm mire del/ned:

• a, (cm theelectrocimeunicumircmmdtiomh:
• a I/mr dueshift reumdticmmm:
• a, (cur ti-me nefmmnmaiuugmemudtidlum.

‘~‘heuseof reuudliomhcuordintmtcmhuts Iwum mudvummitmuge.
• Using thereumdhiomhccmordinumtesimitrcmdmmcesmm mtmumucimurd mammunierof ciescnihingthe chiminugesdii

conapdmsilimumusin suhunodels.Nommaumily theeicctncucimemaicmmhsmuhuncudelcmmicmulateslime nmmmahen
cmf’ u-mimics (hydrogeu’u) ccunmmmuhedin time electrocluemaicuuireuucliouh, tb-me chemaicumlmmmhmncudel
c,ulcmmImlesthecdmmucemmlnationsmit lime sobmcehlcuntlet tumid ti-me Ihenmntul smuhumuodelmusesthe
nmmahc’nmif molesCII, cmunsmuunu’dto cmuicumluutu’ 1mm’ hemutoft h-me nm’l/unmaing remudtimmul. I1sf/mg time

rerudtiomucucmndimiuutes therel/mreintmuudmucesmm muumib/imnu imi tumid cummlpmmt for till sumhmnodcls.
• Smmcombdly,themumunhenof vanimublemrequiredto describetheccuumupmmitidmmusIs cquuul to the

nuumahemof meumdtidu is, whichis m immchi muamullemthmmn time nummahemcuf ccmmnpcmmienuls. ‘l’imemcfmmmc mm
uammcbu cdmmlhpmudlenmuotmuliomh is 1mdmssihIemumimig remctidmui comrdimumtemimustemud(if macule(rmudtiuuums.
by mmslng maumlnix mumtumliomi.

‘li-me threememmdlidmmuccucurdimumutem‘ire wnittem umm c vecon.

a’

a a (4.12)

a

‘~‘h-me cmnhpmumilidunmli hue crcmsm sedtiomi ‘ire clel/miechasveclcmns mum well. Sevcui chemuu’cuuh
cdumapdiuueuilsare umke u li m mucccummuutill Ihuc muucuchel.Besidestime cmmulpcmmeui5 d the
elect‘ocimem acumi tumid chuemnicumi ‘cmmchiduuhm. ma nogenis ‘ ucimuched,‘~his headsto time f/u lowing
cdmmnp(msitidiluveckuns:

up up,,0

up, ~ up,01

up,1 (i ~P, dl

w u ‘ud: di up,m’0 (4.m3)

up,(uu up, ~

up0 up

dp, dp,
5

‘~heremudtimun ccmcurdimumutcscielennuluhelime nmmhe I’lcuwm imi the cu’osm-scctimm. ‘I o caic ulmute thie
cdmmnpdlsitidmmuthe multi icesN tim-mci N, mire defined 1mm which li-me chem-muemils ‘mmd thestciichimuua mid
ccmefl/cieuuts./ s simcuwmi in Section2,3.1 time stcmichiumuuhelmIc coef’I’icieumt v commeltulemtim
cdumnpumsitiuuu chmuurmge(Amp ) f/un connponuemuti mum mm remmuitmuf nemudtimimik. ‘lime mtuuichimmuaetriclhhtmlmix
N is ~I’eneb’curedel/mu”d by theeieim~euhus:

N(k,i) [v,,~j (4.14)

in Appemmdix 6, the stcuiclammmuuchnicmmutmicesN., tumid N, u me cletermaimiec!1cm both MC ‘ ‘umid
SOFC.Time cdmuapomiticmnimu tb-me endums—sedlionuimu time uuuucmde (f/mw cmiii mucmw he cumiculmuled -my:
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mp(x) N,ndx) ‘ di” (4.15)

mmmd:

di,(x) N,~(x) up” (4.16)

Usimughues ‘ cdiummmtimmnms tim-mci muoluttldumus, lime commhpcusiliomumul cumtiuodemum-md mmm’ucmde side u( ti-me (‘mci
cell dci h he describedwitim (lilly threeimudepenclemmtvmn’immhhes:tb-me threeremuctiomiccmmrdimimmtes.

4,4.EQUATIONS FOR THE SUBCEI,I, MODEl,

4,4 1 The subcelhmodel

s mm resultdieprocessesmccmmmrdiug‘mu lime cross-mectimmicm( time cell (describeddu he 1mreyicuuus
medlidin) temapermulummesamid ccmmmhpdusitiomumchitungealmmmg the fuel cell. ‘~ he (mmci cell macudel
thierc(cmreclcuemmucut cmnly cuulcmmiuuteimi munch cimutlet vuuhncmof thesepmmrmunheens. ‘I hemacumlel mulscu
calcmmlatem theprofiles for Il-me uaumin variablesiii time Fuel cell: leuTuperumlures,concentratiommm,
currentdensity.Tc-m calcnlmulethoseprol/lesthefmuci cell slackis split into a lumrge nmmmnhercif
snhcelhm.‘Lime nuimaher uf mmuhcehls is chosen lmmrge emiommgh Id enabletime assummptionthat he
temaperumtnmem,p ‘ocessIlcuw cmrmposilicmmhm,unmusm flcmws, etc. unuuy he mupproximamutedImy an
muveruigeymilmue ‘n mm snhcehim’.By cumiculmuldig time teunpermutmuremcimid compdusiliuuuhsin emucim
sohce~l,lime 1cm pemmtnnemm-md couicemitmmuticmnpmcufilesumlcmng thecell mire calculated.‘~‘he iterative

imnocedmumesb/un cumicolmutim thetemaperumtmuremmmd cdummcemhtmumlucuuhprcmfl hem will hedimcmussedin the
mmcxl Section ,b. bmu this scdhicuu dieeqmmatiouusFm - cuulcuilatingthev,mlmmemof amid chummuugem‘mu time
umiaiu pammi iheldms(cur lime muheeli mmmc clisecmmcd.
Imi the(much cell mu uummnhcm cuf prmmccssescuccun mu inhiau-meomisl~./ 5 i idaIddi imi Ibid previomum
sedtiomi, ti-me iudmst diopcuntmnlprocessesmmmc:
• dieelectrmcimemnicumhremuctiomu:

chuennicalmcu dhimnum:
masstim-md hucmmt In mm s(cnhetw c processIlcuws mmmd h’mrdwuure.

smhcell

up ,m tIm ode
p” j+u1.1 ~ 1,,

im1� ~h’N-eienicit
e

- ~

I’i,ugmre 4, ~,) Kei pcmrcmnuc’tc’rS imm t/uc’ smmbc’ellmodeljrormm imm/et (I) to outlet (j+ I)

‘tIme u ectainedt immmmumtmmn cii subcetlsdlelmemidls stnammgly ummm ut-me mylme umI’ melt wlmic’li is mmmumulelleuh mmmcl mmmii hi. v’u -mccl

mieccmm dimmgly (see(‘Imapter 5), tim limed cmmses mu nciim mmmli lmmnumm cli smnitmmul kmmm mit suitmeeIts is umsecl-
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Lumchi muuhcehi mmmcm ti-me ouutlet cmmuditiomhs (temihpemuutmmrc.ccuncemmtruihhcumim,mammhe f’hmwm) cuf the
previdummsmmmhcehl mum the imipmmt f/mr thecumlcumlmmtiomms. ‘I imerci/uncli-me imupumh dumlmu f/mn emuchu sumimcchl m~mc
lime /uhimwimig puumummndtcrsmit Il-me huhict cuf ti-me smmlmcell (j):

‘1” = heuhipermutumne(If the uumhcudef’lcuw
I Iduapenmutmureof thecumtiuocic f1o~
cp, = anilecdmm’npositidunm mmmhcucic l’lcmw
up, — mu-mole ccumpcmmitiummicmmthumdle flumw

‘Flue cuumrempcmmiclimigvumhmues (cm li-me ummtiet cuf Il-me smmbmcell (,j+l) tune cmmicmmlumtcd. ‘I hue smmhnuuclel
muctunumily cuulcumluulestime chuimigem I/in time mamuiui puurumnueleriii cmmcbu smmhcehl.‘I’he simplified
cuuhcmmlumliom’u mmsiuhg meumcthcmmuImhsleuudiof chummigesf/u cciuapdumihicunhuts imeen imitrcmclnccul 1mm
Sectiomu4.3. Acccmrdingiy ti-me chumumigeshum cmmnposihicmmimuventhe smmbmccil mine cumlcmmluutcd fncumn:

N,Am’ up1, (4.17)

tumid:

N \i1 n’ (4.18)

in ti-me mmcxl medtiomis tb-me cmulcmmhmmticun uuf theclhmuuhgeof time (ml Icuwimig iuidepeumdemulpmmramhhetemsfor
cmmchh smmhcehlwill he discmumsed:
A’a,, ciuamige ill remmetiomucocmmclimummtefor ehectmcucimen’uicmulnemmdlimmh is delenualmucclby the

cummrcmutdemusity f/i time mmuhcell (Sectiomu4.4,2)
A’a,. A a, chummuimme imu memudtidumi ccumurclimuuutesI/in Ibid shift tim-md time ncl/mnmunmug remmdtldmm u mecumhcumlmuted

hummed cumi edimmihllmmiummaumuma/dmr kinueticdimulmu (Secluon4.4.3):.
A’F,, A lihe imucrcmsc hmu temapenmutumnecuf ummuodetumid thecumtbuumdeIlcuw imu die snhcchim ‘e

cmmlcmmhuutecl (/cmma thec uergy humlum ice over the smuhceil ummid hemut truuu-msfg’
cmnnehuuticuns(Sectiomu4,4.4)

All chucuuuicmulumncl chcctrcuchiemuuicmulimncucesmcs‘cc cuumisidencd1cm cmccmmrmIt the temalenalulrcof hue
electrolyte(T 3.

4,4,2Cahculalmoiu (‘ thechumumugeoh lime e edrochueunicalremuctuoumto m dinaleii liii suubcei

‘I h-me cumnnduul imu ti-me smmhcchlcmuuu i-me cmulcuulmmtcd l’mcmma h’uumuudumy’s lumw. I cm eve‘y mcuiecmf huycimcmgcuu
whichnemuctsimu thie elcdtmochdmhicuminemudtimmnu,2 mamilesof eledlnomumtime nelemuseci.‘~hue111(11 ‘ Ficmw
imydmuigemi reacumugdi ubuc ehecurochuemmuicuilreuucticuu is himukech 10 tIme prcviommmly dclimiec’
hydncugemuecldmivumiemul f’lmw (equmuitimmn4.6):

d~,b (up1 upm-mm ‘~upc-um,

Applylmmug I munmudumy’s lumw km mmihmcehl j. Ibid gc mermtedcuunnemutcqmuumls:

I 2’b ~ (4.19)

wbem’eI is ti-me [‘umnumuimmy comistmmuml tim-md A’up ,~hue chummmuge uf theimydmogemuequmivalemul Emw 1mm de
smmhccd lime chimunge im ti-me memudtiummi cuuuundinumteI/mm theelectrumcbucmahcmulreumdlimlmh is defdueditim
lime mumumuiher mm( muule/m H cummuventeciimu ti-me sumhcehltumid therefcmre:

Am a,, Atm up,

l.inkiuug ti-me rcmmdtimumu ccmorchmuuutc(cur time eicctrmchuemmuicmmlnemudlidunudirectly 1cm time cmi mcmi
gemuermuted1mb tb-me sumbeellehimaimmmtesthe mamulefrmmcthcunm:
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- 2’l
(4.20)

‘ile cimivimmg b/mnce I/un time cmumnemtIi the muhcehlis thevcmltagecircup. Limueuuniiimug lb-me vcmitmugc
clncmp (seeSectiomu4.3) leadsto lime fduhldmwhmhg expressidinmf/in time cmunrcmht density tue smmhccll:

itm’R V,,,, V (4.21)

C ummahimamugcqmmmuthuuuis(4.20)tim-md (4.21) mmmi expresmidumufor theclmuumige huh memidtiomu cuucmrdimimmtemum
mm l’nmuction cif ti-me cell vumitagecuumu hederived. Ilsimig the mmhcell mmcml A A tumid ti-me cumrremt
demu~Ily(i’ I’! ~ A) imu~tcmmdof the cummemut I/un thesmuhced the cxpmessinumhI/in time cimamugeof time
mcumdtimmmu coomdiuiumte1mm the mmmimcehlheccmnics:

A A (4.22)

‘blue reversiblevollage,mm can lie seenFromib theNenmustequmalicumb(4.2),dcpemudmmm lime
tduuhpemmulnre,pressuretumid thuc cduunpdlsitidmmhmIt lime mmmdcuumhd cmuthuode.huh cumlcumlmuthmig the
meversihmlevcuhtmugeb/mr mmuhceli j. hemveruugcpartialpressoncfcur time cuumapdmnemltm(H,, 0,, etc)
timid muvenuugetembiperumlummecuver time sulmcehi Is mmcd in eqummiticimi (4.2). ‘~‘lie vumlumesmu( R1

1 tune ttImdi
evmuimmateclI/in theaveragevahmucsfor thesuuhcell.

4.4.3Chemical reactiomusin thesuhceih

mu cinder1cm determinethecommupumsitmumb mIt ti-me (mumliet of the sohcell.I is necemsuury mu cmulcnluute
lIme dihmuuhgesin lime twum cmtlue’ nemmcthcuh coordimumhem:
o Atma (cm theshill memidhidun:
• Atma, (cur time nefcunmainugreumdtionm.
I mm thetwo chicaicuul netidhidiuls imuclmudeci in flue ucm ci c. the mihid ‘umud themcfcmnumudiug ‘ actdmmu,
lime caicmmlmmticumuof thue rumle of thencuuctdlmh iii themnhcell depemidsomu time cuuscwbuicbu is
uacmdelled.I m pnimucipletheremmmc threecuplicumim (on n middling thecimemaicumhreadtkm s:
• the rate oft/me reac’tiomu is’ mmegligihlc’:

Au exuumpheIs tIme re(cur’uiiuig remudtio’hdi extc~nmmmmmcefcmnmiiimhg MCI (‘, if ,hc ‘,ule (II memuc’~umuu
is yero. flue remidhicmuu cuucurdimuuutef/un time mmmbcell is iercm mum well:

A’m’~ I)

• tiuc’ ki,uetic.sof i/mm’ recmctiommcurefcm SI:

In this cummetheccmmhhpummilldmnmwill ccmmmespomudto theeqmmiiihninmmuuccmmmuposillcmu . huh the unost
c’mlcniumtiomhm time shift remudtiomb is comusidereclto he (ash cmhdlmmgh to uissuumu’uecim unicmul
eqnihhmimmiii. Whuetimenor muuml huerefcunuaingreumdtiomucmun heconusideredlmum mini eqmuihhmniummn
meadlicumb dependsc-mn the typecuf fuel cell nnodehledtumid ti-me ccumuflgnrmmticmnof the mlmuck. ‘~he
calcmuiuutionof Atma mmmmmmmnlmhg equihhminmiuwill hetretitedi imu Sectiomu4.4.3.1.

• the kinetic’s of thm’ reaction cure ,s’losu’
if time rumtcof reacticumb is detenmaimbedby lime kinetics,the “cmdtion will oecumn ddidl shumW mum

micimieveequmilibninun. [mu liumut cutmetb-me cimmmmige in thercumdtion ccumrdimuuutcA e~Is cmulcmuiumtcd
umhmug (ernpimhcmui)ccmmrelumticmnsFor time nuutecuf memudtion. F/un hcutim time shift mmuud time ne(cunm if/mg
meacticumumthecomrelmuliomim (cur AC tine deveicupeciiu~Section4.4.3.2.
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4.4,i..1 t’alcutaliumgthe reactiomicoordinatesassimmimugchemicalequiiibrinmn

Im thefumel cell muuodel,twcu di(l’ercubt chiemniemulncmmdhidmm’us tire mncudeiled(shaft ummbdi mcfcumnnimug
neutch’club). Dif’f’ememil mumetbucuciscuf cmulcuulmmtidmmbmmmc musedwhembti-me chicunicuml eqmuhlihnimmuuu
conhpomitidumhcd mu simighe nemidlidumu hums to hme cumicuimutedummid whemi cahemmimlimuglime chemubicuil
equmilibmimum cdumapdmsitidmubof twmu mhuubmmhtamueomusdhuemihicmubmeumetiomus.

(‘cm/c’mmlatimmg the ec~muilibrinmmcmof cm simu,glereaction
Theeqmmilihnbmmmncmnnpdmsilidmuu(cur asimugle mcumdliomu is cuulcnlumted1mb Ihe f/milowlubg cuises:

Time mmute of thecmtimem rcadtidmmusis cdimhsiderednegligible (for exampletime refcunmndiugreacticmmi
di theextemnmulref’cumming MCI”C’):
‘~heruute(if (lube (If thenemudhiombsis delenmainedby Ihue meumeticumikimueties.

To cmiicnlumte lime equmihhniummnccmuapositicun(cur mm mingle memudtiou’u,nhdtimdudhm cmlii he (cmmmnd mb
lihemundudymumumaic’slexlbmucuks. ‘I’huc stuunuduurdunetiummd (lmuuscd mmmi AC)) is used1cm cmulcmulmulc the
ecimmih’hmniummn conustmmmmt K. If time comumpositiumubis iii cimemaicumledhnihibmimuma(cur nemudlkmnuk. tibe
pummhlmul pressmmreswill smutisfy li-me eximnemsiomumiming tibe equihhimmiumuibccmmbstuunut K~:

K~ fl (p)’~ (4.23)

In thcduel cell mcmdei time remudtiom coordimualeA a~is umsed 1cm chuinmuctemisethecdunnpdusitiomh.As
shcuwmu di Appeuudix7, ti-me pmmrthuuh presmummemmIt thecumutbet cuf lime smmhcehhc’uun hewnittenu mum
Fumudtidmmisof time imbiet cdmuubpcmsihiomumumhdl thechuum’mgesIn memudtiduncummurdimimules.By imitrcmdocimh(.
theseexpnessf/umimdim time genueraledlmmuitioub (4.23) mm unethucud is develumped1cm scuiveNp, 1/ombb
eqmmumtimuuu(4.73) dircclly. ‘(his lemuds to mu gemierumi expremmimmuof lime (mmmi

h11 h 1Ah~ h,(A e~)’ hi ,( \tma~)’ h ~(Atma~) 0

Am shdmwuu dim Appenudix7 lime ccme(ficicntsh, ... h dii lam expresmiummudelmeud omuly (1mb:
° the imuict cmlmnpdumilidum’m up mmf thesnhmceil:

heeqmmihilmmiuumrm ccmmumtum ml K
• timc tot’ul pmemsmmrep.
[mm the mmppcmmdix ti-me cdiuumilicmmbs (umn theccued”diembhslh~ .. hm tune cletermumibed 1/mn Ilbe humtlu I me ml ill
mind time mcfdummhbimug memucticmmm.‘li-mis nbetimodi of cuulcuuhmutimugthemeuudticmmb numtc is umseci di the(mmcl cell
uubdmdu7l if :m mimugle reuucticmm is macmulchedmum ‘

1
m~ ecumi1’5rimmuibre,uc3ummm

Ca/ciulatimmg tlmc’ ec/lmili/)riloo c/f cm tmu’o imnmmm/tammeoim,(recetion
hub uubmmuy cuthercumseshowever,time ecinihhnimmua uFhmcmth shift tumid ncbm‘uum’mu7 i’ctldtiouim im’us m hme
determibiuhed.In pnimicipic thc qumilihninn (or lwcm ml ammi mm memunsremmctimumcuumu hec’mlcmilumted
mushuug time equmiiuhhniummibcmmustmmmts. Il-mis cmmicnlumticuuu is cumhlcdtime ‘series memidtdmr’ umuetbuod
Duuuimenl]. b-Icmweycr,dmme 1cm time hnteruucticmmbsbetweentheIwcm meumdtiduum,cmmumvergcmmcecuf us

cmtlculmuthumucummu heverysicuw. Bccmmmmsetime eqnilhhnimmnncuulcnlmhidm i Is usednianyhim-muds (Fcmr
everysmmhccll in everyItermuhiomu, seeSectiomm4.5), mm fastercmmlcnlmticumu is reqmuired.
Methcucls I/mr scuiviumg siunmultumbd0uu5 chmcmaicuuhremmdlidmnmstire muvmuiimmhhe in hiterumtnme.An ex’uuuuple
is the uuuetlucudbasedmmn maiuuhmmhi/mutidumbof the(/ihhsenergyusingthe Luigmamugeunnihiplierm

I(lmmrdumn N McB ‘ide]. .\thbcmnghnh’s is mm verypumwen(mmt ummcthmmd, II lnmmnodmmcemmu largenmm ,itiau’

cu( degreescm( freedom hecmmmsetime maethcuciis hummed onu time uncihehalmuricesimistcmmd cuf lime
specific rcmdtimmmbm. ‘~‘hueubmubihen cmf mmmmkmbduwmuswhich humve 1cm hesolvedis manchimmrger hianu for
exmmrnplcimu time seriesmcmmctcmrmnclhicmd, whierecumihy twdm vutniablem mmmc scmhved(i.e. hcuthremethumub
cmmcmrdimualesAa3.



him’ ‘I/mm ,m muew ubiethidud hums imeemb deveicmpcdby time mummthcunwhidib comnimimuesIbid ‘udlvtuibtutgem cmf
humlim ‘ hovcmacubtionmednuctimmuds. Like the seriesnemuctormubethod.Il-me lihedidud mamukemexplicit misc
ml Ibe me, c icmuum (which hiubbits themuummimhenof vanimuhic1cm hesolved)hmul hue maelhucmdis mmumuch
1 mis cm hum ii time seriesremudtimumu mucthumdhecuuumscit tmisdI Imukem ditcu mmdccmummut tihd iubtcmumctmdmmbmm( hi-me
dif’f’rc It meuudlf/mnus,Iii’s ‘ldmemmnizumtiomu mm ethuod’ is describediii delumil ‘n Appeidix 8. Omuly Ibd
maumi pol Is will lie discussedhi ‘low,
i umst mum ii time cmmhcumimmhimmu (If cciuiihh‘imumuu f/u’ libe simuglere,udtidumu.mmmc is unadecm( lime chff’ercmmtimml
(‘I my (mm thie m ‘mmctimmuu k:

G(Ac~) f/irk I. 1 (4.25)

m/a~

Ci is the tmutuuh Cuihhm c ucmg~mit thecmnticl of time cell wnittemu mum mm 1/uuctiomumuf the chutubgecm( the
remmdhimmm cocmmdiummmte.In thu hmbcumni/mulicmmu much cmd time seccumiddenivumtivcs uf dueGIbbsemuengy1cm
tie ncmmdtdmmbcoondimium ‘s tire uusedmis wel . ‘~huesecomuddenivmuhivesnelmmesemutthedhhuuuigeof time
‘c um’hihnimum u ccumblmdmmilmdumhmul rcmtdtidmmu k mum mm rcsmmhh of thechmmmbge cm( time reumcticumuccucmrdinmu ecm(

rcumdtiomh mu. 2bies’ crcuss-cume((IcieuitmIherefoncreflectthuc hubtemadlimmushetweembtim~dif(ereuu
neuudtidlm’us, whicim mm-makes Ibid ubuethuodsmmlmcniuun 0 lime seriesmemidlcmm umuethod.
‘~hemeccmmudderivativesmum’:

P -C(Aa~) h/in k,ma—l ..( (4.26)
cC~Pa,,

ximrcsmiomhm (mum g1 mu mdl g’ mum mu (uumclhmmi cmf \1a1 mmmc detenuiuimiedimu Appendix9. hi-me Gibbs
‘I ergy (if mc mumuocc Flow at Ii’ cmumlhc cmF thefuel cell eleunemitdepeubdson thue rcmmclimuh
ommmd’muatcm (Ar, f/mm k 1.0. ‘~‘hue reuictiomuk is ‘mu cqmuilihninuuua h-me mum id (IF I-me mmmhcehl ‘(the

(Iihhs emuergywi ii ‘empedl km thuat remuchou is mIt its ni hi ammu. ‘~‘I en‘f/mi ‘ time cnilenlcmmmu f/mm

‘dhmulihnimmuu cm ‘ ‘em c lOibS km ‘s im ‘ setcuf ‘quummhimuu 5:

g~(A1e~) 0

1mm lime foci ccl u mdci h-me i-me Ibod ‘s mmmcd ci mc lye Ii cqmmihihnimuma(mm die shift memudtionmunci f/un
time u’ef’omma’ mug ncmudlicmmi mu umultunuconshy((—2). in A pcndi 8 it is shimuwn dual I he remdtiom
coordimbuutcscmun me emtiuiuutcdby mmlvi ig:

g (0) g’, (0) Atm gtm (0) (4.27)

g (0) g,, (0) A ‘~ g~(0)

whiere g1 mi d g ‘ me hi First tim-mci sccmumudc enivmm ivesof C) depemudimugmmul/ 0 up

4.4.3.2Cmmhcmhat ug h-me chuamug’ 4’ the meaclom coo dimumules basedmm eaciom kinetics

F tibe ruihe of c c ucnmicu1 m ‘mudtimu ‘s ‘ us fl/dc 1 mm chuieveeqmuhih‘dummi, time mute cuf li-me ncmmc ‘mmii
‘m ccmnulrcmhheclby the mcmuc’tiouuk’uict’cs, ‘lo mu od‘ide progressof themcmudtiom. mmmc cum he muummdc
cmf cm upimic~ mu’ semumi-enu inicmmh exprems’oummI/mn tim’ kimuetics. ‘l’he numle mf time memuclicmmu is defiumec

5 lime mummmnhcm cml u-molesper mecomuci which remudtciii mm certmmimu ummeum. if huermmte is deuicmtedby r,
tbmc malecif rcmudhimmmm k cmiii hecumlemulmutedf/’mmm thememuctimumucmumndinmmmteby:

(4.28)

A1A

93



wtiemeA’JS mm Inc smmmtmuceml die electrodecam cumuc sideml time PEN—lmmycm uImbd Ar1 time dhumumuge dub

neutchluau cdmordimbmte[anmle/m] f/mr theremmdticumb. hub mnduml cmunreimmhiom’mmin hteralummetlbe specificrumle
n’ is givemi (imi ]macmld/sper kg cmulmulyst]). [(a A, is tihe cmlmmlyst Iomudimbg ]kg/ubb]. time uuvenmmge
spec’(Ic nuutecuf reactidumbr” f/mm smuhcehljim equalto:

m’m
A, NA

If themuremu cmf thesohcchlis givemb by A1A, thuemu thediummuhge muf lime nemudtiomuccxuncbdummteus
cumlcc imuted f’rcuua:

Atmc~ A ‘NA’ r’ (4.30)

‘l’he commelumhiduubsmused (cm li-me specificrumlesof memuctidumbr’c 1cm diememidtidumu plmuyimig mu mcmie ni he
I’mmel cell miucuclel will hediscumssedhmehow.

a)Specific rateof reumclion for thereformingreactionMCFC

‘1 hemnmmiuu reumdtioub 1cm hemacmdeliedis time refcmnuaingmetudtidlub, ums lime numtecm( this nemudtionu
imifimmemuces ti-me processesin time fuel cell to mm Immrgc extenuldume to the highly emudidutibemumacm mutmu ‘e
of theremudtiomm. In dbcMCI’C. thecuitumlyst is macmmummted1mm the mmncmde gums chiummumuel. ‘I imcref’cmrc ti-me
mnammmmmtof cuutmulyst is mm demigmu paruimuuetemlimit bd fuel ccli ubuuudbel(in tbue SOFC tibe unuode
unmulemimul itself (Ni YS!) is thecmuhmmiyst timid time mummuomunul cm( cmi mulyst is detemuniied by hi-me
elect ‘ode ubuhcknuems).
[mu time hilerumlmune mmmi stemuni ref/mmmbbimbgummuci the IhlcruttumneOib uhtemnml rdf/mnmuhiuhg \4C1’C ‘s several
relmmt’omis (on flueruble mmf nedumnamugcam he (cmum id, Gm-me (If lime First senhi emupinicmmh nelumtcmmus
Fcmmumbd iu the geumermullite ‘alumrc cumu rdlummmbbiuug is hue nelmmticmngiven hmy ] Ikers& Camap,1955]:

n, k11 c Pm-mu

wherek is the (mec~mmeuucyl’muctor m mbdi is thi tidtly mhidum cmi ‘nuty. Aitbmuuugib him mc mm 1mm is
musefuil b/in clescnihimugIbid u’df/mnuniubg ‘emmdlimn ii unu muuh-cmb’-cqmihhniomn situuuut’umuu.clcume1cm
eqmmil ihniuum’n it immus limited vmuhidity. A gremul umuumhhdmof humuprovednelmutioubshuus heenusumggcsted
which imbcmurponumtetb-me emiunhilmrimmumucmmmdihiomh. C/cmcmd umgmcemuueubtwith exper’mmuenut’uidimulum humive
heemu uuchicveclIdmr MC’h’C [Willemmiski, 19851 msdmg:

Pmu limmlr,’ k0c (p~~0 ) 4.3 )
Pmu mm K,

Diu’ug 11997] imudic’uules Ihumt ti-me cdhummmtidumucmmmapmurcm well with expeniuaemutuulcm 1mm diver u v ide
rulmige(If sleuuuuulcmmrhcmnmuutimms. l)i(feme it cmi mulysts cumu’rempmmidhi ch(fememitvumlumes of ‘m id I -

hiulumutiomb (4.31) is muimo hummedonm eqmuililmminm mum cummi Ime seenu(nountime cniteniomb(cm tIme
chemnuicmulequmilihmimmmu’m (seeAppemmdmx7). If K, is defimuedmum hue mmctuumul ymuhuemm( li-me mm 1mm:

Pmu Peum
K,

Pd’mu, Pmm,u,

munich K, is lime eqmmih’hninubbcduumstmumul,thuenuthecnihenicmmu(cur eqmmihihninmais K — K, ummud ‘c~mmmticmu
(4.31) daub he rewnittembto:
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K’u, I’11c Pcmm, (I —L~~) (4.32)

I or fl-me cahcmmiatiouuof thereforunimugmate im~the (mmci cell mbbdmdei fcmr dbtenmhahreFcunuulimbgMCFC
mlmmckm, the 1/mhlcuwimig cluulum bumuve heerm mused [Wille biski, 1985]:

I, — 500 [kg/mn’]
Ut) I uncmle/(hcgumhun)

3,, = 4000 kJ/mamle
b’his expremmiormham heemiusediii lime l’mmel cell mibodel fcmr tb-me MCFC cuulcnlaliombs.

h) S jecific rateof reactioumfor thereformningreactionSOFC

In theSOI’C time tembilmeralumneis much higherlhamm dii ti-me MC~’C tumid theremudhidumieqmuihihriuma
lies bcuwmundscduubbpletecomivermimmi ci( mnetimmune.1mb tIns cmumetime remudtiomuruutd is detcmnmined
ponelyby time kimuetics mF lime rcuudhioub. A secombddifferencewith theMC1’C is timmml theambdmde
mamlenimulilm’Pf (Ni—YSZ) servesmm acuulmtlyst. ‘ he mumammmunt mmf calahystis thereforegivemi amid time
cmutmulysl hommdimig cumub hecmlcumlmtedl/’cmnu time amhdmdeproperties0.Severalstudieshavebeen
mmmdc to developeunpinicmui ccmmrelmmticuns.For purelyenupimicalcou’rehmmtimimbm,ymilid fcir mm limited
mangeof ccundilimmnm, li-me male cm(neactiomuis cmFlen expressedas:

r,’ kae I 4u

wheretheputrtu-mhdtermp, aretim pummtiuul pmcssmmmemof lime reuudtmumhtm mummd prodmuchmind the
ccme(F/ciemuls‘m, mmmc tic meumctidmmum ‘dens. For ti-me SQlC Lee1198711ivemllgumled an~muge(If

chffenentNi YS! pelletsamid (II ed lime claIm to:

n,’ k0 ‘ e Pcuu ‘ Pmi,mi (4,33)

I ccdeterunimbedtime reumdllomb (mnders hum he m1 — I whalemm, ariedhetwec - I 25 am d -1 .28 (mm’
different typesof pellets.Conmespundinigvumlmmem I/mm k51—0.68 ]macmie f/H /(g-Ni 0] timid
l,,,—11830]kJ/mm mile] weredetemmained.Mcmne recemitlywork at Statoil (N) hasshowmu muck
bagimerreform’ning numtes [Odegmurci, 1994] In expemimbiens undervummyimug mtcuumum/cmmhcmnmatidus
(S/C —1 .3) u-mci imifimmeneeof thewaterImmurtiuml pressurecmii themefcirmaingrmule wasdetedledh
(~1=0).Theresmuitswem’ fitted by with ~ Il ]nucmle CH4/(g-Ni s)] andEA—7400 [kJ/mcuie], mm1
—0 tmnd mu, = 1.25. Refdmrnamhgruites 50 10 100 times ibigher timmumu (cmuundwith theLce—ccmnrelumticmmu
,irc cumleulutted.Thehigh mefcmmuaimugumutes mmmc mnppcmrtedImy time wcmrk dcine mit British C/ms
]Pmmnsummhs,1992] which comrespcumidmorecicuselywith thevutinem caiculmutedwith the
ccmrmeiationpublishedby Odegmurd.‘~‘imemefcmrctheStuutcmil ccumrelatiomuhums heemumusedI/mm the
SOF’C mcmdei.

c) Specificrate of ‘eactioniou’ time shift reactioui

With regard1cm thenmute (If theshill remmdtimumb mmcm kimuetic duuhaexist. ‘~‘hueneact’duu is mci (must, lb-mum
Ibid tmssuuumplf/umuimu (mel cell mncmdcls is timmul time edhuilibniumaccmmnpcmsithomuis achievedat lime ontle
of the cell ci macmit. ‘Flue imiFinenceof time ruite mm( lime shill readtidmncumu lime cahcmmluutedpowem tumid

kin exmummmpte (see I Himmseveld, I 9891)1mm a35 Ii lii mmmmumcte, cusimig mi demmsiiycmi 4,5 g/c’umm3 mlii. emmmmmlysm Imimmclmmmc’ A,
iS eclumml ma 1,575 x It) hkg/mmi’l,
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ume enulcuencycut tm-me tumet cell us muihtitl. l’mdumib tIme pmumuut ml view cmmmvengemucccml ti-me mumumaenmcmmf
mdlimtIdlmb tibe ruite cuf diesiuil’t memmdlioub is rehevuumuh. (time imucouaimbg (mmcl is mudul ii equmllibniumun. thu
mibift rcmudlhcmnwill. iii the cuisecm( equohihnimmmaiuimdeilimg. mudlbieveequuihhnimmmimdi tb-me f/mst
mumhcchl. 1(11-mis muuhccil is very smaumli, hills lemuclm km mmmi mmmcm histicmmily imigib hicum (hums ii I e 1/ ‘s
muuhcc’ll. Thereforeli-me reumchidmmbhmis hecum nuoclclleci mmsiuhg mm ‘genucruml immurpose’cdlmummt’ouu which
c’mlcm mutes themuuteof tibe mlbil’h ncmmdticmuu dib tb-me imilel imumie basedcmii ti-me chifFe‘e -mc’ hctva mull c
eqoil’ hmiummbb comublmcmmitiumul timid themictummul cmmhmpmusihionmit lIme imilet muf the sumhccll.‘ lie cmIc m mm ‘mu

mmcm ti-me dif’fcmcuucehetwecubK , thie cqumihihnimumm couhstummul f/in theshal’t neuudhiumn, ‘mu-md K . d c
muummmm mdl’mmm b/mr Il-me slnf’t nemudliomu, wh’cbm is c’ulcoiumtecl frmma the ‘m ‘ uuumh pummh’mui pressum‘cm mmf d
c’omump ‘mu’ucmils mit timc inlet cm( tihe smuhcell:

K ‘ lm, p~
Pmb,o lcmm

Auumilmigcumumly 10 heexpressidumb(on theref unmuhimugruihe (1.32) ti-me mumte m( lie shi( n ‘mmdtidmmu cub m
Ime wrillenu mum:

K’
r’ kG

K

I - K /K hndicmulcs huumw f/mr time remudliduu is frcmma equmihihmniommu(whci K . K ). Becaumsu ucu
repmescumluutivecbuutum ,umc muvu ilmuble f/in k . mm muhume f/in k bum s heemicmli mumutedby timsumuuming tim mhaf’t
remmdtidlmu will hc’ dim edlumihibniumma witibhub 5’ muf lhc cell emhgtlb tx/h, I 4)5/.Sc’ si ivily mu m’ulvsis
miicmwedli-me resmulls mm( thef’uucl cell umuodel mire mimI mcuhsitye to largevum ‘1mm 1cm m di lb-me vumlume ml k

4.4,4 HeatI munsferin thestm eel

‘~hueobjedliveof thus mcctkmm is o he/neti-me setof ‘quummtimmum ‘equm’ ‘ccl to cuilcol’ I thud
teuapcnatumrdmmF tIme ummuociemum-mci lIme cmut cmde llumw mit due (lode mmf h’ f’ncl smulmecll ‘ he
lembbpcrmut mmcm mu die ‘m let cmF thesmuhcellmu -c ‘I,’ umuc ‘I mcsp‘ctiv ‘ly (s c Figmu’’ 4.9). ‘~1
tcubhpcnmmtumuc immcrcummcove’ dd suuhcchlmit tib mu bodeside is de oh ‘cI by ‘~‘, mmmd him’ mmuu I
tembblmermtumm’cis hhiencl’mumncediummul Ii:

i.,tm I, A I

I ibe c(mmmcslmomud- bg c hummutim m f/i’ tic catlu idemid ‘5:

.1,1 ‘~ \ ‘1 (4 35h)

‘bo cmi cumlumtc tIe he m peumuhumnem‘u time mmdi ‘e . it is ecemmum-‘ (1) to ‘umicuml’ 1(1w i i ‘im ii u is
gcubcrmmhcdl‘ tuue I h:N imuycr di thu sumlmcchi mum-md (2) 1 mw lime mcmml 5 tnt sfcbmed frum a I h,N
lmmycr 1mm thu’ processl’lows.

Cmuicuhmutiommof II t, I ‘at ge erumledi I e smubceIl
l’immh ti-me cmuicmu mmllomu (If thue I cult which is ge uen’utcci ‘mu I ‘ ~N hmmyen (if 1 ‘ mu lmcehl wil hi
discussed.hi tb-me f’mmcl cell ibidid ci heatis gemuermuteddull-me P1’,N~eleuacmmlmum mu memmult cmf:
• time (ovenumhl)elcctrcicheuaictulremudtionu (e):
• the mb’mhft rcuucticmmm(0:
• time mel/mnmuuiubgnemuethomu(r)



I hue I mtmml 1 cut l’Iumw Inmmmusl’emrcci f’nulmub tibe PLN elcunemit 1cm time processFlows echumumlm:

Q Q Q Q,’ (4.36)

I mmn tb-me chucmuhic’umineumdtidumusW (1 tumid Ibucrel/urethecuheng)hmmimmmmcc hecourmesQ AH. ‘lime hemut
m,)cuucmuuleml by tb-me chuemnicumimemidhiummum 1mm Ihue PImN chenmenutcmmnreslmondso time dm’utibumipy chummuge
‘us mu rem ult of Ilbe dhuemubicumi rcmictiommm. ‘l’lie luemmt gemucrumledimy die si-mill netichidun 5 ec~mmmmikm (see

chum 11mm (2.73) Seclioum 2,3,2):

Q’ im Ad (4.38)

while tIme ‘ucuit gemienumledby flue mcFcmnnmmi ug ncmmdtimm cqumuuls:

Q,
tm \,hm, \tma, (4.39)

‘ho cmlcuulmmte the hcum g uicmumtecb by dieelechnochebbicuuh memudlloum di thePLN-elemubemI, dbc
clectm”c’ml powe’ wbu’cb ‘5 geucruml d hmy themym cmi slucummici hehmkeu inkm accmnml. Id energy
ha uummccmus’ng emuergyficuws (kW diustemidof kJ) hmccouaes:

Q Al P

tumid hue em-me‘gy 1mm lummice cmvcm lime mmmbceil (cur theelect‘cmchuemacmul ncacticmnmtiucref mrc cqmmmuls:

Q,~ Ak,, Id. 1,, (4.40)

‘t’h ~muun’ue, I ~ ddIw”m g”mic,’mu~adhi, tm-me suuhcc’hh cm u-me ‘v lcu~imu,ecb’dmmmb mim cell “ m~luigcmud ~hmc

c ‘II cmmmrent: ‘—by. Usimug eqmmuuhomu(4.20) k cuuicni’u c I (rumma time rcmdllcmncocmrc‘nmmle f/mm lime
c cdhrmmchem i’c’mh ‘e, dt’on giv ‘m.

P,tm V ii Ne, (441)

Conmesimondimgly lb-me i c gcicrat ‘ u be cc mmmc mu cml rcmmdh’ciim Imec un cm’

Q
tm (A u, ii )A , (442)

rc’i’er.sih/e /m ‘cut Q,
‘he holmul heatwh’cbm ‘s gem n~med I imc ecc ‘cuclu nile’ 1 ‘eumdtion (edtom tiomi 4.42) is partly du

to imneversihiitics. he minimum -ml cmF hem geumemmuted(mind thereforetheumumucumun cmfcooling
redlunred,seepmmnt III) cmii he medmucedby meduding the(yollmmge) losses.IIcuweven,evenif I c

m ocessis mcyenmihule punt muf hecimenuicum ememgywhich is comive‘ted, will hecdmnmverhcdii m
hueal,‘1(1 medmuce(on I crc,use)tb-mis uimncm n (IF luemmt. o lien am.mmmmmesmmmc pumssihl . ‘Fiucrefire thmc
reversibleamal irreversiblepummt cml dieI emit ge merum ed di time eieetncuchcmnicmulrc’mc ‘omu w’hI he
cmulcolmuleci s pun’ tely. cmnmidcnti-me cmuse1mm lime dicchrodbbemnhcmuhreumdhidumb imi tibe I’LN el ‘macmul
is meversibe. In dimut cummediecell vdmllumg’ will hme cc mumil to time reversiblecell volt’ugeV,,,

l~,,,,, ii ,, Ad

heenergyhmu ‘mmmcc f/un lb ‘ evcnmihe i’ mccss ‘ m bc mnhcclh is:

Gil,,, All
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Conu’-~eqnembtlythe hemit generuitechimm ti-me neversibmicmetidhicmn is eqmumtl 1cm:

Q,~,, (A, h, / P V,,,, ) \J a, (4.4/)

It cm heshmwmi ]e.g. Dummuhent] tibult tIme reversiblevmml muge is dineclhyIi mkccl to did remudl’mm u
(/ihhs emuergyof time eleclrocimcmnicuulmeumctidmmmAg,:

/ 1’

To cuulcniumtcti-me buemut which is gemhenmlcclin the reversibleeiectnochmeumncumlncmudt’omu,time
expression1/un lime reversiblewcurk cmmmu he snhstilumtedimuto edinmllomb (4.43):

Qr~,.,’ ( A,h, A,g,, ) Ad,

(In

l,A,,s, Ad, 4.44)

‘~‘his is thewell kuuciwn cxprcmsidmmb‘ AS I/mr thuc imeuul prcmcbmuccdimu ‘u reversibleprcucems
(eqmumtimmm ‘1.6). For time calcnlmmticunm 1mm Chapters5 mum-mci (murthemedhumuhlo m (4.44) hambeenmmmcc
1cm cmiicmuiale time reversibleheat.

irrm’u’c’r.s jim/c’ /uc’cmt Q,,,
‘h’hie imemut which is ge.uenmmtedmum mu nemnhi mm( theelecmrcmchemmiicalneumdtimmmm is alwuuysimmrgmm’ ham’

Q,,, hccmmmmse(IF ti-me immeversihihily (If thepmmucessor thevollumgeslcusmem.‘Flue hemutwhelm is
genem’uteclmum mm rcsmmlt (1(11 evoilmuge immsmesis inchcmmlcc ums theirreversible meumt Q,,,,. ‘ him buemut
cunu be cumhcoluiteciby mm umhm’mmiuig eulmumuhic u-mm (4.42)timid (4.43),whIch Ieumdskm

or, nsf/mg AV ums ‘m’mlrmmdmmccd di Section4,3,

z \V \ m, (4.45)

A logicmul mesumit, mum AV is imbtnodluudedlmum thehummm lenubuor mmcv ‘nsihmilihy 1mm theelcdlmumchcaicuml
reumdtimmmi.

Calculatiomi f ti-me temnperalnreincreaseoverthesuhcehi
‘1 he healQ winch Is genmermitediii thePEN-clemiucuitby huecbmemnicmul mmmd ebectrochembical is
Immmnsfenred(mmmii theI’EN-elemaem’ut eitherby cdmmmvectionho time process(hcmws c-mn by ccumidmmctimmmu
to auumidjcmimilmug l’FN-eiemmienl. the foilcuwing heumt ficuws huuve1cm he cumiculatediii ftc suubmceil
• Ccumuyectiv’ebucat Flow (mmmii hi-me suhceli1mm time mmmdc (idlw:
• Com’uvcctivebmemut (imuw (nountime snhceli10 lime cathcmdeficuw:
• In pimmume ccundmmcthvehemul ficuw fncuun Ibid smuheellto the mmcijcmiunuug smmhceli (j+ I):
° [nu—phuim-meccumiduuctiveimemml Flow (ruumathe snlmceli (rombb Il-me adjoimuing snhcelIj— I).

Bcu,si’c’ c’cjumcltiofl.
‘l’he cumlcmuluiticumm of lime temrulmcrahmmres1mm tuesmuhceil muses(mnhy mm himniteci nummahemcml bu sic
eqmmatidmnm. lime hemmthmmlmmmmcemcuvemtb-me guts (low mmmc used1cm calcmmlmiletime temapermutureschanges
river tb-me smmhcehhmmmc

Q mnc~,AT (4.46)



Qv mmmli I ‘ml lrtmnsl’em coefficiemutstine mused Id cuuicmmiuitehemut lrumm’usf’er (nomatheh’mmirciwumre (~‘f/N
mmmcl s‘pam atom) hum time prcmcesm(Icuws (musimig the sigmu cdumivemihiondiscmmmsedhum Sectionu2.2):

(4.47)

‘Ii c mummuc eqmmm ticmmb (mm ccmmbdluuctivcIemmh lnmmm(cn tburcumughutime luardwumrchu x di ‘ectu imu is:

d~’~ (4.48)

dx

v lucreC is ti-me smuma of thehiemut cummudmuctivitiesum( thesepumrmutecell cc’mnapmunents(au-mode.
cumhbucude,electrculyhe.sebmruuldurplumle) IF A , is thecrcmsmsecticmmumml mmmcmi cuf cdmuapommemhh1. lime
effectiveheatcdmrudmmdtivity is equmumi 1cm:

C, ~ A,,X,
,,,,,i) -

Equcutiormifor 1/ic’ .suibc’eI/

hlmusecion I eassmuniptidum discussedimu Section4.3, f/ic heatwhich is pmodmmcediii tb-me l’EN-
layer in li-me mnhceil (Q’) is trummbsFemredeitherto pmcucemsblcuw a the amicude(Q,, ) onhuecuuthcude
(Q,

tm
) or by ecundmct’cumbto tb-me adjacemlsnhcelhm,(on whiebuthe mid effècl mm equalto Q1tm I -

‘~heheatbalanceoverthe l’lmN layer(seethehcmmmndumny inudicatedas 111mm (1gm c4.7) dii the
snhcellis:

0 Q Q Q~ QI I ~tm I (449)

where:
Q,,tm: cdumuvedliveheuutflow frcunu him ‘ snhcell 1dm thea ‘Oldie fic w
Q ‘: convectiveheatflow froni thesuuhcebh1cm (huecatimcudeI icuw
Q ~tm: in plaumeecunducluveimemut (lcmw to time mu heell fu’omn time adjoi ming smuhcehl (j+ 1)
Q tmI: in plamiecondumetiveimeumt (hcmw to thesnhceil11mm thecidjdl uiiug mmhcebl(j- I)

I’ime heattnt nsFemred to tke mum-modeandcmmthcmdehimmw is cmi Iculmited nsf/mg eciuuumtiduuu(4.47) mmmd lime
differencebetweentime ehedtrolyletemalmerumtnremind lime imvem muge tcmbipemmutnre(If thepnmmcess
Ilcuw in time smuheeli:

Q
tm mx,,’ (,~l ~T, 2 / ~‘1 ,~ ) ‘ AP (4.50)

Q,tm cx,’ (‘F, (T, tm 2A ‘F,) ) ‘ A I

‘~‘imeseedmmrehmubhmns(mm imemit Imansfe’usethe hulk lemapenatumeof Ihe gums flow. ‘~bme hemu ln’unmfer
ccmefficientsmm,,, umnud mx, cumum hecaicmuluuted1/’ mba thedimaenmiommlessNmmmmelt nuumimber defimied umm:

mx d~,
Num

2.

whered1, is hehuydrmumhcdimmneen ~urmd2. ‘m time iucumt coumduuclivily (If thegums. Imi thechum maulsof
the (muchcell ti-me fhcmw pasl time inlet torte,is lamnimmar.Thesilnaticmmi in time cmduss-sedhidmnof the
fuel cell is bestrepresentedby time amsonupticmncmf ccumislam’ul heat(Imux timid ccunsanttemperumlmme
imu time cmcmss sedticunperpendicular1cm theficuw. A cdmnumtanl Nusmelt numberis assummedFor tIns
casehummed on time work cuf ]Bcmmsel, 1990-h].‘~hueymuluc (ux.—3.6) hums heemi tmukenufrcmm
Hinseveld11980].Thenmelhodbin cumicumlatingti-me timenmnmml ccmndmmctivityof thegmussemmum-md
ccurrespcmndingheattransferccme(f/cientsgivem’m in Appemudix 1.
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f c~,s lime Icutal hetmt cumpuucily cmf the prcmccms(lcmw, thummum time imucrcmmse ‘n lcmapcnumtmmm’c
(cdium’utiomb 4.46) mit the umumodetimid cumtimumdcnbmusl mulmo he eqummul 10:

(1.57)
dP.,’dm,

Q,

, cP, dl,

h-Icumb cuumicimmctimmmu(rcumbb themudjumeentsmuhceils is cumlcumimutedmusimugtheuuverumgelcnnpcnmulmuu’c
grmmdhiemht (hemmu muhmscmrliect by itme ssueumm is

1
masiuise.ml, Section2.2). Amsummaungmmuiml’cununly mmcml smmhcehls

(with mu lemughtAx), thie muvermmgcIembbpentltumrcgmmuchemuthelweemusumhceil j ‘umci j+ I is eqmmmul 1cm:

(T~Q,1 C, ‘

Ax

tumid metweenmmuhcclI j I tim-md j:

(‘Id .11) (455)

f/qmuumtioubs (4.49) (4.55) Fcmnmn mm mel 0 ‘7 cdiuuadcmnslnmmuu which 7 ummukmmcmwnscmiii hesolved:
• Cciuuvccuivchemmm (Icuws: Q tumid Q
• Cm-muidumctivehucumt l’lumws: Q tumid Q
• ‘I’eumupcrmulmm ‘em: ‘1 ,, I mu d I

‘Flue system cmmm he smulvedmimmuacnicum1/. I lowever ‘ diFl’ene ml tip mnouucbu‘s mmcd im the (mdi ‘

uncudel.I inst Ilbe mmmmiommmut cm(heuut gemier’mlcd‘mu due muulmceli Q is cmmlcnlated.bum lime mcx
cumicu lumlimmi step li-me mict mummidmummmt of hemmh exchumuuiuzeclwith Il-me umcljmucemut suuhcelhm(AQ, ) is
emulcumlulled, ummimug 11mm 1dm mermutmuneclif’( ‘mence (‘I, I - I) f’rcmmmu dieprevionsmuuuuimm ilermu 1(1mm (mc
Sectiomi 4,5).Q, am-md Q mmmc ehimmn mmmlcd by mumhslilmuhinmgtb-me cxprcssicus (4.50) moucl (4.5 in
the huemul humlummuce f/mr Il-me l’h3N dicuuicmul (eqummutimummi 4,4m)), f/li himumuhi g T,’. I, mmmd I I uusiumg
cqnmmtidims(4.5I). (4,57) tim-md (4.53) bemuds1cm explicit ‘cmmnelmmtiuumus f/in A’ ,, tumid A’’ .‘ m ml aplil’y
themimi mumnumi us cxc iumh ciamice

o c i
2

it AC’
B “ ~‘

cii c it A1A
.1 I’

ummud

~ ~
1

, u 2 mx, A1A
B

em, c1 a, VA

B, mum-mci B depemich muiiy cm tIme hemut rmummslcn coeffciemuts (mx cx ). thehuemut ‘mupumcitics (c, c~,)‘
tie suheellummemu /\1V mmmd ti-me umimle (Icuws p tim-md Ptm, (mull mmmc pumnummadtensiii thie dqmum timums (4.49)-
(4.53)).
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Us’ m: I esemuumtmut’omim. ti-me exlmlldil cqmmmmlimmms f/mr A’I tumid \ ~‘ I hecoad

Q I AQ,) B, ~i~1 (4,54mm)

n, c1, ( B, B )

touch:

QI AQ ) B ‘1 ‘~‘I

I ‘ “ (4.54h)
ii c1, (B., I B,

4,5 INTEGRATED MOI)EL OF THE FUEL CELL

‘Fime (mmcl cell nmcmmiei divideslime lembghh cmf mm cell iuuhcm mm large m mummihen cmF smuheclbs. heedioatimmns
climcumsmcdimu the p ‘evioums sectimmn cuom he m mccl km cmulcumlumtc uc ci uuugc oFIl-me f/mllmw’mig
imiclepeniclentpummumundlensFor emuch smuheeli:

A C, — chummuge1mb memmctimmb coondimummhe(cur elcclmochemaicmulremicticumu ii mmmhcell
Aa, — clbmmuigedi remetionucocunclimimulefcur dieshaft mcmmchicmmm di suhcelhj:
A a, — chummuige dii ‘emmdhicmmm ccucurddiuatcf/un time rdf/mnmmmhmbgncumchidun I mmmhcclf j.
A’I — lemperumloreincreumsecuf utumocie Flocx 1mm the mmmhc’chi I K]
A’I , tcubmpcnumtnrcinucnemmmccm( (huecmmtbmcudcFlow di the smuhccll [K]

‘mundicruacmr’ theumvemmmgcdiedhnohytelemuilmenmutmure’( I is del/mu‘d b/mr emmchm smubcc I.

cmi cuml’mtimm u muf
elect-mmch-meuimmcumb

Nc ‘must vmmltmu”e, r tic 1cm
cc I mesistmumcc imc,u cmi ehcctmmm‘

‘cuidtlmumu

cuilcum ml immum of tcmmipcrmutm es

cdimuihibmoummmu/ Ii, mum ersmmm m
kim-me ics of metcIa is /

hc,mI ml ‘mcumm’ctml
mcml ‘110mm

cmilcuilmmticim cml
cumn lxmsitimmuu

l’i~umrc 4, / 0: Intc rcuc’i/c iu 0 ‘1mm ‘ ‘0 i/ic’ ,/iffc’rc’nt c’ak’milciiioiu.s jim time sumimc’c’lI mod ‘I

IF tIme ccmn pomitmimm s ‘mmmd hemupenuhum ‘cm mut hc due of tIme suuhcell tune kmmmwm themmmdcl
cdinipcus’ticns tim-mci lcmuup ‘muutumres (cur hi e mohccI cuun hecuulcmmi,utcd m slug I mesevummimubles, hums
1 mmds 1cm mm slrumight-f/mnwmmrdbprcmccdmurcwhereIbuc dummtpmml mmf time smuheell cumicumlut’cmm is ums d ‘ m
imupuml hub the cm icolmutiomi muf thenextsnbmcell,

N ‘mist
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Howeveu,thepndmhldubi us that (lie differ ‘mit cmmlcmuhuutimuubmtune clcmseiy linked. ‘ him is illmmmtmm techmum
limionc 4.10:
• he rmutecm( theeheclmcmcb’ucnaictmlremiction depemudsmum due (hmurdwmme)lemap‘rmmhummc dim 1mm

mu iced (‘1’.) throngim tim Nemnushvcmitmmge tim-md time cell remislmmmbc
• The uihpcrmitmreinmcremmc dii lhc suhccil clepem cbsmmmi due ami (1mm II of heumt vhachis gem ermmt d

ii time eEclrcucimeuaic’ulmind cimemuhicumi memuctimums:
• ‘I’m ‘ he’ I prodmuceuldii tIme cluenacumlmc’mctumnum is mu fnuuctiomm m( the cmmumposit’mmbmml die mmmumdc

‘mm d catiodle andcmi meqneuliymm we I mu the ychmogemucmmmvem’siou in dim dccl‘mc iemaical
memmehucunu:

• lime Nermistsoltagedriving heelectrocimemameumimemudtiomi clepeuidmon h-me uuvc ‘mdc
ccmunpmmshticmmm dim die smuhced’

• Lquil’hninmn mmd the kimueticsof he c emnicairemmctionmm mu ‘e a (ummcticuncu( theternpcruuhnnemum
well

NPUT estimiuate OUT
tm

U I
emnpermmtumedimtrhbm ticmmim

‘F~ ~

~calc. electrcmciuenacumlreadtucumu U1, P

$p ~ calculatec mcmv ict I ‘cad icum umcmi

/ A ~ cahcob’umegeneratedhem

~ caiculmmtchem rammsfC’m T~tT~°

i-mci

Figure 4.1/: It ‘rc,tiu’e calc’u/caionof tuecompo,sitioncilong ihe e ‘1/ cinci theiernperdulure
c/jstrjhuijon di thefixc’l cell model
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hi lime duelcell macudeltheumpprcuumchis 1cm cumlcumimutethe dmmnpomiticmmi timid thetemuipemmulore
ltd ‘mulivm ly. ‘I lie prcmcedureis shmwui in figure 4,11,
• Cci/c’mu lcutiomm of c’ornjuo.dtiomms

I Inst. Ihe temapemumlnreis estimiumuted(c-mr eumchsumhcehl~j—h:ub). Bummed mu mmmi estumamutecb
temiupemmulmuredimtnihmmticmuu iii time (mmcl ccii. electmcuchcmaicmulreuuctiouu mund time cunrespondimug
cell cummremil tumid ccli volbuuge uuu’e c’micumlmuted. Suibsequmenlly,lime cimuumbge in comuiposihidmmbmis
mesmull cm( chennctulremuctionsis cumhcmlmtecl. h’lns lemucis 1cm cuumnpcusitidmnprol/lesmulomig Ihe
cathodemund muruode.

• (‘cm/cu/ctlion of iemperduiure cii.strihution
Smubsequmemitlythei-meatwhich is gemienmuleci1mb he chemaictil am-mdeectrochemaic’ulreactionsis
calculatedtimid the miew tembuperatmuredistnihutiomuis cmmicuulmmted umsingcalemmlmutedhemutsciF
remuctiomb(nounthe chemicuil ummmd time electncucimeuuncuulremuchicmmu.

Thewholeprcmcednre.ihlumstmmmted in (igumne4. 11 . is mepemutednuitil comuvergemuceis remmched.
Ccmnvcmgemiceis remucimedif thecimamigein caicolateciIcuapermtmurelmetwceuu twci iteraliomim for
emmcim smmhcelbis muamlier ti-man 0.001 K. ‘Flue lwcu steps.cmulcmubmuldig time ccmmbupomitidlmbmulcung time
cell (figure 4. 12)anudtime cumiemmiaticumuof the temmbperatmmredistnibmulicu (seeFigure4.13) are
discuumsedhuh macire detail heicmw,

A. Calculationof thecompositionalongthecell

(mm figure 4.12 thecalenlatimmnpmcucedmmref/mr theconhpdmsilionsFor cuuchsmmhcehi~j=1 to n) is
given. For tb-me b/rml mnhceil theinlet commhpcusiticmnmis givemu by lime inlet cumpcml 1cm specified
the(mmci cell:

p~ ig” tumid: ip1

imcrefcmretime teunpenatuureT,,1 is musedmum mmmi dipmml vumniumbie lithe caicmmhmmtiou cmf Ibue
cdumapuusilionu.[cm calcmmhumtetime cmummenl density, themacudelumlsmm usestheumremu for eumehu sohcelh
(AA’), which camu hechomeuhfreely. Time mmmubbe is time cumme(cur time cmmiculalicm of the reactiomu
coordimuates(on time chemicalmeactiomim,Ac, ummud ‘10,, whichi muses the tennpemuutmmne1mm caicmuhmmte
edlulhihnium mmmiii kineticstumid time cell mmmcm for thek’uieticm mis well. Which ccumreimmticumumarc mmcd
(or thechemaicmuhncmmdt’ommdependciii ti-me specificcmumewhich is maodelled(MCFC/SObC’
extemnal/inmem’uumlmefm’im’rniuig: seeS~chionmtl,4,3). By dIel’imiilicumi, hecamusetime coulvensimmum ~ emcbm
remudtionis iencm ml time inlet, time remuchiomucoordliuhatevedtcmr mit time imilel cdhmmuuls

(2

mm” 0

0

I cm eumchi muf time sumhmcclls, tIme nemudhidumuccmcundimuamesmum li-me umumllem mom cuilcolmuted umsimmg:

Ia~

I Aa~

Aa
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‘,um mm ‘ m me m ecicuimmum cmummmnammmmmues mmmc cucimiem dcmmudcmuunmmmmcmmm’, mum ‘ emudmu sumnmc’e0 caum mc cmuidummmumeci ui’,umm”

cdtummuuicmmus (4. 1 7) tumid (4. 1 8). 1 lii,, tmnmmc ‘ulmmu-c ‘‘, n ‘imemutecl 1 (mm eaclucmi time n sumhcelIs bum cmulcumlmui c hIm
‘Om up i smtucumu alummug tIme cell.

(l1~, (p1

mu x 5 i’i ‘11,

mu/ ‘i c-ommmpos it/mimi; first cuthc’c’/l i

(p~ = (PC

cmi cnlmmte
I tumid

mil/et

1 imior 4.12: Itcncmiiic cdllc’mulcmiionu of i/u 01/ os/i/oil. mind c’c i/mum coorcli, dile.sin ac~/ucell
us/nc’ time I ‘mmmn ‘rdmiuumc’.m di eoc’/m cell
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I ‘I ‘ci ‘m mmtmum’u. miistrihmmhiomm

/iemii irdou sfc’r

moeffic’iemmls

Ic’ op ‘rdiilure

cli unbutton

INPUT

V

i uc cmi cumfu iou umf li-me lenupertuhumnedhislmihumtiou Icillows time stepsimudicated1m 1/gumne4.13 ‘lime
1cm up mmu mum m cmF duepm’mmccss flows mit lime di! I mmf thu First snhcchlareeqomul to lime ‘mulct tcmbbpemmmhmmem
(‘I, ‘ mmmdl ‘). ‘ I c mum mom ml mmf 1 emit gemuermted i time mmdccli is cumlcumiumtecl.hi-me munnoummhcu( hemml
g ‘ cmted ii bmc electroclicumicuml m ‘mudtimmo (Q ,, tumid Q, ,) muid themmnmmmmmmt cuf healgemuerumledin time
cimemmuicum r mudtimuns (Q, timid Q )Fheumicucici useslh rcumc lou cocmrdinuutescm cmmicnlmm c the geucrumt d

emm . In d c mcxt stepti-me cmimrmmpumuudimugcdunipummihiomis mum mmsed to cumlcumlatethemelmvmnt hemut
I ‘mumusfer m ‘ope ‘tics (on the sumbechl (ci,, mx 2.). Smuimmequmemitlyli-me hiummdwummetemubpermmlurc(T,,m) mm-md lot dl

temapcmmmtumn‘m (cur time suuhcchi(‘I .~mmmd ‘~ I I) tune cmmlcumlmmtcd osimugcdhmm’utiombm (4.35) tumid (4.54).

iumlc’i ic’nm/merdltoresfirst s ohm c/I

L
c’l,’c’irm,’hc’,nm/,’ci
recic’Iiouu~li

d’/~,’/im/c’,il
r ‘ac’iioiu 1mm cmi

i/I ‘nun mImi conic

prop ‘ri/c’s

1~
cmi lcmuiat

f3’~ m nd 3

caicumimuhe
l~ h~aidI

imiure4.13: Iic’rati ‘e c-dmld’milditiomu of i/md’ iemn/ mature in each cell u.sing hc’ c’onij cs’iti n.m cnu /
reductionc-oordinalesin ear/i c ‘/1

LQ~
-II
“ulmo mm e

(hi1 I ,,I

mmcx smuhmecll:
j j 1
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using mime neactummi coondumnmmtes htue cmnluet cdumbceuutratucmmbs 1cm eachsnbcettemib he catcotumled musmmug
mcinatiombs (4.17)amid (4.18).‘~hisprocedure is repealed(dr eumch’m cuf tIme mm sumtucells 1cm calcolate lime
eommblmcusihicmmu along lime cell.

new dull amId fanlempematumnepmcmt/le

T for j = I : uu+l

heiuntiml estimaate (or tdmperauumeprof/ic mubutual~(orFmi+l

d’d)mnpO.uitiani

(seefigure 4.12)
calemulate
iomjd,uu

‘electrical’
vaniah/e,i

Ieunperature di,stnibumtion
(‘ice figure 4.13)

u-mo

m’a/cuiciie

f/on’s + eonditimuui
aifime/ ce/immmllei

1”igure 4./2: Iterativec’a/eulatuon of the comnpo.s’itioums croml rc’cmction c’oord/induteu in ‘duch c’ell
musing Ihe teduuperature.sin eachcell
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CHAPTER5

ANALYSIS OFTHE CALCULATION RESULTSFOR
THE DETAILED FUEL CELL MODEL

5.1 INTRODUCTION

‘~‘lie detailed(mmcl cell macmdeldescribedin Chiumpter4 is used1cm develcupmu simapiemamadel,which
cuun he mused mu systenicumicnlmutidmuus.Ti-me detunleclnuodel is used dub Iwo ways imu the
clcvelopmemmtcuf thesimple nncmdel. Imu Chapter6 theresoltscm( time detumiled macmdehare
comapumred1cm time resmuitscumlenlateciwith time simaplemacidel.‘~hedetmmihednucmdel is therefcmme
osedto ‘vuthidmule’ the sinuupleuncidel. Hcmwever,ho mamke a simpler model,it is impuurlumnt 1cm
onuclenstanudfirst whIch pimembdmuaembadeterm’umineti-me perfomnianeecuf time (mel cell, To thatenuci, 1mb
this chumplem, time cumiculaticunnesumitsum( thedelumiled mmmcmdel tire umnmulysed.
Five chf’fcremut setscuf cmmlcnlmticunshavebeencmmmmiecl (mmml osdugtime detailedmaodel.Separale
compumnisons mire mmmdc fumr MCFC mind SOFC.Becamusetime cihmmractenisticsof inutemmumul and
extennumi ref’curnunmmg cellstire verydiffemenut, time mesullsFumm thesetwo typesareccmmapamed
sepmuruutehy as well. Fmmrthemmcmredifferentflow pmmltemnms (cdm-l’lciw vs. ccmnmmten-llcuw)mmmc
uacmdeded.Ccm-fllcuw in ccumahiuumtiuunwith exiernumi nefcmrmainghums theumclvmmntmmgecuf ti-me smibaliest
teuvmperatmmregrmudients [Sehuammn,1990] timid this muppromuchhumms heemuadcmpted(or lime extenummul
mefommaing ‘(mmci cells iii this stodhy. Fcum imutenmumml refcmmnaimmg(mmcl cells themuse cuf mm cum- (‘f/mw
cmmiflgnraticmns hasanumumaherc’m( (hisumdvumntages.Mcust m’motmmhhy thetenupemumtnnein time zcmuie
where the end(md’uemmnicrefcmmuaiuig remmetiomi Imukemu placemamiy Imeccumaemu’mumccepiumhiyIcuw. ‘~‘h-me
cmu.nher—(lcmweonfignrmib:ionrummy there’Forehemoreump’pndipmiaie (cm internalre(dmruaixugfuel
cells, aithomughcommuceptswith different flow patiemnsimmuve heende’vekmped(~‘Mcmnmushmi, i 994’],
[Kra’aij, I 998’]). In this studyonly comunter-licuwis comisidemedfor inteu’numl refcmruaing(mmci cells.
An extemmummime’fcmmma.imhg.MCFC with a ecunmuten—flowcmmifignrahcmmihumus heemuimucludedkm
sima’phi’Fy thecomparisommio’( t.h.e imitemnal refomnmmiuig (conxmiem—liow)tumid exiermial reFormmuiumg(cm—
Fluuw) ccmmmfiguratcm.ns.

In Section5,2 time stuurting-pcminisandinpmt datum musedi:n the calcnlat:mions
1lom thedull eremul (muchcell ecmnfmguriluonus discussedSumhseqnenhiythe
calculatmonmcsultm (cur each cif thecommflgnratuonsmdiscusseduhove crc
analysed

Ia emm-flow externalreformuangMC~C (,ncoe) I

a countcim-flcuw exlemnal reformingMCFC (mene) ] ha Sectioum5.3
a ecm-flow external refornang SOFC (scoe)

a comunter—fIcmw intern.al refcmrm.hmug~MC.FC (rncni) ]

a ccmunterotlcmw intenumal re(crmimug SOFC (,scni) } in Secticumu5,4

(cur time naumues time (cmihowiuug ccimivemutiummm hiam heemu used: mmi=MCI
1

C, s = SOFC.t/xlenmmal nef/umnummimug
cellsmay lme ecu—ficuw (xecue)cur ccmmmmulem—llcmw (xcuie). tuutemmmml nel/um’mxmimmg cells (xcnm) mmmc mull cmmOm’mhem’—
licmw
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52S1ARTING POINTSAND INPUT DA’IA FOR THE tALC J ~A[IONS

Fe ‘npu mused (cm the differemul cumlcmlmtiomusccumnmspcmuds i’mngely with di iuhl dm1 c mml’s sp ‘ci( d
un Ihic “I mul/oulpo ‘F ci cell macmci’l d ‘vehopedii tIme pm”v’ummmm cI umptem(ci. f”gmmmc 4,), ci

0com ic y, cell v ul ageV. imblet ccmmccuutru I uns (x, ‘ ‘ mmcl x “ ) ui-md tcmapc“m cur ‘s (1,,’’ u ud ‘I
‘c spcc’imcc . lowever, im time sys cui c’ icuui’uticumum (‘ii p~‘1111)1w m clat’u, wh’cbm mm cudcuulumt ‘d

- im ‘u pol/o Ipuml macudel,mire gemiemally mpecif/cd.‘~I mc mum dim (mmcl n Ilimmuti mu (Ui) tim c’ the
m ‘ x’ anm tenupemumtmr’(T, ‘ ) in lie slum ‘k (tim mc w’ll h ‘ discmumscdhi acmedetumil Fclcmw).
V n~s(/mm hcmtbu puurumunee s mmmc geuuer~mhhydictatedby mm (mmcl ccl simuck desigmua id ~mm
lh ‘efmine fixed tim d ncmt of cmi cnhmmted.Th” inlet (imuws up,, mum-mci up,, wlbicim were .pecificd ‘mu c
ii i mtlcm Ip ml maod‘I arec’ulculumted o sattisfy time ccmmmdihcmmmsf/mm li~timid ‘1 ‘ ‘ ‘especi ely
[“gore 5 1 hicuws time pm mcedmmre‘cud time input a id mnlpmut (cur hue amudel

~~tumu1cstIamte~j pi~co~ii~us~ ..,

I ct/dmumhl ‘1 ubumudel
F nIb’ flu Icelsuck

mew’~iuiI~

b V cstuma’mtc
f/mn cp~

- ‘u vere -mc
mum (~u

~ys

/“igumrc 5 1: npumt/cmm / ul
c’Iucuptc r

5.2.1 ~e um real ha

‘~lie~ m etnic du It spmcit’ s Ic dim m sic us mmf m Ia c I ( ‘cii m u s mc g mm u’ y ‘ s
well mum I’m ch n’mc n’sticm r ‘cpu’ ‘ci cm cuu’n’,m e If c ( e’u’ c onremi m ml’ 5, remcli m ‘ , ‘Ic
(on exummamle kinmetic dmuhm a ci ccli m’ ‘s ‘ mice, hi e udmst - upont’ n g mmctr’cuul c ‘mum us ‘d liii him
cumicumhm tidmmms f/mn lam cbu’mptem m ‘c d’sc ums ‘cI helcuw. mu mvenvicw is givcu in muhl ‘ 5.1

ccl vcmh age
V

cell ands ack
g ‘o —ch”y

L~Jinc ssf/o

dinmd/c

uuuco 7/un
c’at/’c c/c

much c-cu/cu /dutmuuf/ rod ‘i/u mm’ f n 1/ fumm/ ‘1/ c culcum/citiomus iou I/u/s
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Stmmck mmmcmi
[‘cm lime MUFF’, lime cmulculmmtionstire hummed dub ti-me full scalefimut platetype (mmcl cell which is
comisiclered‘us themmhcumt uuppmcupniabeciesigmi (cur comamercimilecimmbdmhdmgy.A stack mmcmi cuf I in2

huts Imeemu mmrod. This ccmmrespmmtuds1cm time statecu—the mmml mind mm furtherscuuieup cuf the cell ummemu
dcucmmicut muxcun to ibmuve nubmumby mmdvmmmulumgem.

cmmthucmuhe immhei mumucuclecmmuttei
0

cumlticude uuumtlei

0
tin ode i mm let

o o ,,,,,,,,,,9,,,,,,,.~—”PbNelemmienl

o 0 0~separatcurplumle

Sigure 5,2: Sc’he,imcmtieof the mnoc/ellec/plaumcmrSOECmm mug omit/tip/c PEN e/eunc’nlsin one
lcm;’er

I cm time SOFC,lime emulcuimutiomimmmmc hmume cun time mactallicplatemepamatcmntypedevelcuped[my
Siemacuim(IBeic, 19981), Onecuf thenaainprcmhlcmasin (plamiar) SOltmC’s, is thedifficoily of
producinglargemettlePEN—clemiucuits.In themaclalhic sepanmmtonplumle techm’ucilogy, this is suhved
hy ccmmahimiimig maultiple PEN-elemnemitsimilcu 1 nmuetmmihic mepbnuutompiumle. ‘~‘huedetumiled(mel cell
macudelcmmlcmduutemti-me pnmcemm1mm cuuue mmf thesePEN—eleuaents.As statedin the ‘nhncidmmctiouu1cm
chumpter4, mmmi idemmi stmuck is mussomed,in winch blue mcumdtauilsmire Fed 1mm ,mll the cells iii theslack
frcmma therntmnifculdm mml equalcomiditicmns (ccmmhcemhhratioums,pressire, temaperalume).l’cur theSO1’C
stack,ti-mis assmmuaph’omuis uuimo used (cur thePEN elemaemmtmwitbuim-m cunelmuyer. F) me stackis
asmmumncd1cm comisisl cmi 9 PEN—‘icmacntm in onelayer which all cuperateunderedimmal cmi d’ticmns.
‘~‘lie principle u( a nammhtiplc-Pt~Nlumyer is simcuwumin figure 5,2, hmr thesecalemulmuticuis the sic
cm( thecells is 0.25 x 0.25nu’, ‘~I-mis meprememilsmu re’mhistie vmmlmc for time plamiar. ui-metallic
sepummmutcurtypecmi stack.

Channelgeorietmy
‘Fm ealcmmhumtevelocitiesmind heatbmmmmms(cr, Ihe dimaensicunmof the mmncmde mum-md calhcmdccimammu elm
giveuu Em table5.1 biumvc beemummmcd, ‘(he velcicitiesdi lime cimaummmelsimmuve heemucuulcnimmtedby
ummmnmingami effeclive mmmcmi (humble5.1), which is defined mum the rmticm umF themmmcm cmi the cl-mum umicls
(i.e. avumihahieto the gums ihuw) 1mm time tcutmul cmmmsm mccticmnmof themmncudeusmici cumthcmcie huuyem
‘espectively

Cell mesista cc
i-me effectivecc 1 rcsistmmmhccwhich im,um hecu selected(cur thesecaicnial’cumusis 1 0 cm i/mr

MCI’C cells mm id 0.750 cia fcmr the SOl C . ‘ lie vumimmem For thecell remimtmuucetire esliubumuled
lncmm tImedataomi cell amid stackper(cmruaanceavailabledb pmuhlic literature(seeApuendix 4).

‘1-me cell mcsistuumuceebuaractenisestime pem(cmrmanceof aimueb ccli, It delenmaimiesthe cell vc’uitmmgc
whichcanhe achievedmit aspecificemumremutdeubsity(seehelcuw),
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72mb/c5/: Spec’ific’cmtiouu of the geonuetrs’(= c/irnen.vion.s audi ,ncmtenicil c/mcimc teni.siics)of Ihmc’
c’c’/lf hr the c’a/cu/atioum seriesmu’it/m the detailed umodel

~ mc’-mi medic scni

l’neh cell MCFC MCI’C’ MC’l’C SOb’C SOh’C

re(ommnimug extemmuuul cxtenu-m,ul imitemnmul extemummul imutenumumi

(iciw paltemmu cm Ficuw ccunuitem’—flcmw ccmumuuler- cm—I’luuw ccmmmuuteu f’lcuw
flow

cell areaA I x I in’ 1 x I u-mi’ I x mm 0.25x0.25 0.25x0.25
u”’ tab,

cell mesistamccR 1 (2 cm2 1 (2 cia2 I (2 emil2 0.75(2 cmii’ 0.75 12 cm-mm’

ummicide chummumichs 1.5 x 2 mama’ 1 .5 x 2 maui 2 1.5 2 mummui’ 1.5 x 2 uummi 1.5 x 2 manu’

effectiveanemu 805/ 80’% 805/ 805/
munucide

cathodecimmunumelm 3 x 2 mum2 3 x 2 mumuui2 3 x 2 muima’ 3 x 2 nuam 3 x 2 mi-mum

effec lye ~mreticuuliu. 90~m 905/ 90~ 905/ 905/

lb lime specif/edvmluue cml Il-me cell nesisimmuceis mime vmmlumemm mmvcmmgecell temumpemmumune, i.e. 650 C 1mm’ tIme

MC’FC’ cell timid 915 C 1cm hhe SOFC’

5.2,2 )esigmi ommdmtion,’

The pcr(ommumuuumcccmi lime (mmci cell is mcml mdy deternuimmedh-my its ‘design’ (lime geuauuehicumi duttum),
hut almcm -my lime wumy it is muperateci.‘I imesedesign ccumiditicumm(dIet cdmmiceu’utmuutimunsmmmd
tempcmuutnmcm,cuperatimigpressure,etc.)‘mmd discossechheluw. Imhhc 5.2 mmmamauniieslie dcs’guu
ccumuditiumus wimmcim haveheenummcd (or ti-me cmuicolatimmuumdi Ii is chahmlem.

71mb/c5.2: Specific-at/mumof thc’ clcsigmm(= operdutiuuf) c’omuclil/cxu.ofhr time c’dm/c’mm/dmlionm 5 ‘nics
vm’ith the cietcmi/ec/unoc/el (conu’c’.uponmc/iumg tc c’cuse. .specifiec/mm table 5./)

name rucoe mend macu i —- - mccme semi

MCFC-ER MUFF -ER MCI’C- R SOFt ER SOFC-IR

mtnm-mdegums mefcmnmnedNC mefcmnmnedNC NC/ + mlemu xi nc(omnmed NC) + stemmum

(NO mimutmummul gums) (S/C’ 3) NC + mummodered.

cmthmcmdcgums ,in/C0, mu’m’/CO, ,mir / [‘0, mum muir

lublel telmipemmulnme 600 C 600 C 600 C 850 C 850 C’

T,,,,, clectrcuiyle 700 C 700 C 700 C If) 10 C II 1(110 C’

cupemating pressumme 1 hum I hum h humr I hum I hum

fueltm1 mutitimmutidmnl fT~ 755/ 755/ 8fl’ 855/ 705/ II]

cell vcmlhage 775naV 775 uaV 775 nuV 675 mmiV 675 mV

(‘micumlaicci I cm mime m’e(enemuce uyslemuu (scume) assoummimug mum cumutlem Ieuupcnalnmecmi 1001) C (seetexh)

2 Ommly inch otihismhuuum specified,mmxygeu tumid CO nlilismmticmuu mine calcumiated

humel uuhlisaticumu imen passagehummed ciii mu umvemail (umel mutihsmticuum cmi 85’~(seetext)
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Immict ccmubcemulnmuticmmms ummumude

1 mm lime extenmumul ncfcmrmninmg f’mmel cell mmmdcl cuulcniuutions(muicume.muicmuc tim-mci scoc)li-me mmmucmde gums
cornpdmsiticmmmccmm’nespcmnmdstdm ncf/mnmi’med mimutormul gums. ‘I’hme ccmuapcmmitimumus(or this refcmnmammtcimmuve
hmec I detcmmaimuedumsimig tIme rcfcmrmruer macudel di time systemacuulcmulumtimmmus(Section7.3). i”om the
iumtenmumuh r ‘f/mnmaiuugcells, themumucucle guts ccmmmsistsmu mm unixtmumeof numutunmul gums with stemumn. I mum time
MCI’C’, is mumutumnumi gums is maixeciwithu slemmuuu ho cmhtumin mu stemmmnm/cmunlmcmmurmuticm mi 3. Imi time cummecmi
time SOh’C’ ills ubecessumnyto hmnit therumle cm( duereicunmunmugnemudticumm mit the inlet cmi thecell di
cinder1mm limit tIme temperaturegradientsin ti-me fuel cell, In ti-me calemulaticumis(cur ti-me iu’mhernml
ref/unmaimugSOFC’ f’muel cell system-mis(Section8.5). pmunt of the mm’ucucle cul’i-guum is recycledho ti-me
muuuude imulet. ‘1 his recycleflcmw slrcmnghyredmucestheneforunimignumle. ltmcmr thecmmicmmlumhicmnm with
time inch cell uuicudeh(mum the imuternuml reimnualmugSOFCcumse, the lypicuml inlet ccunccuutmmulicmmis(cur
11amsitmmumticunshavebeemi mmmcd.

Inlet cdunccmbtrumtidmmmscuitliode
In time (mmcl cell cumlcumimuticumis,omuly the immflumemucecmi thelcmcmmh 0, timid CC) pumrtiumi prcmsmmrcscm
thecell resistummmcehavehmecmu tuukc’u’m mmcccummmul, hecummumeimummmfficienmt dmutmu tire umvunlmmlmie 1cm mamukemm
m’cliuuhmhemusmemsmnemitcmi due Inilmuemucecmii time icmcumh clistnilmumtimmui. h2cmm time clesigmi cmmlcmmlmmhicmmis witbu
ti-me (mud cell macmdci muir timid mum + CC), Imuuve heemuccmuisidemedmis cumthcmdegas(cur SOF(’ tim-md
MCFC respectively.Dume tcm theIcuw uxicbuumit ntilismmhicmns iii themecumlcuhuutimmmim,time rummuge cmi
vmmlmmem of time Immumliud pressmmrcsis hiummahed iii mull cmmhcmmlumtimuuus,

In- amid outlet lembiperatmures
Cell degrumdlmutiummuin time MCI C. thie cleemeumme mi per(cunmmiuuuicecmi time ccii dive’ tithe, depcmidm
slrcunglycumu time mamux’unmnateumupermulumnewhich cmccmmms di time (mmci cell (see]Smutcu, 1991] I l’nema
I d)97 h]). b’cur the S0~’C,muithuomug u 11mm c’cunuchuuticmnwutim degrmmdlushicmui-5 mimI mum stromug.
muuccimmuniemil slrcmuglh cmi ti-me cerummaiccomubpcumm‘muls is mm fmuc’tonwhich will himmuit theunmuximaumma
tembupermuhurewhichshoumidcuccurin the ccli. ‘I lie uaumximuuuuuatemnpcnumtmurewhichdmccmmmsdi the
fuel cell depemdm ma’minmhy cmi twcm pumrmnnctemm: thecumthcudcgums (lcuw mit lime imulet umf the (‘mmcl cell
tim-md time inlet emalmermutture.‘lIme cmuthcmdcguts is mused 1mm cmmmml duecell. ‘I lie nmuumss Fimuw cumlimode gums
lhenel/mreclepemudson ti-me umumucumumutmu licuil winch his 1cm he removed(noun the (‘mud cell stumck,
Am-mci becausemoreheumt cmiii he rem moved (mcmiii die (mmcl cc I slack if thetemapemmutummehmuucreummc
muven theFuel ccl mtuuck is h’umgen, time cumtbuodegums Ilcuw umiscu depemidscmii time temmupemmulumne
chl’fcremucebetweentime di- ‘mmucl umuliet Ilcuws (A’l’),
‘Fimis lemmds 1cm an imuteremlimug Inmude off. BecauseIl-me f’mmcl cell cupemmites maumme ‘I (id ‘mutly mul high
temnpermmtmmre(seeAppendix5) the duet temapermutmureshmmmmld mimI lie to Icuw, Bmut thelcuapenmmhmmre
differemice(A’~) cuverthe shackshumnidheas largeas possible,1cm nuimnnnsethue amumomumll cmF
cumlimode guts reqmuired1cm cm.uml thefuel cell mlmuck (tim-mci the‘ehy mumiunnaime huedmmty muf the
ccmmubpremscmrrequired 1mm pnesmmuniscli-me cmulhcmdegmus flow). ‘~hueselectiomucmi the f/Oct
teum’upcrumlmumeis timemef/ureumumnuily mu tmuude-odbetweenblue (mmcl cell c(licienmcy (high imulel
temapermuture—highefficicmicy), amid thecmmmt mum-md umuxihmmry pumwerncqmmimemaentsof time sys cmii
(hcmwcstccst tumid pcmwcrccum’umnmmuptidmmuumt mm hcmw imihel hcuubpenmmtnme).Othermumluedtscmiii 1mm
nelcvmmmmt mis well, (cur exumunpieti-me (mmcl that thuenmamul stressesliii mmmi SOr’C mammy heccumac
mmmummcccphmhic ii li-me A’]’ hecomacsIcum Imunge. I cm the MCFC time mild temnpemumtmures(mumuumdc ~mmmcl
cahhcmdcguss)mmmc mamminly cielcmmniuueciby time cell nesimtmmnccwhich hecommiestcmdm bagim 1(11-me
temnhberaturedecreumsemveryrmmpidly at temapermutureshuelow 600 C. ‘~‘herefcmrcti-mis vmulu e wums
mused (dun ti-me inlet hempermulmuredi lime MC’l’C cmulcumlmmticmmus,h’cur theS0I’C’ time temapcnatmmnm
diff’eremueecuverblue slumck (rallier thmmui lime uulmmcmlmmte vumimme cmi theimulet tcmnpcnuutnre)is inupcmnlm ut.
‘~heassumedc-mullet lemuipenalmmecuF 1000 C’ mi-md 1 50 K hemaperahmmnechlifenemiceccmmnespumud hum mm
850 C inlet leumuperature(seetumble 5.2).
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‘(cmmujmeruutumeapprcmmmchu
he cmmmthet temumpematumeis muimimuly him-milled by time allmuwahmietcmimpcumtmmmccuf Il-me hardware,which

is dctcrmaimuedby the matecmf degrmdmticmnmmmcl thcmma’ul stresses,lInt thetenupemmtmmechd’cmcmucc
h 1wden lime cunthet hemaperumbmuretimid blue mamiximuinmatemapcmmmtuumedepemudscmii Il-me cmpemmmtimig
ccmnchiticumus.I luu temperaturechffercuucehctwcem lIme (cmlimcmmbc)cuntlet(Icuw tumid time mnmximuinuuu
temuupcrmtnmeis imudicmmtcd mum 1mm “temiupemmulmunemmppmcm’uchu” . hum will tunmu dm01 to hc mmmi imnpcu ‘1mm ml
pmrmmacbenfur thesimaplifled nmucudelliii themmcxl chaphem. A smamuhl tenapematomemuppmoumchu is
pmc(cmrcd.If lhc lemi pemahumeapproach‘m snumil, a rel’mtivciy largeAT cmi thegasilcuws cam he
uuchievcdfor agivemi mamuximamumabcmapcmumtmmreii theFm’! cell hmurdwmmme,Omi ti-me umlimem hmum’uci, mu
hmmmgem tempemmutumemppmcummehmummcmmmus that mit blue smumuic mamximaumui lemapenmutnmein hi-me cell mu iumrgen
muir lcmw is redluimed to ccmcui thecell. Both temapermutummescumutict lemapemuImume timid uuimuximnmummm
hardwarehempemmhnmea‘e caicohahedby thedetailedmmucmdcim. I( themunthel temperatureis used
~usmu coummtmumutinput pmmmuuaetcm(i.e mmmi omutict tenipemmutomecuF 1(1(1(1 C’ is asmumumec fcmm mull SOl C
cm cuimmttcmuus),li-me ummuxdmunmahmmdwmuretemapemmtomewill hue differentdi eachcumlcmmiaticuumm,‘ cm
he able1cm nuake‘ ‘(mr conpmrisonmetweendiffemeil stuckconhgormi mm s, hedetailed m mdcl
mmcm time amximnuumsutemmmper’mtmmmm ‘ii tie (mel ccl mum due imipud mummamuietemtumid time teuapcmmutmmmcmu
lime c mullet is calenlaed. [‘mm the MCI’C his valnc im’um beenset m /00 C. [mum theSO12C,
max nanmF mmdwume bempcmatmme ( 1(111) C is u sin uucddl

I’m ci utilE’ lion
Ncmt nil hefuel whici is supplied cm lime (mel ccli is ccm uvem edii m inch c’ I. l)cpcmmdimmg mu
themymlemadem’gnmmd e fuel ccli dcs’gmu 75dm o )dmn of he(tells mm vemtmd d lime fuel
cc I. ‘ hemenumimmi ug fuel d time mncudcoff gasis mm ‘mmcd to p ‘cmdnccheat mull cextemmml
reFormingMCI C. for x m api . tuea mmdc off gas‘s mmcci m muupp y tea o tic rein-macn ‘F me
nd mtllimm i in - m the MC1 C cx cmi ml ‘cf/u aim g symtcas ii mid m mm he to I ~ah,mum ii m fEd’ ml

heatwill hesupplied1dm imm mcion i en. Ii him cameills Ii ‘r f/u‘macn wimi ‘im dctcm ulicu d c lie!
ntihsaticmnm,limcm thai him fo ‘I cell Am ‘u m .olt, I u I cxte’ua melonaim-mg I C C hi’ s ‘cm mc 1 e
Inch m ihimatim m is I nu ed m 75 m

’m (seeSeciou 7 3.3). In I temummi ‘efonmumim g SOl C .ys ea
the(n 1 m iFsat’o u imi ‘gim ‘m (SS’m) becausethebet which ‘s g’m em’mt’d ‘nd-me (‘mel c’ 1 (at
101)1) C ) cam he nmmd n-moreed’cc iveby im theme/unum e’. ‘ h u u cm ii ‘elm ‘iii’ g MCI C mym m
doesnumt mcon’rc a m ‘f/ummem am d hem‘( u , I’’ h n vmlnc cmi e foci ntihimmhcm u (81 mm) is
pmumsihle.Ecre time flue! nhFs dun ‘s Idat ‘d h5 th a’mtem”ml ~mmcup‘mticm cmi the mum c. mm hi

mit ‘rumml e’/ mm mimmg SOl C sym e u imm . I n’u i mum is u g’mim differ ‘nI. A lung’ pantof lime odeg s
is mceycl‘d In Idni d c ‘ate cml lime ref/urn-mi mg ucmctimmnalt-me c I in cC, Aldmmmmgh thecm ‘uhf
mel C imsa ii i I ic sanemm lime my ‘mail (mmci otilimatioum f/mm I c ‘x e‘nal ‘cfcm’ nimmg S )h (
sym em (85 (4), lime ntihimmhmmmm pe’ passageis oily 70 ~m C unnespondinglythis valu its bee
mmmcd for he inch ccl caicnlmtdmnm.

Cell so mgm
‘~1 e valuescmi time ‘cli vcmhtmg (cur hcmth lyp ‘s mu flu ‘I ‘dIm ‘m ‘ m i~‘mum u’s’ h twecu ef - “cuscy
mmmd mowe dem sity. ‘(he c’u cnlm I d m uwem de umity ‘d 775 vmmhl /mn them mecif’cd ‘cli mmm’s m me

timc ummaximnomu hmndw’umc teunpmmmunneii due mm mmdcl cmTd5~mndm mm blue m imxduun u clmchal,Sc
I muipe ‘alone: seeChapter4
‘lime tcmmpematommmppnomchin 1mm reiemcmmcecm Icohamimu m (extem mmml -cdnmu imug) - s II) K.

By recycling partumf mime m mmdc mmd’ gasmime inch mime nemctmmuls pmn hal pressureshecomummlowe - m uc lb e
pmndocbpartialpressanchecamme higher, eummhIm mug mu hemmercantmmul cmi themcdi ‘miming m emcfmu ‘ u luc
mmmmcuule lumieb
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ccmmnmmpcmmudm1dm 1.3 kW/un’, ‘I his shucummidhe ccmrupummedtdm ion exuumapletime 1.8 kW/mn’ tmurgel
which NLDO humus met I Mmmnituu,1995]. ltmuun theSOFCtime hmungdtpcmwer densihiesarehigher in
ti-me rummig’ cmF 3 5 kW/mn’, ‘~‘hiercf/mm’ehueselectedcell vcmltageis comisidcrmuhlybcmwer (cur ti-me

SOl’C lh’ummmu (mm the MCI’C, Nomietimeiems.time selectedvalmuc cmi lime cell vcmiluuge (6/5 mV) lemmds
Ic mu pcmwcn cfcuimily cmi 1 .6 kW/un’ (mum lime 501C.

5 3 EXTERNAL REF0RMIN(; FUEL CELLS

5.3,1Co-flow externalreformingMCIm’C (mcoe)

I igmumes 5 3 — 5.7 smumumuamunimediecmlcmmhuuticmmi resmmlts (cur thebasecuedextenmium!reforming
MC~”C’ ccli (maccue).in mull cuf limesegrumpims. ti-me local propertieshumuvebeenplumlted agumimmstthe
chistamucefncumahueinlet. Unlessindicumledcutimerwise,this refers cm theummicudeinlet. The

pamummaccm (x) ham hmeemu miumude dimaensicmnlessby dividing II by thelength cmi lime cell (I,).
unculefnmmcticmn I

0.3

(1.2

(1.1

1)
(1 0.2 (1.4 0.6 (1,8

dimtusnmce(mmmii munmcmcie humlel x/L I

S igune .5.3~C cm/c’milcmtecimole,tnac’tion.s cmt I/me dmnmod/ef/mn thebcm.sec’a,se ERMC’S C’ (inc-mud)

I igure5.3 rem ‘eme its de macuhefi’mmctiummus at ti-me mmmdc.In time extenuimi refcmrm tim-mg fuel ccl!
system,arefo ‘u-mien smuppliesgas1cm time amucmde.‘lime comucentratidumusal time anodecuntlel mave
heendetemmimuedamsnmimmgtin edhnihihmiummtemapemmtnmecuF 800 C timid mm steuummi/cumrhcmuinumlicu

clout! 1cm 3, ‘I’imim nesmullsdi a 11, ccmnceumlmmticunml time inlet cm( 555/ m nd 25~%11,0. time nemimuuiu de -

cm( thegums ecmnsistmmuf CO2. CO mind smallecmneentrmhicmnscu(N2 mind CH1 (mimi simcmwn di tim’
gnmupim).‘l’he ccumic”ntntitidmnpncufile (cur h’myclrcmgemu is deteu’mainedluy thelwcu mumuodememudticuns
whicharc inchumdecid the node for li-me extermmml nef/mmmaingfuel cell:

H, + C C) H ,O + CC), + 2 e (electron/ic mm-al neac’tioum)

C’O + 13,0 H, + CO, (s/mifl’ necmc’tion)

Initiumily Il-me imydncugemucmumicenlrmuhicmninmereumsesmhgimtiy dmue1cm time shift remucticumu,hut this
memudtionplmmys mu ncmlc cunhy hum mm smaumll inlet icunenearlIme amucudehuilet. ‘~‘hue clcctrcmchcniicuul
meadticmndeterminestime (murlimem cmumuceuutraticumbof bmydrcmgcmu,wlnch decreasegradmumuhly1mm II c

0.5

0.4
[20

CO
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mmmdc cmmmcembtruutidumu(7(3 ). ‘I’he ccmmicentmmmticumiC’C) decreumsesmum mm memmult muf ti-me shif’l remudhiomu: mum
iuydnogemi is mcmacmved by ti-me electrcucimcmaicmmi remudlicumi, theshIll memmdtiomu will ‘ccmmmmpenusmutc’(cm’
hue decreasimughuydrumgem’u comucemutrumhicun by cdmubmnmmuimbgC’C) mm-md prcmclmmcimmghydrogen.‘I’huc

cm cemulrmuhicmmucmi ti-me prcmdumctm in lIme mlectncucbiemnicuuircumdhiummi (I I,C) mumud C’O,) evidemutlywill
imucme’ume(mcmiii di 1cm cumithet. At hhccumutlet the cmmnccmbtnmutiduubcmi thu’ twum memmctiomm pmuudmucls(i.e.
13,0-m- C02) is ‘ulmumosl 905/. ‘hi-me numlicu hetweemudeCO mit ti-me mumimude imilet umud Il-me CO mit the
‘smuoci ‘ omullet slicuws timumt Ilue high CO cmmuuccmutnmmlicumiumh themumulic is mimic uxumuduly to thetrmmumspmmnt
of C’02 timrcummgbm thie electnmmiytciii lime I/irma cmi C’O1
‘h’h ‘ eiectrcmcheuiuiemulmind chemuacumh‘eactidumusdelemmaimueduechummugedi ccmmmcenhmmmticmnusumhummig lb c
cell ‘I’hcy umlmo det‘muahumethe pcuwenut-md heumtwhich ii gemuemmuteciii tIme Fmmeh cell. luu Figumme5.4
thie lmucmsh nmciwem demusihymum-md time heatgemueralec!tier a cell mmmcmi tine shucmwm. Becuumuscti-me cell
vcultuuge is ccum’mslumnl overtime cell, the pcuwendemimity timid cmmm’neuul demumity mire mm’mupcunticuuuumh.‘ hue
ave‘age pcmwer demimity is 1.3 kW/ma,Icmcmmhiy lb c vumlumu vumnics incumlu 1 .75 kW/mn’ mit 11-me imilet 1mm
0.8 kW/nmm2

mit time ommtlct cmi duecell. ‘blue pcuwem 1mm huemut mumbim (P/Q) iii ti-me cxl ‘mm ‘ml ref/irmadig
MCF’C is relatively Ingh umlnmcmst 1.5. his is due ‘esoll cuf buimmh cell vol mugm wim’cim humus heemu
selected(mm ti-mis cumlemmimuticumu. I nrtimennncmmc mis cmiii hesceumii f’igmmre 5.4, the icucmml hueumt imux
(kW/a2) is uuppncmximaaldlypncupmrimumim 11cm duepumwenprcmdmmcticu , exceptml lime imu dl icumue
(x/l .<0.I).

I kW/ a2I

uduwer

hem
(1.5

(1
(1 (1.2 (1.4 (1.6 0.8

distummuce(mmiii mumucude diet x/t. I I

/7igmm ‘ 5.4. Powermmci /mecmlge/ic rated in I/ic’ thel cc1/fhr time /mcm.s c’dm.se ER-MCI”
ccmlc’ulcmtimn (unc’o’)

‘Fhc f/meal powerchemumityis delemaimuedbuy due Iwmm macclumuammium111mm numb ‘d in f/gumr’ 5.5’ thc
hcmcmml vcuiluugc chifferemuceamid thelcucal cell resistumuice,‘I’he vcubtmugeci’ FF’eremuceAS’ is tIme
dhFf’crcmuccluetweemutime Icucal Nemnmhvcultumge ummd theumctmaiccli vollumgc. ‘~‘he mutter is ccmmusluu it
cmvcr theccii. ‘I hue Nemnmt vcmitumge (eqnmmhidmmu 4.2 amid 4.3) depemidsmmmi lime cci ucenutmatidumum cmf thu
rcmmdlmmmits. In puunlic mhuu mum mm resmult cuf lime decremuseimi imydrcugemuccmmuccmutnmmliou, due Ncnmmmt
vcuhtagedecremumeslu’omuu 1,07 V mit time imlel of ti-me cell to 0.85 V mit time mmmmt!dI. ‘blue vcullmugc
diffcremuccdecreasesrnncim mimarper. l’he valneat time cumutlet ccurrespcmndm1cm 25mm cuf lime valne at
time iuulet, As figmure 5,4 simcuws, lime power demusily is distnihimutedmmmc unlicurum’ ly lbmmunm lie cell
voitmuge(time vaimmeof tIme pcmwer density tub thecuntlet is mipprcmximuimutely505/ cmi tIme vumloc mit li-me
iuulct). Evidemutly, thedrcmpf/u the vcmllumgedifferenceis partially ccunnpcmusateclby mm
siurumullumnecumusclecreumsecmi the ccli nesistummuce(seeSection4.3.1)
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vcullmmgc I V I R lcubumacumm2]

1.2 2.4

Nermust

A —

(1,8 ~1 1.6
muctumud cell vmmhlmmge

(1.6 1.2

0.4 m’esistmmmmce R (1.8

0.2 11.4

(1 1)
1) (1.2 11.4 11.6 11,8

distumnee inumma mmmdc imuhet x/l, I -

J’igmmne 5,5: Loc’cml IVenmmmt u’o/tdmge cmnmc/ c-c/I re.mistdmnd’c’ nmnd/ I/me cell m’olicmge (c’cmlc’mi/cmtionm inc-md:
baseca.seER-MCI’C)

h’igmure 5.5 slicmws thumut d c cell resislummucevumniesf’rcmmmm 1,3 cuiuuum’cmn’ mul the imihm’l 1cm t).75 oiumn’cmn
Fhe uiecmu’mmsc ‘ m cm’h I nesistmunci’is mimi ‘ 1mm Ibm incremusm’ ‘ii temmiperuumumrc(rain hum 1mm ummuthet‘‘Im’
cumiculmuteci tcmmuperumtuure distnihnticumu imu thef’umel cell is shucuwmi imu l/gnne 5.6. ‘h’Iie maumimi stumnhlmug
poimuls (cur hue cm coimuticumu cml due tempemmutmure(seeSectioum4~3~3)hmichumdeIlu ummsmuuxmptidmmu cm( mu
ccmmslumul bemmblmermmlmmre iii mm cncmsmsedhicum of ti-me imummdwumrecmi Il-me cell (clcctrculytm, sdlmmunuulcmr
phumle). Besidestheclectrmmlyte tenipenmutmune,Il-me humcuuh tdmubpermutmmrecu( themmmdc l’kmw tumid di
cmuthodc(‘lcmw mmmc calcolumled.As imudiemuted imu tumble 5.1 cm flmmw is mmssuumacd,Fimereimurethe
teuuupcrumtnre cuFhumthu gumssem‘u x/b,=0 mmmc ecimmu 1cm tIme specifiedimulet Iemnpenmutumrcs(600 C).
I’imc imemmt which is gemuenmuledidi ti-me elec’tmcuhyteis tmumnsfenredho duepmcmcesm(lows. As mu nemumit,
due embupcnumlmmnccmi the ‘ledlnumlyle will h’ high en thumumu thetcuupenmtmmmeof thepmcmccsmFlcuwm.
l’mmr thecmuhhcmdc ilcuw this is evidhemil di (/gmmrc5.6: themuvenmugeteunperumtnrechfieremuceis
umpprcmximuuumtely II) K. (I-me heumipermutmmmc chif(emcumccImehweenti-me mumumude am-md blueehechculyleis
unmuch smaller mmmiii ‘n (igum ‘e 5.6 ti-me c’umrves dun them’hectrcuiytemmmicl munmmdctemnnenmulmmm’m’mmmc’ mmunml
1mm clistiuuguishu: theaverageemapemmmtummeclhf’fememice is 0.5 K. ‘~‘huedif’fercmuceluetweemuthe
Icuapermutmume distnihumhimumu di bhie uumucmdetimid cathodechumuminuels is dmue 1cm twcm sepmmrmmlephemucummuemmum.
‘lime first is thediFienemucedi ilcuw: lime nncule ficuw cuuthmodegums is ccmmusidermmhiyImurger limmumu the
mnicmcle flcmw, C’cmmrempcumudinmgly,tb-me imemul cmpumdity cuf thecatimmudeficuw (in lEEK]) is IS him-muds mum
luumgc am If-me iueumt cumpmucityof themumumucle flow. ‘I heref/ure,ccuuiiidermhly lesshemut is requnmech1cm
huemul the ummucudegums timmumu thecmmlhucudlc gmus. ‘~‘he mecomid differenceis time dificrence1mm lhucmmtmuul
ccmmidnctivhty. (hue li-menu-mimi! ecunucluctivitycmi emuclu (lcmw is cietenmaimuedby time thermammi
cmmmciumctiviticm cmf the ccumapcmmudnutswhich tune lmrdsdmbt in themumucude am-mci cmmlhmmdc Flcmw (II . 11,0,

(‘(~2~02, etc.). ‘l’lme thenummumi ccumudumctivitiesmuf time pumme cmmmapcmmbem’ulsarencmoghlyecimumul, will
excephidumb cml’ himemmumumi ccumidumctivity cmf hydrcugeui,which hums mm vumlume mimi cinder cml mnmmgmihtumde
haghertimamu time mmthmcn thuermamulecumuductivities,Am anesmult, time mumicuclegas.which is rich ii
Imydrcugcmu, hums mu mamuchi higher thermal cummidumclivity timmuru the cathucudegums.
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Figure 5.6: J/’mnpendmtunc’ c/is tnihutionmfor time 6cmsc’ m ‘mme ER M(.PC c’cmlc’mmicmtio,m (mid-cue)

Themnmximuunmnteunperalumme‘mu thecc 1 hardwareis 700 C’ (this immum heemuspecifiedmum imuput f/mr
thecmmlcmmlmticmmm).‘flue cd-mm ‘cspomdimigumotiet temaumermutire cuf time cumthcmdegums cumlcumimutechby lb e
maoclcl is 695 °C,The temperaturechif(ercmucehetweem lIme cathcmdemm-md ehectrcuhytenmemmr the
inlet muf thecell is appmoxiunmuely 1 5 K mm-md decremusemcm S ml time ‘mutiel of heccli ‘~‘he
mu-maxinuuua(elcebmculyle)bempemalmureimu thecell cuccnrm mu theumuth ‘ cml lb-me cell. I he 5 K
lempermulnredifferencemit time cumuthetthen’fmmrec mnnespm ds to flue Imnuperumtone mmpp ‘omuch wiichu
was deEmeddi Sect’omu5,2,2
The temperaturedifferemucehelweem time cmutlimdc gu m andtheel ‘Inc lyle depemudsmmmi die
munucumint cuf heatwinchis rusmisl’erred(dl ~nA’~’).‘Flue ‘cremuse‘m tcmnp”mmulmure diFl’enencc f’mmmum
uupprumximnatcly15 1mm 5 K imereimmeccmmresmci uds 1cm mm decremuse1mb hem flux he we‘ii imule mu ud
cmutiet, Figmnnc 5.4 shcmws hathigh imemmt (lox cmccunm uemmr theinlet tumid II e ime’ut ilmux dccre’usem
gmuudmmmuhlymuicuug theccli. ‘1cm ciummify theFcunmuu of Ibm’ I e’mt flux cmmr e, the imemut ‘somum-cem’ will he
emumusideed. ‘I h-me healis pucmcimuceddi ti-me shaftmemmdlidmnmandiii time elect‘cmchemicmml ncumcbio . I i

theinlet zomuc, themumle cmf time m mill rcumdl’omu is high hecmummseli-me imilet anmuciegasis mint cmi
eqnihhniuuunsvith respect1cm theshift rcacticuuu”tm. ‘ him leads1mm adgi i-meat flux mieumnlie ii Id ml
time cell. / I x/l,—0,05 however,theshift m’euudtimmim is liii eqmuilihrinun timid hc comutu”huutimmm mm( the
shift memuct’mun 1cm time hemml pmcmdnctionhmecmmacsm uimuli as sicuwum 1mm (igone5 7.
‘Il-me heatis muium’uily genemmut‘d mum um nesmmlt cmi li-me ehedlrcucimeiuical memmchom . As imumficu ted i
figure 5.7 thie hemut im Ihas ncmmctimmu cummi hespill imutmu twum p’mm’ts: ti-me revensihl’pumnt ‘tic 11
pola‘immut’mn Imeumt”tm. ‘~‘lie edlmmmmticunm(cur cmi cm l’utdug nevemsihmlmtimid pmuitmnimaticmmi imemut w ‘m
chscmmm d di Sectini 4,4,4, ‘~‘he revemmihlcpumml cmi heheatcmi theciechmudhucmicuunc’udbimmn ‘s
time heumt wim’c’bu is genuerumledIF lime mcadb’cumimuccursreversibly,i.e. witimmumu polumr’mumti mu hisses.
In thumt cummetheratimu hetwee the pmmwen‘nuci imeal ‘m cletermaimuedf’muIhy h-my tb-me Ne‘m s vmmi ‘uge

‘lime mu mmmd gums cummmmpuusitiuuumis dlelemmumimmedlby time huigl Immmupcnmmlummemit whim m t c dm111 mmumd I - u ug
‘mppncmmcim equuihihmiummmmiii ti-me md(uum’mmudm,

Agmmimm mmml chistducufmmum is ummacleImetweemuvumltmgcslmmsscm mum am’esnll cml cmimuumic Icusses.‘dlivu limmum
poluunismmticmmu, etc.

eiectnmmhyte

cathucude

mmmucmde
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‘quati us .3). If the Nernstvoltage is high. the powerto heat ratio is high. If the Nernst
voltagedecreases,the ratio becomeslessadvantageous:lesspower andmore heatare
prodiccc . I he resultingdistrihutionof thereversibleheatshownin figure 5.7 is thesum of
two ‘ffects, On onehand,theelectrochemicalreactionproducesmoreheat(andlesspower)
owird ti eoutlet of thecell. At thesametime therateof theelectrochemicalreaction

decreases‘onsiderably(therate ( f theelectrochemicalreactionis proportionalto the powei
ensityin figure 5.4). As aresult, the heat‘n thereversibleelectrochemic’Llreactionis niore

or lessevenlydistributedover the cell.
hepola‘isation heatis theresultof the voltagelossesa id can berepresentedhy the

cony ntional i’R or (AV) !R term, he distributionof thepolarisationheatis determined
nainly by thedistributionof the voltageloss AV andthe cell res’stanceR which areshownin
figure 5.5. / Ithoughthe effect is slightly weakenedby decreaseo R, thecell resistance,the
wsev n d’ strihutionof thepolarisition heatis determinedmainly by the decreaseof the
voltatseloss AV f‘om in to outle

I kWIm2I
2 5 total heal

m’vcr~eheat ~uisat)o

t) 0.2 0,4 0.6 ) II

dstancefrom node inlet x/

Sitsure 5.7: Ca/cu/at~dIa atjlus from th 4ec/rolvie to I/i process f/ow.s for the ER I C’! C
(moor)

5,3 2 Court 1 w ‘xte ‘ml ‘efor g MCaC (inene)

I or externalrcfor ni sg cells co flow is assuned,fs t for in e ‘nal refor i na ccIs the
counterfloW co ifiguration is considered.‘I his makesthecomp’Lrison of cx ersal and ‘i ‘ma
r ‘forming mo‘e complicated. t is simplerif the interii 1 reformingco ifigur’tsion canbe
‘ompared w’t s ancos ster flow externalreformingconi guration. 3 h iel’ore a counterflow
‘xtcr sal reformi ig MCFC configcration hasbee modelledaswell.
‘he main differencebetweentheco ‘sod counterflow fuel cell is the tempe‘ature

distribution, In tl ecounteoflowconfigurationthe cold cathodegasen ers fuel cell opposite
o the anode.The parameterxfL hasbeendefinedasthediniensionlessdistanceto the nod
‘nlet. Thereforeis thecounter4lowconfigurationthe anodegasentersthefc el cell at x/ ~.4)
andthecathodegasat x/l,= I
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b/pu Fe 5.8: leinperature distribution in the (‘ou11ter~floss e vterna/ refhrm/n ç MC’I”C (mc’ne)

In figure 5.8 the threecalculatedlocal temperatures(anode,cathodeandelectrolyte)are
plotted againstx/L. As indicatedin tlseprevioussectios, the cathodeflow hasniuchhigher
heatcapacityI kJIK] thanthe anode(II) ... 15 times ashigh). 3herefore,ascanlie seen in
f’igure 5.8, thecathodef’low determinesthe temperatcme profile. Tie cathodegasis supplied
to cell at 600 C at x/l,—I andheatsup gradually.‘I’lse electrolytetemperaturelies
approximately10 K abovethe cathode temperature.Near thecathodeoutlet(x/L—()/)5) the
electrolytetemperaturedropssharplydueto the cold anodegaswhichis suppliedto thestack
at x/L=0. 1 lie temperatureof thecathodegas,as aresult, doesnot increasestrongly andeven
drops slightly nei r theoutlet. In thefigure thetenperatureapproachis indicated. ‘o’ a g’ven
maximumtemperature,asmall temperatureapproachwill allow a higheroutlettemperature
1 lie temperatureapproachin thecounter—flow configurationis largerthan for the co—flow
configuration(11 K vs. S K). ‘~heair flow required to removeonekW of heatfrom the cell is
proportionalto the temperatureincreaseof the air flow over thecell. In figure 5.10 the
temperature increaseis shown for both cases.Consequently.moreair is requiredto remove
the sameamountof heat in thecounterflow cell (NI 89 K) than in the co flow cell
(A’l’=95 K).
In all MC ( calculationsthecell voltageis the same(775 nsV). A betterperlonnance.‘is a
resultof a higher Nemnst voltage or a lower cell resistance,will thereforeleadto ahigherthe
powerdensityandthecurrentdensity.Thecalculatedaveragepowerdensityfor thecounter-
flow cell lies higher (-m-3C ) than thecorrespondingvaluefor theco flow configuration.It is
not clearoii forehandhow this better performance of the counterflow cell canheexplained.
Both the Nemnst voltageandthecell resistanceare shown in figure 5.9. l’or comp’irison, the
values previously calculatedfor theco-flow cell are shownaswell. In the counter—flow
configuration the difference in Nemnstvoltagebetweenthe inlet andoutlet (1.05 ‘0.90 V) is
not as large as in the caseof co—flow (I .07—’0.85 V). In the co—flow configuration the Nemnst
voltage decreasestoward the outlet becausethereactant concentrationsdecreaseand because
the temperature increases.The decreaseof the Nernst voltage asa result of the increasein
temperature from 600 to 700 C is approximately 0.03V. ‘ftc remainder of thechangein
Nermsst voltage over the cell is clue to thechange in concentrations.Becausethe temperature
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Figure 5. /0: Comparison of the elect rolvte temperatume for co- and counter flow
(rncoe, mcne)

he local cell resistanceonly dependson thetemperature.‘I ci clarify the influenceof the
temperature on theaveragevalueof the resistance,the electrolyte temperature curvesfor the
co- and counter-flow cells are shownin figure 5.10. Thecurve for the cell resistanceby
definition is the mirrored image of the curve for the electrolyte temperature (high T,~= low
R). As a result, the cell resistancefor thecounter-flow cell is low at the (anode) inlet andhigh’

andconcentrationeffects in the counter—flow configurationwork against eachother, the
Ncr ist voltdge in the counter—flow cell, is more evenlydistributed. blowever, the average
val eof lie Nemnstvoltage is approximately thesamein both cases.

voltageIVI

1.2

(1.8

K Iohm cmn2l

2j.6
Nemnstvoltage

actualcell voltage
().6 1.2

0.4
resistanceR

0.2 counterflow
co-flow

0 1)
() Ca 0.4 0.6 (1.8 I

distancefrom anodeinlet x/t, I—I
Figure 5.9: Comparison oft/me Nern.s’t voltage and resistance for co- and counter-flow
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at theoutlet. ‘I’he averagetemperature in the counter-flow cell however appearstcs he lower.
Th’ s averagetemperature can lie calculatedfrom:

[ T (5.1)

The averagetemperaturecalculatedin this nianiser for theco and for the coumiter—flow
configuration correspondto 6S9 C and655 C respectively. Becausethe cell resistanceis
maimsly determinedby thetemperature. onewould expecttheaveragecell resistanceto he
lower and the current density to he higherfor theco flow cell. However,theperfornance(the
averagepower density and current density) of theco-flow cell is lower.Figure5.11 shows
the calculatedcurrent density curves for both cells. in thecounterflow cell theaverage
current density equals 1.72 kA!m while the current density for the co flow cell is 1 .67
kA/ni, corresponding to power densitiesof 1 .33 and 1.29 kWfm~respectively.‘I he difference
in both casesis the30 betterperformancecsf(lie counter—flow ccl discussd e~shem.
Evidently the highercurrentdens’ty for thecounter-flow cell is duenot due to the difference
in averagevalues of tim paranieters hut to differencesin distrihutiomsof theparanieterswhich
determine theperformance (current density,cell resistance).Figure S.ll showsthe
importance of (lie high current density in theanodeinlet ione(~cathode)utlet /one)of the
configuration. In this areaof thefue cell, thetemperatureis high, which leadsto a low cell
resistance,while thehydrogen concentration is high. In theco flow configurationthehigh
temperaturesoccdmr near the anodeoutlet, while the highestcurrentdensityoccursneamrthe
anodeinlet ione. in otherwcsrds, tIm betterperformanceof the fuel cell ii counter flow
operationis d me to thefact thataco isiderahlchydrogetico iversion‘s achievedii (ha area
wherethe efficiency is highest, i.e. at high te npcratureand thereforelcsw cell resistance
‘l’hiis ef’fect is illustrated differently in figdire 5,12. ‘1 he better performisaniceof the counterflow
fuel cell is dueto tbse fact that a largerparto ‘ he fuel is converted m the iot ‘nd of hd ‘uel

i IkA/ns2I

3.0 counterflow

25~ \
~ ticiw~Ca

l.0~ ~

0.5

0
0 0.2 0.4 0.6 0.8

distancefrom anodeinlet x/L I I

bigure 5.11: C’omnpari.son oft/me current dens itS’ distribution/hr the co-floss’ and count dr-f loss
~‘onfiguration (ER-MCFC: mcoe and mcne)
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cell. ‘ft ref nrc theamodmntof fuel convertedin thehottestpartof the fuel cell hasbeen
calculated.I’bse maximumelectrolyteteniperaturein the fuel cell is 700 C, thereforethe
frac i iii of ‘cwl which is convertedat a highertemperatureis iero. In the graph in figure 5.12,
(hi cumulativeconversioniaboveacertainteniperatureis given. In ditherwordseachbar
imsdicatesthsc f’mactissnof fuel which is cdi ivertedabovethe indicatedteniperatdmreo).In the
cdsun(erflow stack 190 of the f’uel is comsvertedat atemperaturehigherthan 690 C amid 290
is c’onvertedat atemperatureabove680 C, etc. 1 lie datafor thecorrespondingtemperatures
‘s the co flow cell are 130 (690 700 C), 2S0 (680-700 C), etc. Because600 C is the
nini sin. iii tc iiperatureiii thefuel cell, in both case1000 of thefuel is convertedabovethis
emperature.Ins the co-flow omihy 130 of thefuel is convertedat ‘I >68() C (vs. 190 for (he
counter-flowcell). As (hegraphillustrates,thus trend continsuesandasresultom averagethe
f mel is cony‘rted a a highertemper’itu‘e in (lie couniter-flowcell.

cumulative conversion I 5/ 1

100
[1 co-flow
ricounter- flow

80

60

4(1

2o~

>690 1>670 ‘ >650 ‘>62()

‘1>68(1 1>66( 1>640

!‘i/urc 5. 12. C’oni’er.sion of tine fuel in the electrochennk al react/on. tine length of a bar
represent.s tin of’raction of the fuel cons’erted at a tennperature higher than F

I o chiaractariseOs’ perf ir sianceof the fuel eel i v o~nhcIh ‘ seful to heab ‘ defins am
av‘rage cell resistance.Bcmt vs th’ abovesb ows.(hecell resistancea aver’ng’ cell (ensp rs
is mso( a goodindicator. he ‘average’cell resistanc (debts‘d by Rfh ,~ )) w II ie higher f’or
tI eco-flow cell with ‘m bnghertheav‘rage teniperature(659 C vs. 6SS C li ‘ hecounter
(low cell) a hough(lie pcrformnanccis poorer.Instead,(hi’ effective c ‘0 ‘esistsmnceis
introduced. ‘h’his property is defined by:

A ~ (V V) d

I hi is dliagrsunis created 0y calculatingthe tonsil fuel connvemsionins all suhcclIs which haveann
electrolyte nenspenature‘I > T tom ‘1’ 60(1, 61(1,etc.
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Where I is thetotal cn.mrremitof (lie stack(i.e. the‘performiiance’), R~,nnacomistantcell resistamice
arid theinitegral is theaveragevoltage drop over (lie stack. ‘h’hie effectivecell resistance
calculatedn.msingthis edluationis 0.989ohm cmii’ for (lie cci flow cell amid 0.973 ohm cm for
thecoumiter-flow cell.
The cell resistanceis an explicit fmmnctiomi of the teniperature. in other words, it is nsot only
possibleto cletermimiewhat theresistancewill he at acertaintemperature.It is also possibleto
determinnewhat the(effective)temnperatdmrecorrespomidsto aspecificvaln.me of the cell
resistance.Basedomn theeffectiveresistance,acomrespomidimigeffectivetemnperaturef’o (he
fmmel cell canhedefined. I heeffectivetemnperatureis definedasthetemperatmmreat which the
cell resistamiceis equalto (lie effectiveresistance:

Renn K (Tnn)

For theco— amid coumi(er—flow confign.mratiomian effectivetemperatureof 652 C amid 6S4 C is
calculatedrespectivelyby (heabovemnethsod. I his alreadyshowsthat asruahhchangein the
effectivetemnperature(2 K) can havea substamitialimifluemice on the effectiveresistamice(35%).

The effectivetemperaturecan he used to explaimi theimifln.memice of thetemperaturedis(nihutiom
oms theperformiianceof the cell. As such it will heshiowmi to hean usiportamit parameter for the
siniplifiech fm,meh cell model imi Chapter6.

5.3,3 Co~fi)W extermialreformningSOFC(scoe)

The calculationresultsfor theexternalrel’ormsiimig SOl’C cell arescnmnnn’rised ins figures 5.I 3
5.17. Ins figcmre5. 13 (lie nscsle fractionsfor (lie mostiniiportanit consipomsemitsat the anodesire
shciwn (N, fcsr exaniiple‘s riot showmibecausethe misole flow N, ddses sot ch’sngeahomig thecell
Again theinslet comicentratiomicomresponsdsto reformate (ref’ormncd nia(ural gas,S/C—ratio is 3).
Becauseof thehigh steansi to carbonnato,the anodegins at the inlet consistsmaim’mhy (if H, amid
H,O. I he gasat theon.mthet(x/I.=h) comisists mainly of bl,C), although sonneCO, is producedas
well hhrcmghs (lie shift reactiomi. ‘ lie CO,comicemirationis thelargestdifferencebetweenthe
concemitratiomiprofiles ni (lie MCI C andtheSOFC.Its theMCFC the reactionsproductsof the
electrcichiennical reacticsmi arehioth H,O andCO.(see(he comrespomidimiggraphsfor theMCI’C’
imi figunre S.3). Its the SOl C, thecimily reactionprochet of theelectrochemicalreactiomi is water:

H + () ‘ H,O + 2e

The ratio betweenCO anicl 1—1, ‘s detcsinned by theequilibrium of tIne shift rcacticsn.Ins bse
exte ‘mial reformsumig systemns,the anodegas‘s prcducedin thereformerat au equmihihriumm
temperatureof 800 C (seeSectiomi 7.3.1).At a Iciw temperatureCO will heccinsumsiechin the
shift reacticimi ho produceFl,. At ahighs tennpematuretheeciumihibniumm shifts tciward higher CO
comicentratiomss. Imi the SOF’C theoperatingtemperatureat (lie inlet is higher than therefomnser
temperature. ‘I’heref’ore initially hiydrogemi is comssumedin the ancide inlet ionic (x/I.<0.0S) amid
CO is prcnduced. As hsydrcigcns is conssumsiedimi (lie ehectrochemiiical reactiomi, the sbnft reactioms
reversesto prdidhuce hydrogen andCO, further fi’om (he imilet ione.
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0.8 H20

0.6
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0 CO ______
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distancefronsi ansodei mihet x/L I — I

I’igure 5.13’ Calcnnlated mole fractions mnt the n’nmnode fhr the external reforming 5OFC’ cell

(sn’oe)

[he (sniall) effectcif theshift reactionis evident ims figure 5.14, which showstI e heal flux
fromsi the electrolyteto (lieprocessflows. ‘I heshift reactioninibally umsesasmall amciumstof
heat.Downss(reannof the inlet ionic, the reactionireversesandlhydrogenis procneedthrough
theshift reactiomiand thereacticinbeccmesexothemnsicimisteadof e idcithermsiic. However,as
figure S.h4 shows, the role of the shaftreactionits the heatbalanceis evidentlysmall.‘~he
heat gemieratec by theelectrochernicalreaction,againseparatedins therevers’hleheatand(~ci
polanisatioms,is donn’nant.As imi thecciseof theextermnalrefornss’ngMCFC, thereversibleheat
is produmcedevemily ove’ (lie cell amid the pcilar’ sationlossesdecreasestrongly from in— to
ouflet.

I kW/nmn2]

0.5

0
sIts It n’e:nenion

0.5

(1 (1.2 0.4 0.6 (1.8

(hisnanscetrom nihet xlt_ I

“igure 5. 14 Caicnnlated heat fInns/roan electrolyte to prnx’e.vs ga.s’fhr the ER SOFC cell f.scoe)
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it e camculateul temnperatunre dlmstrmhutmdimi us shiowmi nun figunme 5.15. 1 lie atiode amid cathodegas
custer the Etch cell at 8S0 C. ‘I’he anodegins temssperatumrecloselytsiatchies the electrolyte
emiipera(ummewithsims 2 K. ‘I he niiaxinnumnsi tetsiperature its the cell is 1010 C (asspecified). [lie
niiodelcalcunlatesats ountlet temsiperatunre for time cathodegins (if 1003 C. whuichs comresponichso
site sipematureapproach of 7 K

temsiperahunre I CI

1,050

1,000 electrolyte
& anuode

9S0

900 ~
8S0~

800
0 OP 0.4 (1.6 (1.8

c istauscefn’cuss amsodemild x/i, I - I

I’ignnrn 5. /5 !ennperatnnr di.strihnntionn for tine ecternnai refonmninng co /ionn SOP’C’ aicnniatiomn

(.scoe)

‘I’lse electrical perfbrnssaumc ‘ of thecell is aga’tsdeterminedby thetwo cuumves,howun ins f’igumrc
5.16: (lie local Nemnist vcihtsngc tich (lie cell resis(snusce.For cotispamisonsfigumre S.h6also shciws
the comrespomiditig cunrves f’cim tine exthmnsal ‘efdimnssimsgMC ‘C. ‘l’hc Nemnstvoltagel’es
suhstatitiahhy lower l’om (lie SOI (‘ (hatsfor hhe MCI C. ‘~liedifferemseecanshee plait ed saims y
by the hsighsemopematinighe nnpemsntumefor theSO ‘C . If tIm tennpematdmmeitsemeasesfncinis 6S0 C’
to 92S (‘ (tIne avcmsngecipematinsgtetnipemadimes for (lie twci cells), tue Nemmist volhagedec‘eases
by 80 nnV. ‘l’hie d’ ff%memscebetweenstheNermist voltagecalculatedfor (lie SOFCatid him tine
MCIuC a,tls thefume centmii~id~~nis shghtlyhigtmiem. This is du’e (‘a cliff’metices its co,icemitms’tiu’ss,
eg. as‘a resultof lie shift cci mil’hiriumn anid to the diff’ereni( partial pressuresrelativeto (lie
Nermist voltage(eonsipameec1una(icimis4.2 amid 4.3). Iluts thevoltagedifference(AV = Nemnsst
voltage— actualvoltage) its theSOl C comifigursmt’cimncommespcimidswell to (lie vdiltatsedifference
in tine MC’ ~C
Evems thou glu (lie elmivinig force(AV) is ppmoxitsia(ely lie satsue (liepowerdenssityin (lie
SOFC is eoussidemahlyhigher. I bus differenceimi pciwerdemisity is clue Ia (hehowet cell
resistunniceins time SOI’C. l’igumme 5.16 shows(lie cell mesistamicefcir both SOl C and tine MCI (‘.

Both curves showa siusiilamdecreaseimi mesistamseetowards(lieoutlet of thecell asaresin t cif
the Is ighiem temnspematumme. butt lie averagevahumeof he cell mesistausceimi theSOb C e ‘II is
substamitiably lower.
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1’ igure 5. /6: I,oc’cnl Ner,n.s’t naltay e aind cell re s /,stainc’e asncl tine cell n’ollage jar tine externcnl
ref hrmmnimng c’o-flonn’ c’onfigurcnlion,s’ S’O!”C and MC’F(’ (ccnlc ‘s ,scoe cnnnd mc’oe)
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I ignirn’ 5.17: C’cnlc’ulcnteci local powen ci ‘/n,sits amnci inc’cntflnm sfor tin ER- S’Ol’C c’ocifiç’nnrcntio;n
f sea ‘)

l’igdnne S. I 7 showsU ci iesnl powerdenssift‘md seatfhcnx f/in (lie es ‘rus,nh nel’oun iiusg S( ‘(

‘I his figumre esm n he eomsnpamedto (lie conmespoiclimig dismnzmaminf/in (heextemnsalmeformnins4MCI
its figure 5.4. ‘us the MCI C f/net cdt the shii ‘t meactiots is otu of equmi’ihriuumssat theinsbe of Us
fund cell. ‘this effect is snialler ins the SOFC’cell heeaunsccif (I e snssahherchiffercuncein
temsnperatumrehetweemstIme fund cell imshet amid tIne mefcirmiiem. The siost iusspomtumit differenices
hetweemi (lie MCFC ansdSOI’C systeussis tine diffememiceins tine ratio hetwecuspowerunmsd hi “mL
Its Use MCI C sysletssapproxitnately40Y more power(has heat is produmeed (poweu’/hesmt maho
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Nemnust
voltage
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sic 1.2
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ot 1.4) . As tuguure5.1 I shows,(lie ma no its (lie SOb C is closeto dmusity (I.OS). fine diffememseeis
nnot duneto (lie pcilanisatiotmheat:aspreviouuslyusotecl,(Inc cell resistamie’its (lie SOI C is lower.
Is the SOFCthereversiblehests is ecsmisidemsuhlyhigher thiats its the MC’FC . I’lsis effect(whiieln
esnui hesnlscm seemsby eomnpaninng figures. _5.7 and 5.14) ‘s duueto thehigh ‘ cipersntinig
temsipemnnumneof (lie SOh’C’ stack.A higherheatpmocluet’onhisms sm pron ouutieecIef’feeh tins time
syseunsdesigum,sns will beshiowun mn Part III. C’oo iung time cell stackrequnim‘s eveun lsnmgem guns
flo~s f/in tue801 C’ stack thismum for theMC’l’(’ clume to (lie hiigbsemmeve‘sible lsea produue(ion

5,4 INTERNAL REFORMING FUEL CELLS

5,4.1 Counnterdlowiuternnalreformintg MCFC (,ncni)

I dir theealcuulsmtiouiof (lie instemuismlmef/imnisimig cell time nel/mmmitig ‘eacticmn isis heeunnmiodellecl
uusinmg elsmtsnamid (lie equuintionnsdiscuussedinn Chapter4. [lie fuel c ‘hI is of (liedirect inn(emnsml
refomnsiimsgtype, i.e. (lie refimrmiiiuig nesietioni takesplsnee0mm thecsnLmlyst wisiehi is placed its lie
auscideehismuiticls.Althouughthe nusodeliniehuudeslie possibility lxi msmodel agmsndedcatalyst
distmihumtioun IOhstsuuki, 19921.f/in (lie eaheunhatiounits this thesissm umniforussclistmihiutioui of the
mefonissinsgcatalyst is umsed. 14mm sill ditherinput parstnsietens.thesanmevalunessire usedsms fo ‘ tIne
exteruiahrefomnninsgcells foibles 5.1 & 5.2).

‘~I eesnlculatedeciticentratiotisat (he anciebesineshowummi figure 5.18. ‘l’he unixtummewh’cbn is
sumpphiedto (lie anodeconisistsuunsumshy cif H,O mmmd (‘Eu. Scsnsiehsydmogeniis presemitinn time gsns
(2Yc) sms mm u’esumlt of (hemmssuuumnp(icsnthsn higherhiydrogcusesn‘boris arepre—refornrccl before(lie
fund cell. ‘I lie coniceuntmatiouisccimmespoumdto sn low stesnnni/esmhonsmsntio (S/C)of 1 .6. ‘~he
hydreigeuncomneeunt‘sntio s ‘s deemmsminiedby thehsnlsmuicebetweenprodunetiousis (lie mef/immin g
reac iouu snuid theeoussuuminptiounurn theeleetroehietimicalmeactioti.Thehsydmageuieouseeuibna(ics5
itiemem sesiniitismlly tics ‘ci hnyclnogenmis produmeecl mi (lie refommnitig resietiotsthsnusis couisuunnedits
(heeleetncichienniealmesne(ioun.Al x/l,=0.095(lie hmydmogcusconnedmtnsn(ious r ‘snehes(lie tnsuxiniunlms
valume (32~~. b’mo n thmmt poinst, (hehiydmogenseounsunuiiptiounexceeds(hehiydrogeuiproducflomi
amid theconeentmsm ion decresmsesgradutalhy.

nsscmlc i’nunetious I
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Figure 5.18: C’cnlc’ulcntec/ mole frac’tiosn.s cit the arnodefhr tine icuter,ual ref hrmimng MCFC (,nc’cni)
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line nun ci of time mefomnsiuig reactious is cletemnimimied tiimmiushy by two f’aecims: the(dldetmolyte)
(dumpers mc, which cletemnnsimnes(hekindties of (lie reunetiomn,snnch (lie mcsnetsnunteomneemslrsnticmtis,
which deteruiiine(lie dnivimig forcefor (heremueticiui (A g). Tine teusspemsntummddistnihutiousis
sh ciw n ins fipumeS,19.At (lie imilet of thesiunode the sn modd (‘how eciussistsnesnrly connpldhelyof

,() smund C H4, the meaetsnmstsits themefcnrmsiiuig mesmefious.Ahthmoumgh the msnte of themefomusummg
meactiousis sigh sit tIme imihet ionic, (lie mate is himsmited by therelatively low temperaturein the
inlet icinse. As lime snusodegmus flows throuugh (lie atiocbe,time ncmnctmsnmtcouseeumtrsnhiouss(CE.4 simicl
H ,O) deemeasesmuid thc produnetcci ieeuntrmntiouss(I-I, anid C’O) imserease.‘I his leadsto a msnpid
(leeress of thcdmiviumg I/ire’e fcmm (hemefonussing remnetious.Howdvdm, (lie sinsnunltaneciumsinieremnse
is (lie temsip ‘rmntuure improves hereactiomskinetics. As mm result, theref/imumsing rsntedecnesmses
very snsioothly.At x/L 0.2 tue nsiaxiuisutsi eusspemmntu‘e oceuursin (heelechnohyte.‘I he
conic ‘nn(msn(iouiCE at thsntp0411is reducedto 55% mind decreasesgradually. At theciutlet the
consceustraliounCE4 is very low (0.20).This correspondsto experitsiensnl dsmtmn (e.g.
I Muumsnhsnshi,19941).

tetiipenahut’eI C I

720
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i20
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S80

0 )P (1.4 (1.6 0.8

I”ignnre 5. 19: leonlmeratnnr’ ch,stributiocn for the bc, se ca,se IR-M( b C’ c’aic’uiat/on (mc’nn/)

‘~lie teunpe mntunme pm if’ Ic shnowusins figunme5. 19 showsthecsmfl odegmms enters he ‘udl ccl ~n
600 C at x/l ,= I its coumiten-flo v with tIne anmoclcgsns ‘1 hecathodegsns increasesin
tenispemmutureassn resultof tIne local heatflunx frounthe electrolyte ‘I he tennpdrmntuurereachesa
unsmmximnmunmn tetiiperature t x/L—(), 14, wh’merethemse heatflux hecciuses iemo. Betweenx/l,—(). 4
andx/L=() thecsnthcmddgsnscoolsdown: (lie mef/mrminngprocesscoolstheelectmcily(eamnd heatis
tmsuussfemred frotis the esntlsodegmns tot the ‘leetrohye.Therefore(lie (ci miperature~sfthecathode
gsnsbetweenx/L—(),l4 mind the emnthodegasoutlet (x/b=0) dcereasedeomnsiderahly.‘~lie
teminperatures hsnve heenn ealcunlated mngaims usimig a ussmmx’uinunsn temsspemmntumdits (lie electrolyte
equumnl to 700 C. For (Isis unmuxiusnuumsselectrolyte(eunpdrmutunne,thecathcmchegasreaches‘a
nnsnximssumistemnpermntunreof 698 C mnmid suhsequenstlycoolsdcmwn to 6S6 C. ‘I he lmnrge
(dmssperatunemnpproach (sf44K winch mesubts,is due to (hecooling effectof themeforunsitug
reaction in the inlet zomne. Agmnn (lie consequemmeesfor the systemdesignare imnportannt. I lie
cell is cooled by trmsnsferring heat (ci the processflows. The mutmsoutst (if air whichis requiredo
remove I FeW cif hemn fmcmuss thmd stackdependsoms tine tenstperatumediffemenneeover the stsnek. In
the caseof thd imstemmsai mefommsiimig cell tIme amouunt of air reeiuiredper kW of heatgetmemmlxecl is

S
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dishaseef ‘outs smumode‘usle / 1-1

127



sniunnosttwice mns lmmrgd mns its (lie esuseof exterussnlref/irusumsgheemnumseof time susssuhlenNI oven (lie
stmnek. ‘I his effect is neemsforeeclby (lie mset eussperatuureimseremmscciven (lie stsmckcmf (lie ausocle
gsns. Althcmuugh this flow is tssuehsusssullem(hssnnm(heemitisode flow mnmsd thenef/inccomstmihumtesless
tO Use cooling, the mnusocleflow ins tIne imitemumsnl refcsrmnsiusgcell is eocilcddcmwusmmlusnost to inshet
teusspermntumre.As mm nesumlt, tIme coustnihmntiounof (lie mitiode gmns eooliusgthecdl heeomssesussiusinmnsml.
All heatis rennovedby tIme cmnthodegmns flow or uusedits (lie meforuisiusgresnetions.
‘lie lsemnt hmnismumeeof (lie imsterussulrefomussiungcell is usmcmme ecirnplicmntddtlsmnnm for (lie exterussnl

mefcimnmsinsgcell. I’igure 5.20showsUsecmnleuulmutadIsemnt wimich is coussiclemedto begemsenatedinn
theelec’(rolytesandtnsnmnsf’erredto theprocessgmmscs.Hesntis getiematechits holis its the
eleetmciehetsiicmnhresnetiomssnusdits tine shift remnehiciun. Hemut is eoussummddiun (lie mefomunimigmemmetioun.
‘~hemnnsiouumstof lmemnt counsuumssedin (Ise ref’omtssiusgresmetiomsccimrespomsds(0 2

/a or thehesnt
producedby theeheetnoeheussiemnhresnctiousinn cell. ‘l’he nethsemm( pmcmchunctiomsof (lie cell is
thereforeapproxiussmutely1/~of the nsdt hemn pmoebuuecdins time ex(drusmml refomnsmimmgcell. Despite(he
smsnalhcmAT is over tuestmnek for the imstermimnl ref/mmussimsgsysIauns.(he mnmsmounnstof aim mequuiredto
cool the stsnek(inn theesnlesuhmn(edesnses)is lower for iuite ‘msmml mefomnsninngthsnnn for extemnmnl
rcfcirmssinsg(‘1 his will he discuussedin unioredetmnil mm partIII). As figure S.20 shcmws,(lie
mefcsmmsiimngmemnchicsnsoccuurspniusssnnilymm theimshct icmse(x/L=0.2)mind this hemnt gdunemsntedmi the
electrcichsennicsnlnemneticius is nelesnscdunoreon lesseveumly over thecell (mnlthoumgls,evidently, (lie
Inemit fbuux is lsnmgem usesmntheiuilet thsnmsmscmnm thecmulxhet). ‘~heresult is mm msegsntivchemnt flow ins tIne
inlet iciuse: thetnausspomtof hem11its (he imnlet iouseis fronus theprocessgmns to (he electrolyte.‘l’ise
‘hiremmk—cscmi’ poiumt lies ‘at x/b~—0.l4.F’umUser froisi tine immhet theheatproduncedins Use
ehectu’cscheussiemnlmesnctiotsis imnrgem thsmnns (lie lsemn umsedby tinenefcmrusiiusgremietiots.

1kW/ms 21
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I’ ignire 5.20: Hcvnt ge,nermntecl inn tine (electro-)c’inc’mic’cni react/ann inn tine IR MC’J’ C (ncnc’nni)

‘I’hse cleetmiesnipemfomnsmsnuieeof thefund cell depeuschson time Nermsstvoltmnge mmmd the cell
u’esisthmsee.I hsccummveston (hdsepsnraussclcmsareslnowts its (igunre5.2 1. At (he imsldt, (lie
eomseeti(rmntiousII, is low. Comresponmdinglythe Nemusstvoltmnge is ously 0.94V (co npmuredl to
1,05 V for theextentsmnlrefonnssinngcoummiter flcmw cell). ‘I Inc Nemns(voltmnge imsitially inc ‘esnsesmis
mm resuul cif thd imscneasitmgFl, comseemstrmutiomsamid sunbssequnemstlydecreasesslowly to thcounUet
vmnlue 0,89V. Comsmpmmredagmonnto (heexermssulrefomuningsystem,the Nermsstvoitmnge is slightly

sinIt memmetidmns
cleetroebnenssicsni
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totmnl hemnt

refomnssiusgmesneti sun

distanceImousm ausodeimihet x/l, I
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Iciwemdiver lid wlsole emaIl heemnumseof (Inc lower Inydnogeunccmuseeum(rmuficius.Its (lie first pmsr of Use
cell thus is dune to time I’mnet that(lie hmydrogemnis mehcmusedgmmncluunnhly.‘I’he ountlet eousecmstrsutiotsis
lower dune to (lie isighserfund uttihismntioun its the iusl.emtsmmlrefomntsitsgcell (80~%vs. 755%), ‘I’hse
cdunncun(cleissihy f/in tine iusterusmnlmef/srmssimmgcell is shncmwusinn figunre5.22. ‘1 lie curveeomrespdmumdls
closely 0 tIme curvef/mm exterussnlmel/mrusniumg (eouusten-Ihow),exceptfor tine inslet zcnse,wherethe
hsydlnogdnncoumeeun(rsntiomss(biller e’cmnssiclermnbby.‘ lse Iciwen Nemnist vohtmnge inn (Inc e II is
consspcnnssmed lsmngelyby tIne lower cell n’esistmnusce(figunre 5.21).
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/ igure 5,23:C nojnnu/at/m’s’ Ieonpersntnnrs cli,strihnutism,n of tine fund coins’er.sionfhr tins’ innts rnnai cnnns/
tins’ s’ siernnsni refsit-nit/in g MC/

5
C’ (c’snlc’ndaiism,n,s nmtcmne snmns/ nnnc’ni)

l’igu ‘ci 5.23rep‘ci ‘unts tIme pencenmtmmgci/tel whsiels is convertedmibove mm givens lets p ‘‘sits m I
See’tiou 5.3.2 shui’, figu me wuns usedscm eoun pane(I e two extemnnsnlne’/mn’nuuiuu4eonufiguu mmsio is
(figumre 5.1 2), ins (isis esmietb eextcrunsnlmefonnssisg fin ‘I cell mmusd inter nsml mefot nniuims fin ‘I cc I mmmc
eounmpmn‘ccl. I he inst list’ f/cit sUe lef innc ‘esntes(hmn a ‘e (limits 300 of th’ I’sncl ‘5 co v ‘ ed It
theitithnmn’nl mefou iii sg linel eel sit sits ci ‘c ‘ohytc te nnpemmm(umesnisove690 C . us ime ext ‘m iii
nefomnsiusc ‘eli (heco ncspotnchitsgvs ii is onshy 19’II . ‘1 semebome(lie smv rs ge etrpdmm un ‘e sm(
wbnichnIhsefund is eotsvc‘(ccl is bugis ‘m ‘ n (lie ‘mmtemnsal reforunnisg cell / gaits his eat he
qunsiustifiedb1 cmi eudsnfusg ci effectivenesisnnseeclefiusedins Sections5.4. 1 on time iust ‘mu ‘U
reforusinige 11 time effeeiv n s’stmn sc’’c~mals 0.929cmli n e s’. Isis valune lies eounsicleably
lowe ‘ tbnmmns ime vsni me esmlesn ‘mtedb fo’ (h’ c xhemussml refo ‘n ni mg cell, w sich qummhs0 )73 oh us cnss
lt lies umsome bs’un 70 low m tlmsm (Inc cell mesistmmumee‘mt ‘ vem’mgecc I teumspemmntumc (650 (‘ —

oisnnt ‘unn’). ‘I lie comnes~tiding ‘l’f’ec(ive Ianipermmtume(definiedFy K~’u— R(’I )) fin Ii un e ‘nsa
ceh’or ‘a’ my .syssence’s~immls 551 ~‘. \gsni the h/men shunt sm ‘surgepdm’ snf‘Fe f”mel is e mnn vs d i (I e
hsci(tes psmmt of (lie fuel ‘eli ie’mdhs to ‘ ns mehn betterper(omnnam cc’ (hum n expeccc

5.4.2 Ci mun er H as nmnter nal cCm unng 801’C (,scnn)

I Inc last lssns ease abeunl’ itm s is ‘mm euuhm bum of (h ‘ (emu ‘ml m ‘f s n is” SOb C Wit es 5 ‘ o
Use mel/in ssinmg eac‘ inn tv o pise cmnnsemn,nsn ‘e mclev’mmst. I insUy tine ope‘mn(’tsg (dun se s in’’ (if (
SOl’C is high e sough ts sneinievd ‘miuss ist comsspld(eeo vemsicmns(if meismnnsehm sedot
equuilihmiu in I/in lie mel/i ‘u sit g mesmetios evem at tine in et eousmposi(ionm S ‘co icily, ‘s n o
possilsieho mmdjush ti d smnsso unn of cmntsmiyst iu (lie mmunodle c sansne 5 5 c’nti he clots’ its hc V C’,
when ‘ him csmialysn is s,dnt ‘en ~epmmsmmicly.I~s‘i~cemiie of the50°’ LI CSi,5 hyst hiS ‘in, n “in ‘,i~

mesnetioumis thedlectrodleus snenisml itself. Dune to Usescpheunousnemna,he problems in he , 0 ‘C ‘s
to Iiusnit (he rmmte (if meforussiungreaction.If (he msmtc hecoussestoo high, time tenspe‘atur cm c hit (5

its (hefund cell heconnnctho largewhichnsay lemnd to degradationson h ‘cak-dcmwnsof F c’ 1 s. Is
the csnleuuismtioussins tinis tInes’s, two usiethoelsto
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redsce(Is ‘ tesspensmtuuregnmndieustsissivehiccims mnpphied: mecychusgpmurt of time mumsodeoh’f—gsns snnsd
pme refcirussin’sg(seeSectiomn8.5). Bcitis snunodegsmsrceycliusgmmusd pre—rcforusuusgincrcsnse(he
hyd ‘ogeum conseemntna(icimssnmsddecresmsetlmc C’FI n eonseens(rsntiomsmnusd thereforereducetheA,Ci fdmr
time re’mc(ions. ‘i’he inslet couseemmtnsmhicinsof tine mmmnochegsns is hsnsedons the systeunscsnlculsmtiomssiun
art I I. As figuurc S.24 shmciws, (lie ausodegums sn( imslet eomn(mmimssmnppmoxiusnahnsly200 Fl2 amid
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Fignnre 5,24: CC/cnn/sited inolef~snc’tion,ssit the snmnodefhr tine innternnal refhrnning SO~C(sc’nni)

heusscthmnmseis smlunos fully eonsver(edsn s/LI 0.3. ‘~hehmydrogeuscousceuntrationsreaches[ci

nssaximmsuunvaluemit x/I,—0.15 and suhsequemmtlydecrc’nses.’I’heconseentratiousH, is relsntiveiy
high (125/) ~nUse muthci . ‘J’he calculatiousis hmmsedoms a low utihissitioms (70”s) perpassmngc.
Hciwevem,(he(ot’n fuel utihismitioms is foci sanime sms ins (he easeof (lie cx crusalreforming501C
(850)becausesi largepmmr( of thcInydmogemsand CO at thecmuutlet is recycledto (lie inslet by th e
mmnmcideoff gasrecycle.‘~liedifferenneehctwdemstine extcmnsalsmuid internal reforssimsgcasesh’es
‘us theamouuns cif semnunwhich is mixedwitin tIne nsaturalgmns ‘I hemmnode off-gasme ‘ycle also
suppliessteetin IaUse inslet (if lie fuel cc I. Io achievethesmnnnes(cimntn/csmrhotnrmn(io mu (he i ile
of the fuel cell lessslemussis reciuired.
‘l’Fc lemperatunmeprofile fcmm theintemnmnl mefcsrmssitsgSO C is shownin fistunre S.2S.Time heat
g’ memmnted inn. theeleclmciehennicaismund (lie ehctsiiealreactionsis showunits figure 5.26. 1 he mum its
clnsmrmnc(enisticsoh thegmsnpheommespomsclto hoseof (he eomrespomsdinmggrapinfor (Feinterussnl
reformingMCFC, cxeeptfor time mmhsoluntevmmhuuesof thetemperatures.T’he cathodeasdmnncmcle
gmms mire supplied sit oppositesidhessit 850 C’. ‘l’he cmnthsodegas.,which is suppliedmm x/l = I is
isesmtedto IOOS C, which is little below Ihe mmnxiussunssIannpcratureof 1010 C’ wlnich lists
hieemnspecified.‘I he he npersmtume‘npprosmchis detemmssiusedby the slmonsgcoolinsg ‘ffeet of (he
nefomuningmemmctiomsnsemnm he inlet, Figure 5.26also shows (hehighly unnevenheatgenermm(iousin
thefuel cell mms mm resunlt(if theimsemusalreh/imnsing remmction. Notwithstanmdingthe Icsw
concentrmmtionCII its (lie imslet gas, tine cathodegasis ecioledclowtm to 959 C (A’I n’n’=

5 1 F).
i semef/mnetheAT over thecell is recluecidby appmoxinnahelyVs
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SOEC. I lie sn nail dif’ferctice hetwcensUseNemumst vcmhmngemit ins minnd ouuthet is dime Ia (lie ins ‘ of
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tetsiperatutneliussits time Nenmss(vollmnge wlnenchigh hsydrogensccsuseenstmmntiounsoceunm mmuouum
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As sh(mwmnhel/ire, if highshsydrogemsconseeus(msn(iomsscoinscidcwths low locsnl mes’s(smnsee(i,e.
high tetmspersnture),(lie finch is cciusverteebsit mm mclsm(ively hsigin temnspcmauumc.Its oUsemwords, lhse
effectivemesis(mmnsceits (limit emnseis low. ‘I’hse esnlcumlmitedvsnlunefor (lie effcctivc cell resistmmnsccis
0.71 olsnmm emis, wlsicln is suuhssmnstimnlly lower thssmi (lie vmnlume sib 925 C (snversmgecif iti ‘mid outlet
eumipera(unre)winiehi is 0.7S (ilsumn emsn’ (specified).(‘onrespcmisdiusgly(lie effectivetcnmnpcnsmlxnneis

highs mis well: 940 (‘.
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CHAPTER6
DEVELOPMENTOF A SIMPLIFIED FUEL CELL

MODEL FOR SYSTEM CALCULATIONS

6,1 INTRODI CI’ION

A l’ucl cell systensseonnsis(s(if differenttypescmi eouinpcmusenissumch ashemnt cxchmmmngers,
ecimnpressomsmmusd puuunps,remuetors,dlv. ‘ ‘o esnleuulalv(lie themmsiodytsammsieperfortsismnccof (he
(‘onsspldtesystsuss mmli usssnssmnnid emmergyflows lv snmnd fromss theeonsspouncms(sins the syslvnsnare
detemunined.‘I his ealeunlmutiomsinicludessoiviusgthe massanmdensergyhmnimnmscesfor each(if (he
ecmunponeum(sins tIne syslvnn.I’csn each of (lie cn.mnsponnests ins thesys(enssin sodclis requircdto
emmlcumimmtetheeunergyflows (hemn(, power)m nd comsditicmnss(if theprcicess(lcmws (m,mss flows,
ensmpersnut-es,pressunnesm mid ccmnnpositions)ins mnid (suit cmi thecotmipcmtscnit.Stamsdardn nodelsfor
issnusy uutsil. opermntionssmire mnvmniimmhlein (lie typeo ‘ flcmw sheetinngsoftwarewhicbn is uscidi (0

eaicunhmmtetheperfcmrusuanceof eumergyeon ersionssystemss.In the Ilow sheetingpmogrmnnms uused ‘or
(isis thesis,CYCLE I EMPO, mm sinmsple fund cell nmscidci hmns beensnd ed. ‘~his ns odd mnssuumsmes‘n
eoumstaus(tenispermm(urefor theprocessesin (he loch cell. Although this gremnUy simplifies tIme
emnlculaticmnsins the nisodel atsdreduces(lie eaculmntion (mudsmmnnd eoisvergemiceto levels
requmiredfor flow shsectinsgcsmlcunhmn idmuss, it is niot evideni whetherthis is sin m eeep(mnhle
sitssphifiemm(ionn.lni Unis chantertIme isothenn,ml nsiodel is consspmmmedwith thedeta’ ed model
discussedits (lie previcmunschapters.Basedon tIn’s connpanisonof theresultsfor hotls usnodels
iunprcmvemei s (if ftc smunpieiso memtsmsnln nodelarc suggest‘d

‘~he perfornisanee(lithe fucil cell s~ncksit design conditioumscmi hepree~etedrelmmtiveiy v e I
‘1 bne nusmninspsun aniseems whic n de( ‘mnisiume lie pemformmmncee.g. (mecell voltmmge ‘ucil u ti ‘sa(so 5

amid tensperaturedifferenseeover(lie fue cell stmmck,cmmn he foumndin Ii craW‘e For he
iredicticins of thepcrfomnnsmmsc sit designecnsdnl.iomssmm sinnple nncidelsu ‘f’ees, wF ich is sic~Ily
calculateshue powerge cratedansd lie cffic’enicy of the finch cell s(m e from he cell volt’ngc
‘mnnd (heussassflov s fuois thenrnsnss ‘md ennergyhahnices mver thecell However,for system
caleuulatidmns which ai us sit op(i imisaficiun of Ui systenn themodel shouldnot or ly pm diet time

iuerfornmmnnmcemm elesignscondi iomss hut milso prddie( the pemfornnancewell mn i LI m coumdit’ors.
Most impomt’m it: (Fe hehmnviounmpnddic(edmit ditherconditions(off-design)shouldhe co siSten
with (hevahunescalculmntedI/in dcsigncoisditiomss.This requiresa morede ailed node
Beemnumsethedetmnil U fuel cell fo.g. time unodeldeveopedins Chapt‘r 4) is muet too eonrsi’s
to usein the sys assealeulatious, a two-stepapproachis s sed.°irst(lie resultsfor the detailed
smcmdel mit off-designconditioumsmime usedlxi vahiclsme’ andinnprcsvetb eisoUnem al uuicidN ‘ rd
ssthsequtentlyUi’ innprovedisothe’ nsnl ussodc ‘s usedins the sysenscaleuhalionsin par II

[Fe commelaions f/sr he iscithernnal modelaredevelopedin Sect’on6,2
Subsequently,lie off-designhchaviour of thedifferentfuel eel types
(MCFC/S0I’C, ins ernal/ex‘mnal reformisg) whichhasto hemodelledwith
the iscuthermalrmdmdel is coussidemed.‘l’hse basisof comparisonbetweenthe
15(i( sermunlan’ Ui” detailedwcsde is cliseunsmsii i SecEnnn&1 Theoff-
desigusbehaviourealculmitedwith thedetailedmodel of externalreforming
fuel cells is d’scussedSection6,4 andfor internalreformingfuel ccls it-
Section6.5.Finally in Section6.6 theisoUsermalanddetailedmodelareeonpared.
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mm ~sJ’nJN ntuu n ILISKIV!A1
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C’ICLL MODLI~FORSYS1’ifM CAL(’U 2A1’I )NS

Cf. Connsidematiomnslenndingto tine developrnenntoi’ nun isothnemnntal tmmodel

/ s csil n’cnrisnln/e.s: c/etcni/esl nmnoc/s’/
I ci dctmniled nuuodel (Clnapten4) unseseorrelsmtionuswlsiehsdescribe(lie suoeesssO mm lcmemml Id

ins hi ‘ finch cell. ‘l’hie Ncrust vol11mgemmnnd cell resis mnnsee sine re’m(ed ‘is plsneedepensdenn(vsnnimmhles
mmmnd ms ‘d to esmlcunlate(lie local euumndns deumsi5/ ins ‘n cnmmssse‘tionu. :quns Ily iscmmt trsmnmsf’cr ‘mmd
els ‘ usiesml remicticmuussinenuuoelehledfinn subeell level i (hue f’unel cell. I’lsc nesuhs dmf (in 5

e’ulcenlmntiomnsm me tensspersmtumesmusd ecmmscenst‘mmtionn profiles smloung (lie finch cell. ‘ lie e ussplesihy(if
(lie isodel is dumeto (he initerdepenuclensceof theelseuniesnl mmnmcl eleetnoehuennmiesnlremmeticmn s mmmcl (lie
Isemut geuseraionu amid 11mm usfer, which cletemnusiune(hueeonscenn(rmm(iounmmnsd tensspermmtuun’eprofiles
respectively.As mn resunlt, solvinsgthedetmniled nunode requuimesmnnm itermm(ivepmoeedmme mis
discussedinn Section4 5

C/al al n’cnricnble,s: lunn~m >1 ncnosiei
It is possibleto nssodel thefitch eel wihiouut emnleulmntinsgthe connectsnmmtionu smnnch tensspemmmtuua
pmof” les.Beemmumse(mtsly nssmmssmmnsd ennergyflows lnmmxe o hescsiv ‘d, hInd sinsuples ussode
cmulesulmmtesussmmssminud eumergyhmmhmnnseesons bsnsis cii’ glolumnl vs nimmhles fume uu(ilismnhious,spec’fieul
\T’s over (he fuel cell s(mmck, elsennnicmulequuihihniinnu ‘ml (I eoi Uet, etc. Hciwev r, mmnuy I/tel eel
nusodewi I mequnirci csnlcuulmm(iou of thecell vol tsmge he m hlc to emmleulsmte(lie ‘mnuounnmt (if scm
mmusd powergemscnacsd.1/Is’ nno ensergyhmnlmm neesemits hesolv ‘d. Bun , mist mmcl of u sun g ~mns

exteunsivenssodel fir ‘m’ processa inn tine cell m vemagevmnloescmi u Ise unsed, (mm exmmnssshein
cry situp model (in loem I vs Ii s of Ii’ Ne sst volts hci mmdl e ‘H e. ists tic a‘e su I stit ute I by

smu ‘mve’ag v,lu’sl/m’hin e’l./ sod’I’n wsiclmtim pro’’ssw’hnnuth’fuelec ismesc”hi c
by unsin g m v ‘r’mgu v’mlu s is inud’ea( (155 mm Ii inped s ic ‘1. e n s’m’ns wesmk es if I tnp d
smoclel ‘s t ‘ emr‘e aticmnm yIn elm is ins d I/s U ci dci m uui ssmtio I as smve” gc vahue( lie mn
vollxug’. tills I nnnspcd ns mdcl (lily LI’ ‘ e mmmd out let eonscl’(ions of ti e inn ide,u d esmtfsocl’
fi iw mime LI sow , C’omresposcliusgly ounly (is’ Ne us vo (s g 1 s’ lie ‘unle ‘onndi(io s sn ci 1/ m II e
ouUetc mud i ‘ m us e, ns LI dete‘nmsiu ed. Howev’n, sms the c, ci lsm(’ mis nm ti e in viciuns e sup
show, tine Neuns(v h a~, exp‘essecsms mm fun uetio u f (1 ‘ s ‘5th sun smlonsg t’ e 1/ ci cc I ‘5

sIn muigly n onu-Iinesmrfun metio u mms s mesunl( mu time ehmmnugcs nm e in spositioun.C Oti5ddl e ill
eorrelat’onilenUse Nemnss vol ‘ g’ hmmsedonuly dii m mm nd mis be eonslitio s will husive 1’ tint
eeum’mcy, psi ‘ties arly with r ‘speet 5 (Ii miff U signs selusm iounr. - ‘5 neOnces(lie ,mPlslnem iil’ty

of such s in nupe uu ide (5’ systen “ lest mmtio 5.

Cc inc ‘mutt- it’ a / /cnc c/spc’iuc/ nut, tenn/s m’cnlunrs’ /nnmmnpcsi ,iot/u ‘nsincnl ii od’/
Lv’dcts ly Ii m (inc syst’ s cs leunl’ lion s mm n sodellists t hese ‘eted v I Fe do’ t o ‘ chins d 5’

(mime edit s fog item,C e ir mc ss I/i’ smle nl’m in it ‘0 iositn is ‘ el nn pe ‘ tm mcs ti ‘is
e am‘mmd ‘n istic fir uc del, ‘I’d nnucmcl ‘I. ( nt u o ‘ LI n ci, (hue n sclel s ounlc he s LI e ts s leuIs tc
(lice ‘leetive vmhueoft ‘ Neuns vol s~m ‘m uo c soplm’stie’ e s’nmnse’ lam hue len u’ I
nmsodel,‘ hese‘eouninenu’ its is,mve 1 ‘ ltoU ev op n eIto ‘‘m 1 mit del whi I is nus tb e
sys’ ‘ emism(nsm p’nrt ‘Sys nn cI’e .‘ in/sn (delis/die’ dssie’cst much
ntimiclc
‘nm (LI nssmsh r smmu ‘ n c Inns s 1 ‘em mesnu s 0 ‘cssusmite mu ode’ ‘d, nun use ns 00 ‘hiss/n sshi
by mmssu numi s ‘ mm 1 processesi tie cc 1dm ‘cunu ‘ Is sp cu/c ensper’ Wre ins (lie in cell: I
‘so(lscnns~mnteunupemstun ‘e ‘I . s ‘m del’smult vmmlue (LI’ s vemmmg of ins ‘inc on Id ten pc’s 1 ‘5 ns Is
unsedfor Ime isotl emnussul tenu pem’mtunre. It wil he 5 sows however ins (isis cbuunptd (1 s ,m n in
smdvmmuie ‘d elimmiceof isotluc ‘nsm’ml tcunipcra inn esnnm signuifics u thy i nsprove I e /stmU e ‘nsusml n (slid I.



Usimsg mm sinugle teumspenmnlxnrcins tIne fuel cell tisodel simsuphifiestime emnlculmmticsnIinoeess,hecmmuuseit
is uscit umecesssnnytcs umsssdelhemut trmmmmsl’er. I-Icswever, thetssa/nmndvaustmngeis (LImit thecmuiculmmtiomns
of theglcslsmtl parmntssctersfrcmmun (he hoemml vmmhumes/s simusphified.As mu resumltof theeoussmmust
(ensupersutureIhe useedfor /tcrmmtioussssitisin (he fund cell musodel is ehinsuinumuted.
Ahthciughs (lie ‘umfiumenec(if (lie (emuspera(unrcdistr’hutionsmmmi heNemnmstvoi(smgc is inot tmnkenm /nstcs
smeeounus ins tI ci isohermsssmlnncmdel, (he iunfluemsceof theeonsccnstrmntiomssis. Tlnis /s hmnsedons thc
mnssunsmptiomutlmmmt theuuunevend/stnihutionsof the Ncrust voltmnge is cmnunsedpr/uiusmnily by the
eonseentmaticsisprofiles smnd to a lesserextentby huelvnuspcrmnturedis(nihution.‘~hissmpproaeis
w/hl he vmmhidsmtcdby tine comsspmmrisonof the isothcmunsmlsmnuch (hedetmniiedmodelresunltsdiver mm
wide mmmnngeof off-designsconudilidmums(seeSectiomu6.6).

6,2.2 Correlationsfor theisothermalfnel cell model

6.2.2.1Electrical snnhnnodei

‘I’hue basisfor theisothemnnnmnlnnnmmclelus theequnmn(icmnfor theIdmesml currentdensuty.As in time
detsm/lednsiodel, (he local cumrremut demssilyi s he isohemussalmodlel is hmnearmiedby unsinsg(hecell
mesislrmnceK:

V, V

/ R (Cl)

Thevaluesfor V,, m nscl If areleuunperatunrcdepenudunfiIn the ismmthemnssalunodci (he vmmiuuessite
deemnsineddmsimig he isothemnnmmltenuspenatuneI,, Thetotmnl eumrenu (mm mm sunhcchl(see
Section4.3,1)depeusdson heIdseal eurrenmtdeums’ly smmsd the‘mremn of (he suheelldA:

dl i dA (6.2)

Ins Section4,3,4theremmetioncoomdinmmmh.efor theeleetmmiehctuuicm1 nesncticmns(n:,) LI’ s heens(lef it ed
asthenumbercmi nssolcsLIydrcsgennconvertedinn this remmeticsnnciver a periodAt. Usinng (lie
meactiomueocirdinsmtc, hecunu’reus fmm thesumbeellcsnn heesmicumlateclfrdsnusthc1’ ‘mnmnclay Lmmw as
well (seeequsmtidsns4.20):

cli i I’ dc, (6.3)

( msnnhinningt m ‘ em nn:ntmnmns (6 1. ((~,2/‘,r ci (6 3/ leaml’, (mi ftc’ fsml lmsw/nug gensem:mlc srmn’luntisi i f/in’

the sunheellhmusedonu tlse dl msmsi-cshnie rela(ionnshsiphetweensm amid V:

V
zFci~, ~ dA (6.4)

K

‘I hememnetiomscimcmmd/usmmten.:. hsmns (lie d/mumeu sion I nndslcs/sI. ‘ hue vmmlune of (hereactiomsecmcumdinumge
‘n thedmuUet of (lie fuel cell (ancsde)is equualto the((mtmml nunnber(if nsucslesof hydrcmgens
emumssem(edits the fitch cell. ‘The Isydrogenswhich is coniverted/ns (hefuel cell, is suppliedto the
(suchcell eitherdirectly mis hydrogensor iumdimccUyin the(curtisof mmncstherfuel eonmupcmnsens (C’O,
Chl4, etc.) w mich camu heecsnsvcrtecllxi LIydmmsgcn.‘~hetotal nunsuhem(if miscuesII,, (limed stud
/ sdirecgwhich emmun potenm(/mmlly he eounverlvdinn (heeleetroehemniemmlreaeficsmsis imsdicmmlcd mis the
(hydrcsgems)eqtuivmnlnolxflow (S:ctio,, 4,3.2). II’ tIns’ umnsodegascon~a~nnsii,, CO musd CE4 ‘mu ‘ye’
componentsthen (liemmnximssumnssvmmluue thmn( (lie memnetidsuscomundinnateemits ohtmm/nu (whetssill I/tel is
ecmnvertcd)ccuals:

p., (xn~’, x 4 x c~’nn )
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vii ‘n c. cm, ns theto smi numole fldmw anodegasandx’ ‘nc (LI inlet eoneesIn’s 1dm us. W/tLI Us lu I
/~sm(ions, thelraeusmnof (Inc fuel ‘ncttnally c snusert di, tic fist, I ci men /s eo us 11dm:

‘rf” ~n (6.5)

‘5 maenon eoond/nmId a, (w nuel hasthe d/nu ‘tn “on I nuoles/sI) em he mm, dci diunu iso less sy
‘v/d u~,hue neaet/cmnncodirdlsumat 1 y (LI (its I umush ‘r oft uol 5 myd ‘dig t 5 npplsed dm LIe u el

I I ci d/nuens’onle.s ‘cacti mm comm ‘d’ n’mte i de Theda

he
d’ (6.f)

nhst’ uti ig tueexpras’ s f r du: in d qus(ion (6.4) g’v s’

d/ sI cT”K
V,,,()

Bo sidesdsf (lie ccua ‘on ,mre /nutegnmutcdove‘ th fund cell. ‘I’ime di cnmsiou his remnetu mu
coo‘d nalv ehsmngesfr in ) a I inml t oft ecc to Vu at is ou let. Beesusc u y V,,
depeuds mu (hedinsens/osless ‘eaet/os e mord/nmae1. LIe oth n u’ mm neterscaunhepI’necd
csutsid cmi Ihe ins egrmml’

I dA il c” ~‘ diI / , Q) /
u mm

WLIi ‘Is ea he ‘earnsn ged

~ dX (6.7)
~ V,,(X) V

LIedenons’n s’ulepedsonl on le(u’lfloy wi/c ‘ss spi’dt t ‘uncle LUs’ng
cquafldsm (6.S) (LI/s c press/csu c’ LI rep s d by I/C~. few it/ sg (LI/s cqunat/o g’ es (he
(‘ollown seexpr‘ss’on

A
I ~ di

i 1, V

Equatomu C 8)/s (LI’ ‘equ/rcdemsmnehaion LI we F ‘ pmrs net‘n, , a d V s’ t a
isohcnnal n odd. 1cm evaluatethe/nteg ‘ml ‘ s euuaiou u (f .8), wh’cLI /s don’ nunuer’e’ Ily /us LI
/sotherusal - ci cc I ussodel the Nern st vol age snoutLI ‘ detern/ncu , s mm luneion oil e

imennsionl ssre’net/msn eoomdiu ml X. I LI’ NennstvdsLIagedepe ds us the santialpressu s amd
consequentlyons Fe coneem(rm tiomnus sm( amodeansdeaftmsde. ‘~LI ‘se eon‘en tn’mtiomn s ‘mm’ emlcu lalvd
by Uuethcmnnodyt-amsniesunhunsumidlel.

6.2,2.” [he ‘nodynaun’es moae

‘~LIe (F emnutdynnsnmn/esunhuuodel(‘tily esmlcu5 (es LId edunne‘mu(na(/omsprofiles inn (lie smumcsd s d
esmthcmelcchmmnmsclsausd scmhmis its (he detailed nusodel,LIcith cusuperatumnesmnd conne‘umtnsmt/dmuu
profiles. At (heeathdmde,tlue comsccn(rsuticmnssarcdeterusm/nued(mnly by the mnnmuouust (if 0, (si d
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C) nu theMCI ‘C) which lssms beetssusedI/mn (lie eleemocisenniemmlremmel’cmu . ‘I se e’mleulatmomso
I ee’m hod I’I mw ecsnsuposituions/s the saussemms mnn thedetm uled uumcsclel (Sectioun4.4.1)where lie

emmnmnpssstmmsmsis e,nleulmmtedfn’outs time mesnc(/csuncocsrdiuummte(cur theeleetmoelscnsic”m’e’net/cmns(c.).
ii’ ‘esme(/o n c 5 mndhinmsmt’ is h/meetly huskedto h by (eelssmti snn 6.6) which unsnkcs/ pcmssihleIa

IcIeris’ etie pmm ‘tismi [n’essuressmt (In e’mhsoelemis ‘n l’unnse ics5 msi [, 5 s meqummedl I/sn solvinug is
I grsml ‘quat/os (6.8).

At lie sins ide clnemnic’dmemmefomus w/Il play mm mole mms vi ‘11. s tI ecletsmihcclnssodel,(I c mmmlv ii
mesmc(icmn us ‘mmleulmmted eithcrby mmssuuussinmgequmil/hmisuussor by uns’nsg mm k’nsetie ratecmi n’esnc(/onn.
I’LIe Icsesml ciqunilib ‘uumusm consuposit’cmnswill depcns cmii the smunnouns mu hsyclmog‘ u winchIs’ms beets
‘onusunnsseelsy Useclcc(msehsenms/emml ‘e,mcficmnu mind (Sti pncissuur’ ‘mid tensspemmmure,wLI’ cli ,mme

eonusfimust ‘n the/sdslhemusmmnlmumoelel.Timemef/mne,/f chensuiesmlequnilihm/unnis assumsued,hue
eonnupdmsihiou mmnscl (hepmnrtial pressuresat the smnodedepenudcmmihy cmns h smund Pins ‘qumat/csns(6.8)
depenudscm s [ounly. ‘~heeel cunrmenu is 1/sunnidby ‘nitegnsmtiusgdiver h. I schudi ug the mesmetionmate
ins (hue musodul will tusmmke time suoulel nssuuchmore cuminsb’cated.‘Em keep(hueumsodelsimnuple(lie
e cuss/calmeact/cmnssins thefund cell nmsodcl,mn’ esmlculate ‘ ssunssinsgc seussic,1 equuilihn/uunss. Aga’
Is/s mmssumssptuomnwill LI ‘ vahidmmtcd ins Section6.6.

As ins thedetmnilednusodeltwo mesmeticmuissuretakens‘nutcs mmeesmuuumtums lie ‘smmtimemnmusnln node : the
shif’t memnctidsnusmnsd the mel/i ‘suing rcactmcmns.‘ heedmmseenutrsmtimmmnsmmmc emmlculatcidmm su msinmg lIsashif
nemnctioum ins cquu/lihr/uus (ex(emnumdref/mnus/nugcells)cnn s ills shift smusd refomnsuinug‘emmetionuus
equnihibriuni (i item ,ml refom u/u g). Ins (he lmmt(emcmmse the usethoddevcicmpedits S ctioum 4 4.3 hums
seemsuuseelt cmmleuulmmtc thesinnuni mnnsedmus q mu Isnium us iomn hulls remmefcsus

Qn,’n

usc 0
ecu,u,

e them alion c leelu’ocbneusiemul
~- ehesmical ~ & elucunniemmlmemmcticmns

equ’Iilsmi n mu ‘ cliv’ cell mmrea

~vcsm’emn

/nulet is tue

I’/gmnre 6.2: S ‘/vn rate c’a/cnn/ationn sif tine c’/nencnic’cn/ eqmnilibrinnmu cii the cnmuos/e inn/ct inn tin

i,s othermrncnl cnode/

its the exlvn’ussml ccn/mmusniusgSOr.( tine smnsou’egins ums (Inc iuu’cs wilt nucut Inc (‘sir mo un cqunil/lsnii s.
heemmuscithedifferencehetwees (he(eunupematureat which equihibniummumfcmr the shuft remmeticmnm us
mmchievedin therefcmmnnermnusd themulct temperatunmecmi tIne SOFCis snnall (SO-IOU K). flute (cm
the high tcrnpemmmturehcmtls remnetiomusemits heeonns/deredmis equmihibmiumnemmctimmns.Ins time V( I C’
thetemsspcrahrunedifferenceheweenntheountiet of themefomnmusem(800—850~C) is lsnrgermn d
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unerercmretue mmssunsptncnms(hat (lie eomssposnttonius mis equnluhnuunusis usdit aceeptmmhled5ti (dsnetsmntidl.
Ins theexterusalrefcmntssitsgM(’FC (heref(mrmmnsgmeae(/cmnsis show heemmusetso eatmniys( is present
fcmr theremmctimmns, Ins (his easecumily (LIe shift reactinmnis edmuss/demed.BecauseUseiunt’huenseccmi (hue
shsilt remmeticmnu(iti theNcrmss volfimgc is smiummhl, nusdmdell/msgtheeomunpcmsh/cmushmnseddims cqunil’hniuuuss
(fo ‘ the shift nemmefioncmmsly) scensisaccelstable.
1cm ‘n(ertsal refonmssingcells (hcsthSOFCamid MCI C), (heediuil/hm/ut s nnochehis lessohviouus.
Theancmdcgaswhich entersthe fuel cell is (/nm geuseral)fsur frmmmsu equihhriutssmmmsd consee~uueusthy
(lie c’eluihihniuunscdsnsspositicsnas funuctiumuscmf [ is uhisecmmstimuuousmit theinlet (~=0).‘1 hnerefore,for
mIen nal reformimsgcells,thechemiesniequihihmiunusdii (hue inlet eompcmshimmnis cmmicuulmmtcd first.
I he fuel cell unodel,asillustrated its figure 6.2,consistsdii mm sepmmrmu(eimslet i~mnefor the
reformingreactiomsmmmsd anactive mmremm in wlmich theelectndmehcmiuicalresncticmnoccurs.‘~hefirst
step,wheretherefcmrnnmimsgreact/dinreachesequil/bniummus(for [=0), cansheccmnmsideredsms mu pre-
refdsrm/ngi~mne.Theheatinn the first step is calcunlmmtedsepmmrmmtelymnnsd imsdieatedmms (hepre-
refdmrmimsgheat(Qu”) . ~Subsequentlytheequilibrium ecmnnpcmsiticmnuof themnnsodegasmis mm
function of S is usedto ealcumlaethecell cumrenstI (‘noun imstegrah(6.8).Although (h/shsrdmeedunme
(liffers fromsu theprocessins atm actual i sterusmil mefcmmnsinmg cell, thecmmieulmmtedpemfcirtssmnmnecwill
he shcmwnIa agreequit.e well (Section6.6).

Ut ~J7onspositionus 1
x ~‘ mus funnuctionmmf~

imnsns.s //ost- ~‘ealeunhmm(ecp
snnnsals’ (6.5)

~aleul’mlc
s’~’’mitsui ~

inna,s’.s’ f/ann emmlcuimmlcp” 1
c’atinusie (6.9)

figure 6,3: Om’ern’is’ss’ of ihe c’alc’nnlaiicmn procs’slnnrefhr tine i,sothernnsn/ model

V
Un
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fly sdmlvnuug tine umstegrmnl its equummtmdmnm (6.8). (lie cell cunmreustI/s emmlcumlmnted. ‘~‘he cell powerPemits
heemmleunlum(edfromus P—I’V. OnmecthepowerP LIsms hccmsemmleulmmtcd,theenergyhmnlansceover(lie
finch ‘elI /s umsecl ((5 emnleuulmntetheesuthode(immw:

P. Q~, (6.9)

6.2.3 Overview of the input andoutput paranuetersfor tine isothermalnodel

Its figunrc 6.3 (lie csmlculmmiismtu procedunrel/~’time isothenmnalusuodelis sumssmsmmmmised,‘‘‘he
eomsspcmsiticmnusmis mu fumnc/csmsof thedinuseussionulessmemnc(ionnecmcsrdlinsmmtesnreemmlculmmlvd (di dshtman
(huecell cunrremstumsimuge(1usnt/(mns6.8. ‘The emmIculmntedcditssposmti(imssdcpcusddims thevmnlues at the
mulct (x,,” mind x “ ) mmmsd mini tine fracudumudii hmydrogemswhich n’emmcts ins Usecell cm (lie fund
un(ihsmmtFemms(lJ~), Funrthennncmrci,depensdinsgots tIme typeof cell which is mnndmdehled,the
equihihniuumsof the shib’t snnsch/o‘ time meforms/imug remneticmtn /s /neluueledmmmsd thcrcfdmrethemmvcrage
temsspermm(unre(‘I’,,,,) is an imspun pmurmmumneterfcmr the emmlcula(ioumcmi thecompcmsitusms.
Thecdmtsup(isitimmtsasmm fumsetioms cii (lie reactioncocsrdiusa(eis usedto calculatethecell cumrreustI
by imltcgrmmt/ng ediuummtidmms(6.8) amud scvermmhpsinmu netemshinukeddirectly tds thecell esumreust(power
P,, themmmsodegasflcmw mm theimuhet p,,”) minim) Ru cmnleunlmmte(hecmutle( counpositions(~=Un).
liumally soivinug(hueensergyhalansce(6.9) (hseeathmmdegasflow eatshe calculated.This requires
sositerative pncseedumc becausenhe how at nhecmmthodemud which /s cmmlc~mlmmted(amen the
ensergyhalsmnueedependsots theealcuialvdemitisposi(ncmnsm thecathodeoutlet(x,”). while Inc
co nlsdmsitidmms sit (hue c’mmthmmde mist let depensdson (‘ldmw cuts (lie imsict. Thereforetheseenesnlmmtiumnss
mire repemmtedmm mumnhemcuf tiuneslv cmhfimi u time ream/redsmecunmacy.Theoverviewof input mnnscl
mumtpu for the ‘soU emnusmml nsnodclus shsmsws ins f/guunc6.4.

-~ IS

s,,,

/“/gure 6.4: On’et-s’is’vs’ of ins/slit suns! output parsnnnetei-.5 f/it- tins’ i.s’olherntoifiiel cell mac/el

mp” LI (‘l’,’,’) ‘p~’hij’l ~“.~“) (~5~~UtLI (‘I (~I~t ~,,~ (p hc~~(‘I ~

in/flit ‘i’,”

n’ar/cslsle,s
,~~1

‘1’

V

Un

A

outpuut

m’cnr/ahles

—s-’ (Ifl’

~

C
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in nuns muguneus comsnpmmredt(cm thecomrespdmusdnngschemne1cm tine detamledniucmdel, thedufleremsee
is that imu thedctmmiled unscmdel oumhct temsupemawnesanud tIneeffective(mmvcmmnge)tenmnpermn(urcmmmc
emmiesI sited ins themncmdci by spec/fyinsgtIne imulet lvmsspcnmmnmrcsmmmsd nnmmximusunmsmssmmtcnimml
he.unpematune.Its the isoUsenmmmltusodel all teusnpermm(un‘es haveto he specified.I or miff desigus
emsusdi icmnus thefollowing effectssiretherefcmmeumot tmmkcnu mb smecounutinn Use ismmtiscruusmulmnsodeh.
• ‘l’LIe dmuuUe((emnpersmtuum’estummy vmnny sit cmff—ciesign ecumudifionus ulune to d/ffereusces/nu hue

(emmlpcmmnturesmpprmmsmch(seeSection5.2). Ins the ismuthemusnmmlmumodel time diuttlet tcnunpemmn(uun’esmire
eonmsl,must,

• he mnvermngcor effectivetemsipematutreusumny depenucicmuu thenmf’i dcsugnnecmmsd/tionssmms well. ‘I lie
isoUnermusmmltemsnpermmtume,wimicin represeuststime smvemmmge cnnpermnlxume/n the iscmtimcmnuumnl nunodel,
/5 c(muss(mnntsnswell.

Whetiner(his affects(hecmnleulmmtic’uns resultssubsununtimmllyw/ll he imuvesugatedits the folltiw/nsg
sections.

6,3 OFF~DESI(;N( ALCULATIONS WITH THE DETA LED FULL, ( ELL MODEL

6,3.1 Inpmnt andoutputparameterscinaracterusimugtheoff’designhehuviour

In this sechon the cmif des/gnhehavicmurof thed/(ieren types(Si fuel cells will he
eharactemisedunsing(he detailedfuel cell nndmdel.TIme first issuncis: which paramneterswill he
eommsielered’!The deseriphdmmsof (he/mstcgmatcddetailednsodel(Section4.6) shows(I mit mnusnuny
parmumnetemsmime d’rectly linuked. I’dmr cxsmunplc:g/vc s the fume flow, (he loch mu iln/smnt/cmun anudcell
cumrrem I cannio LI’ var’ed ‘ udlependlemulhy. ‘~LI ‘refcsne, it /s mdmt possiblelv up ‘cify hulls vs Fe esmus
inupunt parsnuetems.Neithe’ /s ‘I unselsul (cm e m np’mrc (I edetailed mmnnd se is s LIemnuu,mI nusocci unsin g
both vmnmi,mhles:consspaninsg(he finch utilisat’csns or (Fecell cu ‘nenmt will sunff/cc.

Otmtput pmmmsmunc(cns
Thenu’sdms( in sportantpmnnmmtssd(erswh’cLI sinecaiculsmtedby (lie ‘uel cell mnode areof ecu nse (hue
electrmcmii power gemnermmtedby the fuel cell mmnsd (hesnnnuouunstof hemm genuermm(edunu (lie fuel cell.
As w/hl he slnowtm below, thediffemenscesins csmleuulahicmnsIsetweenumm defimiled amid lie iscuthse‘tusal
nusodelresult /mu difiememutvmmiuesfor (lie ealcunlmmtcdpower(P) mnnsd inemut (Q). It is suffleicustto
ecsnnpame(hueusicidelsmm s thuesetwo varimmh es. lnssteadof ins/tug(heemulculaledheatQ, wh/e u is
nsot anexplicit vmsnimthlc,(tie uuumnss flcmw of tIme csmthscsdegaswi” heuscic,1 to ecmnupmmc ‘scmth tsioclcils
ins Section6,6. ‘I heesnthsodcgasflcmw is mm nisessureof the mnmumoummst of heatv Is/eLI is genscraed,
heemnusethe cathsdmdeflow /s mused ((5 cool (huestack.

Cci Ic’nn/sntesi pons’er
In both fund cell mssdmdels(he fuel utiln/ssmtionn mmmd (Fecell vcmht~mge,which mmmd used to cmi cuisme
the geunen’ntedpcmwcr. areinmpunt pamanuseters.The mmve‘age euu’nemdensity,whicbn is tin’
memnsmm/n/nugutnskmsdmwmspmmmmmme(emrequired cm cmmheuulmmtetheisowergenermmtedis emmiculatedinmm a
dit’fercnst unamsusenthmmmm ins thedetmmiled tuscidel. Ins (lie detsm/lcclundmdel this esnleulmmtismnrequnires
thei(ermmtivc prcmeedummcdescribed/ms Sectiom ~ ins murder to emn eulatehdmth (lie tcmpemsmture
distnihutionnand(heremnetioumecmcmndiusmnlescmvcm thef’uel cell. Inn the/scmthcmnusmninncuclel (snsly (lie
reacticmncoordinatesuseeclto hedbdtermsumned,beemnunse(lie pmcmcesscsinn thefuel cell are
considered(cm (mecurmut anaveragecdt tenspenature.If Use valuef/mn thepmwemgeuueralvd
cmulcuulsntedin hdmthu nsscmdciscomrespcmmsel,all cmthcm ‘electriemni vmmnimmhles’ (fund umt/hismmticmns Ui.,
cell current I, mmnndmun((mi hsydrdmgemsremuctedins (heelectrnehemnicalresnetidmmn,cite.) w/Il
corrcspcumsdas well.
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(‘sm/cnn/at cci umncn.s.s’ floms’ of tiss’ cat/nods’ gsn.s
As shscmwnsins Sectiomn4,5 Use ussmnssf’lcmw cmmthdmdegsms is cmmlcsulmmted (mcmii (heemsergyhmmlmnmsee
diver time stmmek.‘lime smnncmumstof hemmt which /s geumcmmmted/ns thecleetrmmehsemnicmnlmnnsd ehenus/emmi
‘dune /ouusis renusoved1/ounUse f’uel cell by (huecmmtisoclc gmmu. Theemmlculatednsnmnss lldmw
depensdsons:

i/ic enuspcnmntmmredifi’ereuneehewccns/nm— mmnsc smuntlet f/mn thecmmthcmdegsms:
‘I hehealwhich is gensermmtceh/ns Usefuel cell.

DiI’f’erensceshetweemsthecsmlcumlmmtiouuresultsheweensthe dc(ailcd (suchcell umsodelamid (he
msdmthscmnrnsmlnussudlelemnus ressulteitherhucemmuse(lie unsodelmusesmm different tenmnpematmume
cl/fferensceoven time stackcur hecmmuusetheealcumlatculheatis midst thesmmtuse /n hmmth tusodels.By
comsspsnmi sg thcemmleunlmntednsummss flmmw fcsr (lieemmthdmdegmms, (lie effect(if unsingdlifferemst vmnhunes
I/mr hotis ymmmimnhles camshe checked.

I’LIe smnmmlysis themeicureshows,thmmt the gcnserauudpowermmnsd (lie unmmssflow cmmthcmdegmms arcthe
pmmmamnetcrsfor which the emuhcmmhmm(echvalune /nu (lie isothsemnssmmlnncmdel shtmunid cur‘espdmusd(cm (he
vmmlune emmlculmmtcich /nu thecietmmileci usscmclel.

Insputpmnmmmnne(crs
The secomsel/ssucwhichLIsts lv hemmddlressediis, which pmmnmmmnetersshcumnidhe vmmnied to
chsmrmnctenisetheof’f’-desigms penfcmmnsimnnuce.Agmmims, a lmmmge nsumnnhercuf pmmrsmundtersits the(mmcl cell
nuscudelsis linked.Therefore(heycamsmnmml hevmmr/ed inclepemuclently.lair examupie if thecell
voltmmge/s ann inspmu(smmrimmhle, (lie tsummssflow (mmcl mmmsd (hefuel umtilismmticmun emnmm mcmt hehcmth
specifiedmut the smnmsse tinssci. Ins partII d/I’ferenst consfigunrmmtidmussmmmc edmnnspmmmed.‘l’hse f/scums mu time
sys(etsiemmlculmm(/cmnss/s cmi he differentpcmss/hleeousfigummntiomusf/sr mm givesfuel cc 1 designs.
Thereforeins (hue csmleuulsm(ionmswhich mmmc used(di ccsnnpsmrethe fuel cell tiididcls, thepmurmmnnetems
w’lsiehs ehsmr’meter/se(lie fitch cell ulesignmhmmve tuot heemuvummieci. ( onsstsmnu(vmmlues LImnvc been snsed
fcmn:

(hue insle temsupcrmmli,n‘es (din (he stmmek:
• usumnxiussmmsnci ectrolyle(ensqsenmnlunmd:
• nine cell resisfinmuceK’:

thecell areaA.
Ins hcmth nunodelstime cdunmeeus(muntmmuus cmi Use pmcmeessflcmws (m nuodle,esmthodle)at(I e /mslc si ‘e
specified.Time Nemuss vollvge /s esmleuulmm(edmis mm ii usetionsof theconversiounuins smiths ele(a/Iec mmmcl
sdmthcmnnmml unodel.Therefcmme(LIe vmmmismtionssins mild consuposit/dunsmire withs’un the linusited rmnnug

cmsecmmmmutiaredins hue systiunsuemnieulmnticunus(partIII) amid surenssmt insves(/gmmtcd/ s delanil. ‘I he
/nsfluetsceof the(mullet eonrmposi(ionssit themmnmodeis lmmrgcr hmuus time inuflumetnee(mf (hemulct
ecmnnpdmsitic) (secChapter5) mmmsd is (mikemu /ntcu sncecmuunstthumomughvmmr/mmtiouss inn tIne f’unel
umtilismmtioms. 0/vetsthat (hemmhcmvepmmmsmmssuensmmmc fixed, mmusly threenna’nn imnp nt vsmniahlesI/mn tIm’
finch cell modelsncnnmm/ms (seefigumme 4,16I figurci 6.4):
• Use(mmcl utilissmtitmuu U~
• (heecfl vmmhtmmgeV
• pressureP
l’hse pressurehsmms nucmt beetsvar’ed ins (hecsff’—desigmuesnlculmm(immnns.‘I he reascmtsis thml the I/n
util/smm(icmmsandcell vdmitage mire expectedto LImnve mm lmnmgcm insipactmmmn the Icucal cdmusditinmnss‘mmd
w/ll therefcmmehavcmm hangerinsupmnctous (LIe differencebetweendetailedsmnsd /scmthemmssmnlmmncudel.
However, li would hecf /nlvrcst to edmnusider(he influemsecof (hue ~mnessunreins futurework. ins
time currentwcmrk, (lie cuff—designecmmsditionusare(lefinied by cell v(mh(mugcV, thefinch uutihssmt’omu
U~in order(cm eonnpmmmeUseresumhtscmi (lie fuel cell nuu(mdeis(detailedmmnd iscutherurnal)snt
o(f—desigmsconditicuns,calcmuhaticunsshmmve beenemmmniedcmut (cur a rmmnngeof valuesfor V aud U
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n tue V umnucs emnteuttmmneem tmmr mne pmwer mnnuuu mid uuummss I utuw (ml the emilhimieme gsmswnUu tIne ussunsemnummnl

(sdei mmnid thedldtmniled umsodelwill heecmnuspsmmed.Ins tineemmlcunlmutiomssins this sect/cunuthe
mit—designs heusmmvidiutncmi the fuel c’chl is comus/deredlunsimug Isci de(mm/lcd unsdmdcil. ‘Iwo mmdldstionsmnl
psmr,usie(ersmine eonmsidcmcchis Us/s sections,hecumunseUmey cmmnu clmnnil’y hedil’fenemmechetwecunthe
heIst’ led snnsdthe iscmthiemnsssmhn nodel ‘lime ulil’Ibrenueebun ‘cnn hcuthnunoclelsis (lie esmleumlmnt/cunu~if
I nsupermmtsn‘e d/smihu(dsns/nu time detsm/ledusnsmdcl. Inc letup‘mmm(mnre (listm Isun(ncunuis umsed (~s
cletertninseIwo psmrmmnuselv‘s whs/clm mire essenstimmlI/in theemmleuul’mtidmnucmi theg ‘nnenumt‘ci powersmmud
(heem thuoule gmms nnsmss[low.

‘11 c (emuupcrsmtumccI/stnihunticunudetemnsumu‘s sit whim I smverage(enuspersitumetin’ ‘leetroelsenuniemml
remndlmcmstakespimmee.‘h’LIe tcnuspem’mn,ume,mt whiclu hue eleetmoehsenuicsI resmetionstmnkes plsmee/s
i npcurtans heemmunsethecell rcsislamuneeis stmcm ugly teuumpemmmtunmcdlelscumdmmnul: mm highersmvcrmnge
uculuperaturefor misc p ‘cmecsslesmdslam mm hm/ghercutin mu csenss/tysmu mm giv nu ccli volmmmge. ‘i’lse

mmvcrmmgeteuspematunrecmi (Isci electruiehcinsuiesire’metioun ins thedetmmiled numoucii is inud/emuted mis
lie effectivetensspcmatsul’e(seeSecionn 5.3). As will heshownm the effectivelvmuupermmtuurew/lI

ehanngemmt o ‘f-co sd/(ionus.‘I Isis e’ms sesmm difienenseeLIetwe‘nm (Is’ ‘sothemnn’ snnud dd(sm/lecl
mcsdclwithu negmmrcl to lie emniculatiousof Us’ elect‘/emml pcmwemgensematech.

• The secondvanimuhiewhich ddpeuds ~ms(hue teum per’n(uunc ulistm/hmnticmns/s (lie lvunupcmmmtunne
mmpprcuach,defimsed/nu Sect’otu5.2 sns (hue cI/Cenensechetwecuslie osutlel enuupemsmtumcsmusd tIne
unsixinnunusu(dec molyl.c) tennpermnhsn‘e is thecc I. Ins tIme /sotluemunmmlnusodel(lie out et
ten’sspenmmtunmeis nudst emmiemulatedlsu speci”ed mms situ imupsu pammmunuclar ‘I Isis is ti e nnsminn
diCier‘usce hetweemsIme vmmisnes emmicunlmnledwi LI (I e iscmtlscmnummlamid (lie dctmmihccl nnuode

‘~LIcmcio‘c hcmth (lie cffèe /ve Icusuperaturemm nil (Is’ lensupematume apprdsmmeI w/ll lie ecmu idered,In
part il’ fmunr seriesmm” esmlcmlaticmn s s me e’nmniedout comm’sscmnueninsgIc Ui’ u/ffe ‘enmt yp ‘s mif ‘ tel
cell s seks n scsdelleci:
• 501C’ cx mn’nl refomunsinig:
• SO C~ ‘ s mnnmd ref/srtuuinmg:
• MC ‘( em’ (emnusm n ‘fo ‘u /umg’
• MC C mutersmt refcur si/tug
Its the hi twit g se‘I/o s (liemiff chesig LI’ s vkssn’ (mm ILI ‘s ‘ 4 typesmu ‘ el cell s s cLIs wil he
d’su’ mssedLI’ sed us lie c,mlesnIsit’onuswi Ilse d tim/I ‘d us odd.

(4 P Cf ORMANC} T () )ESIGN IOIf XT~/R’1IA , If )I’( RMPu(, ), S

6.4, e e ~ted 3 Wi. ‘ u d hunta ff esig em ditmi ums

‘1cm sin mnlys Ils pe to’nsmnmc mm csl’f-d sig . 1 csutsotds’ LI le’lIs’m’k,m h/lIce v lies
of (LI cell vdsllm ge mmmd he foe utilissmti ins is evmn umsmted. I huee ‘Ii vcsh ‘mge smusd (LI ‘o ‘ u ‘I’ 5mb/u

me simcc/f/‘el (inup no ‘ nih u v,mlmnes I/i’ o he ‘ psmrsmnu ens(/nsle 11 sws,dint elI nun me smtun 5

get er’mted isowem P. gesenmm d hem Q) 5 mc csn esmlsmleci(ou(pul). nm pmmmtieulmmr I eseismst mm
panmmnuselv‘s, P mm d Q, ehs’umnelcmi e (lie ‘ me‘ii ‘ u mmnuec’of hue l’mnel cell. ‘II e eleetnic’nhpmmnc e’
he cmi ‘mIs leddircchyf’monun cell vcmita4emmmd cell e mem (P—l’V). ‘ LI 1 e whs/ ‘Is ‘s g ‘s ‘mmted
ins Usefoe cc 1 is niot defnscdascle’mmly ‘is thegesersme I power.As the (mel cell is (u se‘smt ‘cI
mmdiah’mticmmlly, here /5 no hinciet semmt hlcuw ircsuuu (hue f/mel cell ho (I e s umrou mdinngs (it i ‘m nothse’

~ (I us’,: the LIemnt geusemmnteumu lime (clcesncu)eimcnn /emnl eumet’snun mseul Lu / ne’ muse I c
(chip rmmtu’’ (mi (lie isrocessflows, line vmmlmm’ of Q wluclm us emmleuhsmtedcur ‘espcunbs u time hsemml
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(rsmnusfemmcelmmmii (heeleetmculyl.cto theprmmeessflowst~)(seeSection4.4).
lie gemsemsmleilpcmwemP mmusd Use genermmteclisemmt Q mit duff—designscomsditicmmssion theextemnmml

rcifcumnninug N4CI’(’ (do (bmw) sireshtmwus its f’iguume 6.S. Fcmr (huecxtermsmml meformsnnugMCFC the
cell vohagehsmns lseeusvmmnied I’ndmusn ().72S V tdm 0.8 V sit mm edmnss(mmnm(fuel mutihismntidmnu (0.80)mmusd the
fund sulil/smmtiotu lusms beetsvmmmicd irutsu 0.7 to 0.85 ml ccmnsstamstcell vcuhtsmge(designsvmmlume
I).77S V). N ste tismil the cmbjectivc/5 (di verily thssmt theresumitsmu (huedetailed amid time /scmthcmtssmui
nssudelcommespdmnuel(cur (heduff—des/guscousditicmnuscmscdsunus(eredits tine systenumcsmleulsmt/onssins pmnrt
III. ‘I’hse rsmnmgeof ccumsditiuuss,1/mr exmmtnnplecell voltmnges.is thereforel/tisi(edl comparedto mmnn
mmetumsml psmrt—lcmsmdussmmclel. I lie msmumge cmfcell vmsitmngesminim) l’unel utilisatiouss its the ofl’ des/gn
emnleunlmmtinsnmsis selectedlv ensecmmsspmmsssul lcisns( ho (huermnmgescinscoututeredits thesystensm
csmlemnlmm(ionss

P,Q IkVV/nnn2l EQ IkVV/nsutml

~mowen

I.S~” 1.5 pmmwe

heat-

U O~:~ 11
().72S 0.7S 0.775 0.8 0.7 0.75 ().8 0.8S

V vohl lund u tilissil/cuns I I

1/curs’ 6.5: Perfornnncnmnc’e of the esiernnsn/ rs’f/irnnninng LIIC’J”C’ cut off s/mt-sign c’onciii/onn.s

Ii (lie fuel cell is smpcmmm(edmm a Isigisemcell voltmmge. lesspowerw/li lie geunemmm(ed:‘mu tim/s emnsc
the icuel cell cmpera(cissnl partlosmd. lithe cdl vcmltimge ‘s lower, theeummetutdeuss/(yis LI/ghner smunel
nss~mrethmmns nldunnmnsmnlpower wull he genermuted.Lvubemstly theI’umel Ilow will lsemmcm eor less
p ‘uporticmmsal to thepcmwemgcnscmm ted (F) mmusd the cmuthdmdlegasflow, whsicin cmmmmls huecell, mncsrc
or lesspropcmrudmnsaito Usemeatgcnsemateb(Q). ‘I heemmlcuhmmtednsmmmss fhcmws (cm LIcmtis mmnsubemnnscl
cmmthodemire shsownuins I’igsnnc 6 6
‘I lie heatwhich is genem’nledins Is’ ‘uci cciii /mllows thesamnepmmtlvrms asth gets‘matedpuwe
mis it mulscm dependsmssmmitnly o s thecuumren bemssiy.‘1 hcmcidmmecleercas/ngthecell vcmltmmg ‘ smlsnu
leadslv higherLIcmmt produnetimmmsits thefunnel cell. ‘I hegrmmph ons (he left its figure 6.5 sisowsthe
ehsmmngeins both thepower densitymind(he LIemmt (mmlsdm percell mmrea)ii thecell vdmltagevmmnies mu
the imsdieatedmmmmmge. Ii (LIc cell vdul(agevmmnies ircim0.725 V to 0.8 V, thecalculmm(cbpsswer
heemeasef/onus 1.3 kW/msi’ mm (1.67 kW/nn isva tlsmmt rsmusge.‘I lie pcmwerheusity /s (herd/mevery
senus/tiveto thecell vdmltagc.

tnn ten’nuns oh’ the fuel cellsystennu,(isis Imeuntc(unresp(mundsto tIme (LIffereuncehelwecus(lie hsemmt wInch is
u’eeovenedby counlinug bduwnu theprocessflows a thesmumtiet (ii lIme fuel cell to ennvinmmununemmt
uenunlscmatuun’eminim) thehealnequnin’ed(di preheattIme pnumeessflow inonssthis tennnhsermmtmurclv time inslel
teunulscmatunn’e
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m~.Ikglsl nus,~IkgIsI tus, 1kg/u] nuu.~Ikg/sI

0.08 4 0.08

3 0.06 0.06

0.04 2 0.04

0.02 1 0.02

() Jo 0 — - (I
0.725 0.7S 077S 0.8 (1.7 0.75 0.8 O.8S

V I will] lunch itt/i ismutimsusI — I

Figure 6.6: (‘sn/cu/sled ma.s.s flows f/in the external n’efhrnning MCI”C cut off’ s/es ign c’onnciit/o,n,s

Thegraphcumn ther/gh LImund sidc ins figurci 6.5 showsthe ‘usllunenseeof (heseconud(ufi-besigmu
variable,(hefuel utilisaticmms,cmi thepmwcrandhsca wh/chssuregenermmted.‘I’he (mmcl uutilismnthmnsis
varied at acmi usIait cdl vohmuge(0.775 V). lithe fuel cc his opermmtcdat ahigh fuel muti ismitiditi
time averageLIybrdmgens eouseemslmatidmunsarclower, whien leadslv mm lmmwer avermmgcNc’ us vollsigc
(V,,,) its thefuel ccli (U ‘ xnn, ‘ V,,, ). CunscquemsUyline hmivinig I/nec fur the
elcetroeFeumnicalreactions,thevcm mmge lossAV (~-V,,,-V)mmmd themms mm mesmult tine ,mnsmounit of

pcmweu gencrmmteelinn the (‘mmcl ccii hecomsucsnusahlemif (lie lunch untih/sa ionn iusereases.i’hse effectcii
the utihisaticmnmmmi (lie gesematebpower is mcml mis mugemis time efiecheel theccli vcml(agc.
The (eledl,nicsml)efficiency cmi (1 e (mmcl ccl emit hedci’ tiedins dificremit ways. heounlimut of the
(uelcell is Useelectriemmlpcmwer, theinsput of (lie fuel cell unmmy varydepenhinugcm s thebefinmilicsms
of theefflcienscy‘~hechennuicalcinsergy which is convertedits thefuel cell is ccmnuvertedeither
in(cm heator imulam deen/cal power.‘~heensergyLIalmmnsecfor thefuel c‘11, tmmkimmg /nlam account(he
conven(icmnuswith respectto tine sign of theemsergyflow (seeSect/mimi 2.2),edluals:

Q pn/iH

If theefficiency ‘s lssmscdonu theenscirgyinput (cm (he syucnss, heeli/ce icy heccmnnes.

0 (6.10)

Ii time csmlculmn icmms is LImmsa on theemsergycubIsm/nm‘c hmy comsvcrlinsg(hefuel ins he (much ccli, the
fuel m.ntiLIsmnticmts shoumlclhe tmnkenm inks aceoummutmind the ‘(ficiemseycmmnm hedelimsedlmis’

U (6.11)
AH

Whuichcfi’eicncy be(imsiticmu is ‘correct’ bepenibss(ndmnmghy mnu the ink grmm(icmnm (ii the iu ‘1 cell
into thesystemusasit dependsoms theway inn which(hueLIcat mmusd rennsmimsingchctnical emnergyarc
utihised in thesyslvnss.As mm (h/s ehmmptcrthefcmcusis ons thefuel cell itself, thefirst del’imsitioms
will he uusedl.lo showthua this cf’iiciency dependsonuly (its (LIe alm’eahy ealeulaledpamasuetersP
mind Q, we cams rewrite equaticmn (6.10)) lv:
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1 JQI (6.12)

‘Ii ecmnlcunhsmtedfinch cell eif’ieiemseicsmime shownu/us l’iguunc (m.S aswell. Opermm(insgthelunchcell sit
inighmercell vohtmmge.uheeremmsesLIcuth theamusdmmnnstof pmmwermmnsd Use smmsscmumntof LIemmt which is
genmermmtedits theem MCFC, humut muot pmopcmrtimmnmmmhhy.Ccumssequently,he c(fieienscy,or lIme mmmticu
P/(P-n-Q),insc’resmseswills thecell vcml(mmge. ‘I h/s /s mu (unumdmmusscnntmnhehsmmmmmetcmish/cof the(suchcell
mis well: tIne cificiemucy /mscrcsnscswith thecell vcmltmmge, /.e. mm lmurgcm pmmmt ~mfthechennuiemmlenmergy
/s emmnsverted/umkm pswcr sit pmmrl. humid (Sect/mutt4.3). ‘~huegrmmph diti (lie nighs inn f’/gume 6.S shows
(limit (lie rmmhio (PIP+IQJ) is midst mmifectedthe fuel mmtihismmtiumu minim) (luat (hechanugeits e ‘ficiency sut
of’f-desigmsecmnsdhitioussis thereforeeuntimehydetemnusimiedby tInecell vcmltmmgc.
h5/guume6.7 shdmwstime emumrenutdenms/tydistnihuntiousdii Use I’uei cell 1cm bi(fcrenntvsmlucsof time cell
vdsl(mmge. ‘I he ins/I/mu iuseremmsccu theeuumremstbemusily is emmusedby (Inc smssmmmssptidumsthmml time shift
memmetidmnsis uscut its equnilibnimunsusit the mId. As themcmmetionn remnehmesequmilibniunnus(Fl, is formumedto
smehuieveedlui hihmiumss)(he emumremut clenssiypeaks.At mm lmmrger distmsusce(roust the iumhet themcmmetmmnst
eomueenutrmn(uomussit both mmmsmbe mmmd cmi hodeLIcccmmmsepoorer(thestack is (if thee(m—fldmw type) mmmsd
Useeurreit clemssi(ydecremmses(di (heounUet vmmlsue.As /msdicmmtcd,if (lie ccli vcmltmmge is higher, the
diif’eneneehetweenstheNemusstvohtmige minim) (lie cell vdmhmmge. which is (hedm/v/ng icirce fun the
dlcc(mochcnnicmmlreactionu,/s lcmwem, Cdstiscqudustlytime euurremstdenusity is lower mut highercell
vcmhtsmgemis well.
Figure6.8 showsthecmrrenst benmsityfur dilicrent vmmlumescel thefuel utilismmtioms. lime mmvermmge
current(theammemu munudem(lie eumrenutcleussityeummve)decreasesif thefinch ulil/smm(/cmms /mucrc’mses
smgmniusasa resunitcmi (Inc lower hmiv/nmg 1/urce (V,,, - V) f/mm the elcetrcschennicalmemmdticmns. Inn
cuuu(rastto theprey/dims figure, LIcuw ‘yen this is msol buue (0 mm ehsmnugc us cell vohtmmgc(V), hi I
Feemmumse(hue Nemnslvcmltage(V ,,) is Icswen ‘it h/ghcnfumel u ilismmtionm. As figure 6.8 shows tine
esmmremstbemssity nscmmrIhe inlet (xII,=0) is ‘nmdepemsdenu(if (lie fuel mmtihismmtion. Al thc (mullet the
lsydmcmgeuscomseenstrationusmush lhercimsme(hue Nemnustvdmilamge w/lI dec’rcmmscsit higherfuel
utilissmtion, C’unseqmnentlytime loemml emumremul die usity unemmm (hue (munliet heeremmscsmis well.

/ ]kA/nms2l

2.5

(1.725
2 0.750

0.775
V=O,800

1.S

().S

0) 0.2 o).4 0.6 0.8

chistmumuceIncummu iumlel x/l. ] I

‘iguire 6. 7: Ccnls’nmlsmtesi m ‘nnrre,nt s/en,s its’ s//sit-i /mnutio,n f/it- ditfirent m’snlue.s of tius’ cell u’olicn u~efor
the s’o~flovu’ extermnal ref/irm/cng MC’J’C’
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i kA/m2~

3

2.5

2

1.5 U=0.85 0.8t) 075

0.5
0 0.2 0.4 0.6 0.8

distaoee from inlet x/L

Figure 6,8: Coicuiotedcurrentdensitydistribution for different i’oiue,s of thetori utiiisotion
fOr thero flow externoirefOrming MC°C

6.4~2Cathodeoutlet emperatureand e ‘fec ive temperature t off-desig i conditions

WO other ‘mportaot parameters with respect to me off desig’i hehaviour of the fuel eel are
show in figur’ 6.9 lo tfese tw graphs se ‘ffec of elI voltage aod ut’lisa ~O 1 00 two
temperatures ‘s sf own. ‘these tempera U ‘es t relevai t in ps r icular h ‘cause tI ey play a i

importat t role ‘n the cowp’triso s of he detailed and he isother nal mode . I hese temperatures
are the ef’eetive temper’ tore (wh’eh detcrm’nrs tI e avenge cell resistance) and the
tenspe ‘store a~)roach (difference hetweei the maxi sum tel speratr re i thestackand th
temperatnre a outlet of the cathode). Again the graph on the lef shows the change i tls se
temperatr re if the eel vs ts ge is saried at a ‘onstan ft el utilisatio and the eraph on th ‘ rig it

shows hoss he tempera ores r epend o i th tilisa ioi at eonstan cell voltage

outlet ternperOtor’
lnsteao of the outlet e nperamre. lie ii: xi imn temperature ‘i s mci specih d t~~0 3 ‘0

the MCE( calcul’itions with the detailed model (se Section 5~2~2).‘fhe outle temper~tr re 5

determined hy h te iiperatu a )proach, whic) is calenlated fxsm tlse heat r insfer
correlatio is’ ‘fhe outlet temperat ire ‘s important is the system calcola ion hecause it
inflriei ces the am( unt of cathode gas wh’c i is reqrnred to cool thc elI he outle
tempo ‘ats re e ia iges from 691 C to 697 C if the cc I oltage mere: ses froi 0 775 o 0,8 V.
which correspo ds to a c s’ nge i temper: ore ‘sppr sad from 9 K t 3 K ( -700 ‘ ). ‘I

sensitiv’ty of the tempei ature approach hsr tht focI utilisati sn ‘s smaller, in figu’’ 6.311
temperatrne approach changes frons 5 K o 3 K. ‘I he difle’ nec hetween the electrolyte
temperature and the cathode flow at the outle , s do’ to the heat t’lux. ‘the general erloa ioi
for heat transfer Coin the electro yte to th’ cathode is:

o (‘t’T ) (6.13)
AA

‘I lie temperature approach is th ‘ dilferenec hetween the maximum electrolyte tensper’mtrm ‘ ‘ a srI
the or tlet temperature of the cathode gas. In the co—flow cell this tensp ‘rature occurs ‘it the
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outlet (xll, I) of the t’uel cell (see Section 53). Therefore the temperature approach (i.e. the
tensperatrmre elift’erence at the outlet of the fdmel cell) is determined hy the cUrrent density at the
o mtlet of the foci cell. ‘I he average current density decreases, both with increasing cell voltage
(l’igrm e fs.7) :nr with imscreasimsg fuel utilisalion (figore 6.8). But if l’uel utilisation m screases.
Us er rremst density decreases primarily near the outlet in the second case, which has the
hi ‘gesl imsspact on the temnperatrmre ~pproach.‘l’lserefore the imsfluence of the fdiel otilisation on
the ensperatrmre ‘mpproaeh is larger than the decrease in (average) current density indicates.

‘I I C]
700 700

690 690
• Out

680 680

670 670

(s60 660

650 650

6~)725 (1.75 0.775 0.8 64(~7 1)75 0.8 0.85

V ]volt I t’oel utiliss t’on I

f’i~ur’ 6.9: I’/me sffh’ti onmperotnr’(’!’ ) and the(silt/ct t ‘mp sotureof tie rot/modeya.
(i~~)sit off sir i~,ms’onditio,msfor time MCI ( erteinol reforming

s/feet/ctenm ,erotor
lie cell resist’mmsee is dete’ shier to : lsmree ext ms s tI e t is p ‘‘at re in Ui e ‘I A relatively

s s:mlI imserease ‘is cia serato ‘e ‘ii the ‘I etrolyt ‘ es s ii ‘ “mse 111 err ‘e s de ssity sohst’n t’c Ily.
I (Sr the com iplete e 0 this effect lists he s qtma st’f’ by the imstrodoet’rsi of the ‘t’ect’ve
cii persmtlmre in Sectiomi 5 3. If the ‘ftc ‘ ive ems semature is high. h’ app: remit e’ I resistsm cc is
lo v and vice versa. / s show s, the el ‘cc ‘ye temp ratore d p ‘msds on the co nhimsation ‘th
t’ ssperatrmre distr’ho iou amid lie do ‘cot demssity dis rihotion It is adv:ustsmgeosms if thr
te miperatrmre is high ii thsmt iart ot th fuel elI whs re the c mrr’ it de isity ‘s I ich as cv . ‘ I e
‘t’lee ive tems peratur will he lsighs (low app’ re it m es’stam cc). If the h’eh e npe ‘atrmre / sic
coincides wills )W cu ‘remit demssities, ‘ Is er e fecti e cia icr: t lie W Ii ‘esrmlt.
S mmli eha sges ‘ ‘f’ r’tive tel per: t mr’ will iesmd to nrst’cea he ‘hssmmmee im tI e etf’ciemsey r I
eel , In figrmre 6.9 the effcr’ ive temperature at rst’l desigms conditions is giv ‘us. I ‘ he cell
soitage mere’ ses Use effectiv ‘ temssp ‘rature deer ‘aces slightly. If the lu I tm ihisation me’’ as c
tI e imst’loencr’ om he ‘ffective te i5~C’: tor ‘ ‘s gligihi ‘ B ‘c’mos if die 1st ‘g inspac of he
flOe ive temsipe ‘ature, explaim imsg these differences will lie p msrle s amid Is clifthremsees

ie weems se de so cc m sodel m sri the isothermal n odd in the lohiowim g 5 ‘t’ n s.
Ii l’igdmres 6. 10 and 6.11 tb e t’ ssperato ‘e prrsfibes sire shsrswms o wo different values of ths
oltage and v o rhittbremit vsmloes o ‘th’ l’oel otihisatioms. l’o explamims the changes ims ‘10 sit t’f

design the tonsperatu’ ‘ profiles are midst sot’l’icien . l’ro
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cmi thefund mntihissmtidmmu edhuer. ‘ho cxplmmims tine eismmnuges inn effectiveheusspermmtuure mmt mmli designs,
hcmUs the curnenn demmsities(figunres 6.7 mmuud 6.8) mmmsd Usetenusperatume histnibutticmn mmmc rehevanut.
Inn (lie ems—ficiw comufigurmution (he tetuipersmtmnmc/nseremmsesnusomecur lesshinscmmrly mmusd high
temuspemmmtmnres (mecur nscsnr (he (mint dl /Otici (x/L 1). ‘ Inc eumreustbenusily is highs nucar time mile
i(itie.

UI (‘I
701)

680

660 0.800 V

64(1

62()

600

0.725 V

(1 0.2 t).4 0.6 0.8

di smannee irnnnuu innhci s/I, I

E/4n41’e 6. 10: C’cuicnulsuts’sl teonpercutnure profile of time elec’trols’tef/ir tms’o m’culnus’.s of’the cell
m’oltagef/ir time external ,‘ef/irm/un~MCEC (C U,~O.8)

I 0’
700

680

6(t)

640

(21)

60(1
1)

0.85

(1.2 (1.4 0.6 (1.8

di stmmnncc l’ronnm itmlen s/h, I

1”/gumrs’ 6. 11: Csuic’umlcutes/ tennpersminmre ~mrofileof tins’ electroli te fhr two m’alnum’.s of time juuel
nut/li ssution ,fot- tine s’.stermnai refsn’ulning MG C (U V—0. 775)

‘1 he insilumensce(mi (lie e ‘1 vmmltsmgeout the I ‘nuspemmmturein figure 6. II) showsa highnermm ermmge
lemuspermilureins theecU mit mm hs/glnercell vmuhtmmge.However,(heremind (wcm ciffeetswhich cm ‘f-set
(Isis isighcir (eusupermitunre.‘~LIc avemmmge(ensspematureinn (Inc (irst pant(if thecell (x/L<0.5) ‘s
mmpprcmxiunmmtelythesamuse.The mmvermmgetenspermutureis highermainsly ins the secmusdpmmmt cif (lie
fuel cell (x/L>0.5) wherethecurrcmshdeussityis relativelylow. Secomublytheeurremulbeussity
prdmf/le at higher ccl vollmmge beedmussesunmure unnevenly distributed. For thecmi fiduw stack,witbn
the high tenuspcnaktmc mmear UsecmuUct cmi (lie cell, this lcmmds lv adecmemmsedii thecifeetive
(emmspermm(ure.

ISO



At mm higherfuel mutilismuticumsthecuummemutdeussitydecremmses.Butt asi’gum’e 6.8 shcmws,this
ciceremsemmeeuursunumminsly ins the seccmnsd(cold) partcmi (hecell (x/L<O.S). ins (huehot pmum of (he
ccli (x/I,>0,5) thechansgeits emurreustdeussitytS (mushy smsnmmll. Oms muvermuge, tine ccmmsvcnsicmnn(mmkes

plsmeemit mm lcmwen lennpemmntummesms mm resumil cuf (LI/s effect. Ins the emmseof suns insercmmseins fuel
olilismuticmnu, Uie inscremusinuglymumsevenuhistnibmutimmusof tine csmmremslcleunsity is ecimsupenusmitedby the
insereaseins muvemmigeleumupermutumme(figure 6. Il) mm mm) theuset result is aeonsstsunu(effective
tenuspcimmmlvre.
I ‘gunres6.12 mmnscl 6.13 shcmw(he tummims cmmheuhmmticmumresultsfcmr the extemnummireicmrsutmg SOFC.
Thuesegmmnplis shcmmuhdheccmmnpmmm’ed cm (hecmrrcispundinggraphsfcmn (lie cixteisal refumnusing
Nt-CR’ (figore 6.5 mmmd 6.9,respectively).(‘cimsupaniscmmurevemmhsILImul theahscmhulvvmni ucs(cmi P.

Q’ ‘~a,,, cite) mire different, hunt the(menudssures/musiimur. Evidently (hesatusephenuonsienmubeternm’nse
theoff des/gnuheimayicuumrfur hulls typescmi extemusalrefdmruningcells

PQ ILW/tnstl

piwen

EQ IkW/tss2l

2

h.S~
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fuel in iinissml’uns I I

cut off dc’.s/gsn c’c,nsiiiic ns

900

0.7 (1.75 (1.8 (1.85

l’umel sttil/sauinmtm I I

I ignmre 6.13: TIne eff/?c’tin’e tempet-suture (7~~~)sousi the ouuilet iernpersmtumre of tin c’suthosl’ gcus
(7,,,,,) at of~s1esiupn c’onslit/on.s’f/ir the external ref/irming SOF’C’

luemut
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[‘/t/uuu’e 6./2: Pc Jot-maccm of tine si ‘rcncul ref/it-un/tug ‘(Oh
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S 5 OFF4)ESEGNPERFORMANCEFOR ‘HE INTERN! F REFORMING fELLS

6,5 1 Gemmeratedpoweramud meatat ofGdesigmmcommditiotus

‘I hue emmleuulmntedpenicmmnusmunseefor theimntcirmummi reicmnmus/tugMCI C mut off designseunmih/tiumumsis
sunusunnar/sedins figure 6. 15. Agsminm (hepeniomnumsumsee(ml time stsnekupcirmu(nnsgsit c~iiereml vmmlunescmi
Usecell vultsmgc sunud finch uutihsmmtionm is evmmlunmmted.i’mur (lie esmleuulmnt/onusthesehmmnrmmnssctensmim’c
vmmnied for mm specificstmuck desigun(mmmcmi, R, ‘I ,,, , mud (cnnhmermmtunrc)smnsd time comnespunudinug
vmmhu esfmmm ditherhummmmimsieters(imsict fiduws, gemmermm(edpmmwen P. gensemmutedhsesutQ, outlet
(ensspermutmures)mmmc emmlcunimmteci.
Tue musmuins differenmeehetweemstime grmmplss for the imstemnmmmhmeicmmunimug MCI’C its figmure 6.1 5 mmmd
theeumrespuusm~msggraplssI/mm thecixtemumalmefmmrmssing M(’ImC inn f’igure 6.5 is time d/iicreuseeins
(he set mmnmsouuntdii LIemmt Q whiels is genmcirmmtecbins lioth emuses.Ins mmmi exlemmsmmlreicmmmuuinmgcell, (hue
nudt hucmmt pncmhue(iunucmi Usecell is mmpprmmx/musmmtehyeqummi (cm theIsemmt whuichu is gensermntedinn (hue
cilcetmcucuscinuuieaimesmetiduns.Ins the ‘untemnummi ‘ef’umussinugcell hcmm is smisu mused f/un time nef/mmnssinsg
remmctsous.‘ hue nuet hsemnt (whiels is shdmwusinn f’/guumc 6.15) is eqmmmml to (hue hemutwhich is gcmsemmmtcsh
ins theeleetrdmehsenmniealreact/uu (inuclicalcid ins tine figure mis ‘heat produced) umuinsuns theheat
which is unseil ins the net/umnusimugreact/cuts.

Qn0 Q~, Q,.~ (6.14)

If (lie f’ue cell stmmck is upersm(edmit mm highercell vcmi(mmge thus dniviumg f/mrcc (AV) cleenemuses.‘~ne
f’muel cell (uperatessit pmmm Immaci, lime ~‘nnem’mlcd power dcicme,usessuuucl thebnesml genmcrmmteh‘ n tIne
chciclruehscnnsicsnlmemmetimmnm deememmsesmis well (seeSectionn6,4,1).OpersutimugtIne stmmck sit mu h/glue’
cell vuitmmge suiscucmmrcisp nibs 1mm s icuwer ‘snel flow to I me stmmek. Beemmuse(is ‘ ‘mnssdmsn it of 1 emil
ecumusonmuedins lie refcmruss/nsgmesmetiunschmunugesnmnone cur lesspnupcu‘t/cmusmu hy to lime isuel flow, thu
uset lncimmt ehumnusgessmppruxinsnmmtehypmcmpur(iumsmul mm 1 ci puwen genscrsmlechmis well
Ii time ii ci cell is upcmmmlcdat m higher l’smel util/smmluunnlime dr/v/tug f/mnec fur theel ‘c - mel cuss/emil
reac ‘cmi decreasesas well (seeSeethun 5~4).Cutisequnctitlyftc power anucl tIme hsesm g’ mc‘mm cc

EQ 1kW/nm2I P,Q I kW/ um2/

7 2

I eat.ienmen~m1(I
0 s “en cmmnle I

net lu”n n i uc

0,75 (1,77. 1,75 1,8

f/mel mu ihis’ imnm I I

I”/~ur’6. 15: P ‘rf/irumncnunc’s’ (geuuercmiesl / ons’r + mt-cut) of the nunteruncul r ~foruniun
1

’MI mt
m?ff sic’s/gun counslii/oun.



ins the cleetruuehemn/eahreaction will hcuth heerease.However. mis cmmns he sectsins figure 6.15, (he
mmcl isemut wisich is produced imscremnses.This emits he explaimsem)as fiulkuws. ‘~hue smnsnounmst mu hsesmt
win/elm is gemneraomm) its (heelectmoeisemsuieahnemueticuns /s mnpproximussmtely propmmrtionmmh (cm the
mmnsuuunnl of ii el whniebu is comsvemtedins (lie fuel cell. Omn tine cutimer isamsd, virtunmully mull unethmumse
whsicim is supplied 1mm the fuel cell is nefmmrmssech mmmsb the hesm( requuired for this ecmmsvems/ons
therefore depemsdsomshy dims Usemmnmsounms cuf lunch smnpplicd to the lumel cell. ‘I’he fuel untilisatioms is
tIme mmmt/dm hetweemsthe mmmmsdmuumst of fumel ecunverted its (he fuel cell amid (he fuel smupphch to (hecell.
Opersutimug at ahigher fuel untilismuthun thucrelore lesmbs lv mm higher munsscuuust of the hemmt gensersmted
ins (he cilcictrcmchemsniemml remmc(immns ccumpmurcib lv thehsemmt whichis mused mm the refcmmmisiusg remictimnus.
hum dither wcurds, if (hue fuel untihsmmticums/5 high, the emummhinmg effectcmf the mefmurmusiumg reacticun
heedutuseslessimuspumntmmmst.
Odin he imsternsal reiormssitsg syshemusthe fund cell efficiency emits he deliusebmis its edhumalicun (6.12)
where Q is the nuet iuemnt prodmuced its the fuel cell. However, if this clefin/ticums is used in (he
inutemnusul reiornniusg lumel ceO, mm higher efficiemsey is eahcnulmmted fcur the fumel cell ii nnumure heat is
mused its thercfdmnnnimsgremme ionu. Mcure relevmmnttcu thepenimumnusanseecii line f’ucl cell is the
bcf’ini(icmnu cuf the cificiemsey mus therat/cu hetweemsP minim) theemsergyconvertedins (he
eleetncuchemicmul reactidmum:

(6.15)

BduUs theefi/cienscyhmmsedous the mid heat(cqummticmns6.12) munch (heeff’iciemmcy basedon time heat
pmcmdueem) in hue ehcetrcmchenum/cmml memmeticuns (equsutioms6.15) are shownu its figure 6.1 S.

ciii I I elf’, I IH P±IQI

0.8 (1,8

0.6 0.6

0.4 P (1.4
P

0.2 0,2

0 1)
(1,725 (1,75 (1,775 (1,8 (1,7 (1.75 0,8 (1,85

V I vmuhI f’uucl uu(ihismmt/muns I I

I’igmmre 6.16: 1s’tf/’s’/ecncies of tine internsul ref/it-rn/ag MCP’C cut off-s1e.u/n~uu c’ounslitio,’n,s

‘I hechangesins efficiency at cuff designscouuditionns, us/tug the del’init/cuns hmmsed cm Q,
edumrespuund lv (heehmumuges its efiieienseyeahemuhatebfun the ex(cimnmmul reformssimsg fuel cell:

[he effic’ency mns mm fumuseticumu cml time cell vcmhtmuge imscrcmnseswills the voltmngci. in mneecunbmmnsce
with funel cell thecury (Sectiomm4.3.1);
‘I’LIe cificiemsey is mmgsm/ms imsdepemuhennt uf the finch mmtilismmtiouu.

153



nm.’,~~.atnmoueounet(emnperattnreaunt! ettec(tvetemperatureat otl~desmguuconmdnttomns

l’/gemnci 6.17 sisuwstheeffectdii time cmii chesigmu ecmnuhiticmmss cuts (hue cumutlet tenuupenmmture mmmd dunn hue
cued/yeemsspermmtune.Tine effectiveteminpermutmureehsmnnsgcslittle, hmuth ii the cell vmmltmmge is
vsmmicd smt ecumsstmuuntsutihismmh/omuminim) ii tine f’umel untmhismmtiuuu is vmmnicch sit emmnustmnunt voltmmge. ‘lime
emmt node(mullet (enuspemsutunne.lsov ever,depennilsstroungly cuts the duff designseonuclit/unss. I lie
(emsspermmturesmh theesmthsdudcmumutlet dcememnsesif lime cell vmltmmgc inse ‘emm’mes minim) iuuememmseswith tine
I’uei uutihssmhiun.

onmtls’t tenuperatu rs’
Tine tensupermm(unrcprmuf/leof (hueelec(rcmlyteicun theinsterusmul mefommmsinmgcell is belemnusinnebby (hue
cathodegmms (Section5.4.1). Thecathodegasis ins eumunulen-ilcuwwith themmnmmmde gmus mmmc is
supplied to the cell mit x/L— I . Innitimmlly hid emmUsdudegmms bnemmtsmup mis mm resultof hhehcmmt
genscmrmuhedins tIne ehcetrochenum/cmmlreacticmnsminim) is sunhsequcuuhhycooled (my thercifcurnnimsg
nemneticunu,which cuccumrsnussninslyins the mulct icmume muf lime mmumucle(0<x/h,<0.2).‘I’LIc ecucu mug effect
cmi thereiumnms/ngremmehioumsit lime sumsucleimmbe is shrunugemif the f’nsucticuus mu (he usscthmuusewhich
remmels ins the imsich i.mmmme is isighen minim) ‘f themmmhiu hetwecunUsehsemmt mequniredimur theref(mmmii tig
remmct’umn is anudUsehuemut which is geusersmtedis higimur.

‘FE (‘I ‘t I (‘I
/00 700

680
1

t-uc 681)

660 660

(m40 ‘ (m (1

60 620

600 600
0.725 0.75 0,77S (1.8 0.7 0,75 (1,8 (1.85

V Ivulnl suet intihissutimmnuI-I

1”/gutu’e m. /7: lIne c/f x’cim’s’ teuun
1

us’rcucumre (1 ~) cumnsl i/ne oumil ‘t t ocnpersmtnmre of tine c’smmlnosie gsu.s
(1,,,,) sni off-s/cs itgn c o,nslii/cmn s f/it- tine iunts’r,ncul reforminiuuf TvICI”C

II tine vu hmmge mmscmcimmses,(lie strcunsgcneummhinsgeffect(ii time mcicumnninngmemuctiunu lesnds1dm U c
deememmsecif the cumuthet tennupcirmmhuure shsownn ins figunre 6.17.B(i(is cii eelsinchiemutecl m hoveeuhmmunee
time comulin g eli/met of lime melcumnusimug mesmehions,

Dune lv (lie higherefficienmey(ml (hue cldetnduchseuniemulrciac(/unm sit buighi ‘r vcullmmgc, less hmemnt is
prmuhueeclins theelectrdmchmcnmumemmhrem chums mmundmmmtiu hetweenshe hesutecmnmsunnscidby U e
mefumnusinugmemmeuumsmmuuh (lie gemucinmutedhemut /mscrcmmses,
At pmmrh Icuad (huighercell voltmmge) the fund flow hcercmmsesmmmd hhemclmmtive rmnhc cuf r’, e ‘unu
f/mr time reiormsminugremmetimmum itsercmmses(f’igmmre 6.18).TIme eomsvemsimunucmi usuethsmmnscseensus
euussidermuhly f’mnster mnt time inighem cell vcmltmngc. ‘l’he nuscnie fnaetiomuCH cut x/L=O.2
eomrespomshsto 200/ cuf theimsleb conmeemstmmmtiousmit 0.725 V, while tIme frae(/onn mu (‘Hu whichu
humus unmut beetscnunsver(ccl mit 0.800 V is elmuser 1mm 100/ mu (he inlet ecunseemutrathums.Thuc
diffememuceis dime lv Useehamugeins (Inc imuel fiduw, wIn/eLI emits he seemsin figure6. 9. ‘ Use
voi(smgeincremmscs irmuums 0.725 to 0.800V (Inc mnndmdc flow decrcmnsesby 355//,
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nsuole fnmmetimmmu (‘H 41 1
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0.2

0.

0.725 V

0.800V

0 0.2 0.4 0.6 0.8

distsmmseef’mmumn inulel x/I. I I

Tignmre 6.1/i: Mole frcuc’tioun CLI, i/u i/ne f/mel cell f/it- tcu’o sliffiwent m’alnme.s of ths’ cell n’oitsuge
(MG C-it-)

‘I he gmmnph also showsIlse musmuss l’lcmw ~mt(hecsuUscmbc, which is cictemusniusebby (heccucuhinng
requimensemn(sfun (he fund cell. Inc mmuuncuuunt(if hmcmm whic’s is gemsenahedits tIne cell (‘‘mmcl hemul’ ins
f/gstme6.15) decreasess ruusgIy (-600/ mmh 0.800 V eonupsuredto (hevsulue at 0.725 V). he uuummss
flow mu (lie csuthcude [mis nequnired di cool thecell decremusesmis well, hut nnu mis msusncis (cunsly tmm
400/ fcur mm ccmmn’esponsbimugdecreasecmi the cell voltsge). This is bume(0 thesumsmmhlcirtenmupemmmlurc
hifl’crcmscci cm cm (LIe s suck sO isigluemcell vmmltsuge Time (ennpemmm(umecued (VT ‘ V I ‘ mp )

reilmuces (hecf’fee( of line higherLIemuh productions(V ‘ Q ‘ p

OL

0.725 0 75 0.775 0.8

V Ivdml(I
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u5eIh0/~’5I
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I iguure 6.19: Msm,s,s f/onus cathode (in,) cuuns/ cumuosls’ (on,,) gcu.s’ cut off-s/c S’i~st c’omnslition.s’tur tine

iunter,ncul refot-unung fuel cell (MG’C)

tue F kg/s I mum ,~Ikg/s I
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0 )4
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finch utihismmthmus 1—1
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use Ietsspersmuuure mut tIne outlet mmsercmmseswuth hngher fuel umtihismmticunu, mis shcmwms un figure 6. 17.
As inudiemuted, mut highs utihismmtioms lesshemut is nediunired iuy (hue rel’onunimsg remmeUmums cmumuupmmred (mm
(hehesut which is gcmscirmmted ins the eleetrochennsiesmlreact/oms.Cmumsscqrucinstly the temunpermmtumre
mupprcmsuchs is surnaller at high umtihissmticmus. As mm mesunht, the emulculmuted tcumspermutunrc mmppncmmmels
dcercmmscsmcmii 55 K mnt mm f’uuel until/smut/mimi of 0.7 1mm 40 K mmh 0.85. Inn tim/s esusethe effectof A’l
mind Q (ins (hue nssmmss ibmuw cmi hhe emutisodegsms nuu sniussostemmuneel omut, mis figure 6. 19 shcmws.

eff~ctime ternperatnmre
‘1 he calculatedeffectiveteunpermuture deeremmsesslightly with the cell vultmmgc (figmume 6.17) mmmd
is ainummust cmmnsstmmms( if the fitch untihsatimuns is vmmmicd. As mu the emmseof tIne external neimirussinig cell,
two fmmclvrs play a role ins (heeffectivetempermuture: time (cnnpersmfl.nmci profile amid the eummrcmst
clemusity disuihumhicun in (lie cell.

‘II (‘I

1) 0.2 (1.4 0.6 0.8

distanmec I rmunmu inslet s/h, I I

Figuurs’ 6.20: Csuic’uulcmtes/ ieoups’rsuiumre prof/ic of ihe elect rol vie for inn’o m’sulumc.s of tine c ‘ii
m’oltsuge ,for the /,nicr,nsui ref/it-un/ag MCL C’

i IFA/nmu
2

l

3,5

3

2 V~0.80(>0.775 0.725

() 0~ 0.4 0.6 0.8

disummtnee In into innhcn x/h, I — I

[t-ignmre 6.21: Calcuulcuted cnurrent dens itv di.s’irihnmtio,n for diff~rent ma/urns’ of’the ccii m’oltslgcJ/ir
the itt terncul ref/it-un/tug MCI”C
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ngunn Cs itt-U cntnmt mex t stnunw one nunnuemneeinn mute ceum votimuge on, m capeemuvety.inc. nemnupemmuumume
its the fuel cdl mmnud the erumreust demssity. ‘l’hse mmverage lemuspermuture in tIme fitch cell is evim)emstiy
Imuwer at hsighser cell vcmltage. Hdmwevdn, tinis bcuesnso m’esunlt its mu suhslmmms(iahIylower effective
tennpcirmmhmnmci. This is chute (mu (heehsmmmsgeswhiclu cuceur simusultmnnsemummshy ins the cunremst
dishnihunticunu, imust mis its the cmmse mu the exterummil reimmruuniusg cell, the cumreust cleussity hecumtuscis
nusore umsevenslyh/sIr/butted ii tine cell vcml(muge imscremnsc(seeScethums6.4.1). At high cell vcuitage
lime emunrenit eleussity nmemur time (mullet decreasesnusore hlsmmms the musmmximnummn emurremut benusity (mmt
x/l. (1.1). As mm resunit, mm larger frmmetimmmm of the l’uel is emuumvertecl in the high (eumnpermulvmci ionic mit
higher cell vdultagci. Therefore, despite the deemcmnsemu the muveragetennpcra(unre, theeffective
ommuspermmture bmues nnduh decrease.
Figmures 6.22mind 6.23 sluow the tennpera(umre its the loch cell and the cmmmmen( bcinss/fi’
distrihuntiomu ion chifferenn( valuesof the fuel mml/h/scu(immtu. ml thefuel ut/I/sat/out ehuamuges,(hue
mmvermmge (ems’mpermmture ehmmmnges little, although the luemuticuns where (lue nnaximutmuu (ennpermmture

I (‘I

701)

680

660

640

620

600
0 0.2 (1.4 (1.6 0.8

chisummnmec. I’mmnnmn mulct s/U, I I

Figure 6.22: Csnlc’uulcnim’d icinpercutnurs profile of’ tine s’les’irolvtc’ f/it- tuu’o n ‘aloe of tine fnucl
uutili.s’sun’ion f/it- the /,ntcrncul ref/it-rn/ag MC’F(

i lkA/nnn2l

0.5 (1 (m.2 (1.3 ((.6 (1.8

di st:mnmce Ur’’’n, i’n 1cm s/t I I

l”ignurc 6.23: (‘suls’nmlatcsl c’uurre,ut dens/tv slistribumt/o,uf/ir differcint u’sulnmcs’ of the f/mel nut/lissut/o,n
f/it- the /ntcr,nal ref/irunisug MCFC
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l’s

0.70
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,,~,~,~ u ui~ U IICL cli Inn gntet t ~et umn n nscmuuinmu. rucecumuse mmmc tint nut inn mm te emum u en mu uet Stiy
clistnihutioms ehsmnsgesmmpprcuxinusmm(ely ins (hue smmussenusmumsusem mis (hue lemuspemmm(unre prcuiile. hue muvermuge
(ennpermmlure sit which (hue fund is conuverled is nscm( smhleredh. ‘h’his emmuncspuuds well (cm the
cmuleulmmlvd vmmlues uf (heeffective teusspersn(uure shsuwus inn ligmure 6.17.

Off-c/c sign rc.s umlt.s’f/ir the S’OL’C’
The oil-des/gusresults [cur time inmtermsmminefumnmsiusgSOh’C mmmc smunsitusmnmiscid inn figures6.24mmmd
6.25 . ‘I’hse usnain d/ficremscehetweemu tIme instennumul rcfomnsu/usg MCI’C munud imutemnummi ncfcmmnuuiuug
SOF’C is (he imufluenscecuf Usemiff—designs edunuditiomus uns time effectivetemnpcratume. ‘l’hse oIlier
ealedmiatimmnn icur tine SOFC agreewills (huepreviounsly disemussedresults for Use MCFC.
Its the cmmse cml the MCFC ii (Inc ccli vcultmmgc or luel utilismmtions ehsmmmsges,the ehmmnsge in suvermmge
(em’nnpemmu(urc is cuunnupemussmlcdby (heehausgesin (tue distributions iii the cmummcnl density smmsd the
(ennpcrmuftmme profiles. As mm resmult, thechange mm cued/ye cunpcirmmturc mmt muif-dcsigtu cunsditimmnus
is I/n i/tech (seefigmure 6.17).

EQ hkW/usn2l P,Q IkW/usu2l

0.675 (1,725 &65 (1.7 (1,75 (),8

P/goes’ 6.24: Pet-foruuncutnc’c of i/nc’ butt-mitsui reforrnicng SOFC’ cut off -ds’s/gmn c’ouus/itia,n.s
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F/gnmrc 6.25: I’hc effect/u c icinpcratumrc (ff11) smmns/ the onut/ci icnupcrsutumt-e of the csnihosis ~a.s
(7,,,,,)of’thc intcrnsul ref/it-rn/ag SOI’C at off’ slc.s’/gin s’omns//iion,s’
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I owcve ‘, mm tine cmmse cmi (he insterunmul reimununsimsg SOEC, mm Is/gin mmmscmbc recycleis mussunnued
(Neclio m 8.4) smnmd tIme imufluemseecif (heemnnmeuslhistmihuticmnis usumuehs snmsmmhlcr.Dueto time mulmmscmst
ccunms(smmsl Nernmsl vcml(mugc ins the SQl C’ (l’igunnc 5.25) tIne emurment cienusily is musuch mssmurc civemuly
dish“huu(ed sit des/guneumscli(iumss.Conusequmeushly(hecifiective tcusspcrmmftnrcis musmuinsly ddhemnus’nscd
by the mmvemmmge(etuspermuhutre.

lie inmflunenscecmi thecull designscuusdihicmuss0t5 Ihe smvermmuze (eunspe‘ahure is (hesanneimur the
SQFCmis imur the MCI C (see figures 6.20suusd 6.22).At highercell voltage(heaverage
lcinsmpcrmmhunn’e hcieonncsiduwer. As a messult, the effective(emuspematunre bccremmsesas hhc vollage
insc’’cmuses mis well. If line fund mul/l/smmticunu imseremuses,the muvemmuge (eunpematunmedmmes muot change.
hunh lime nuimixitnunsu tcnuspermmtunrcoccurscicusem to (lie munnmheinlei The effectivetenmspemmmlure
/nmcremmscs hecmmmusethis hemmhs lv mm clcuser ‘msna(ein’ hetwecimu (hecumreml denmsi(y snush (ensspera(ure
prmmf’/lc minim) hemsec(cm mm highermmvemmmgc(cimuspenahutre(ii emmmmvcrs/cmmn.
lime effect cut hi ecell vul(mmgc mmmud (heiuel mmtil’smmticunu ums ILIc cumullel tcuuspemmmlunre.smhsm sluownm ins
f’igunnci 6.25, is lime smmmuscmis fun hhc VCI C . VI ‘ ‘1,,, mitsuI U’ ‘1’,,,,, 1.

6.6 COMPARISON 0 ThE ISOTHERMAL ANI) DETAI ~EDMODEL

Its lh/s sect/runsIhe emuleunimmtiumsmesunlts f/mm (lie isotluennnsmll’uel ccli nuimim)ch mmmc emunsuparechto (lie
resultsof thedehmuilcd usmubel,Time ubjechive‘5 (di clelcrussimseLIcuw Ihe assunnpt’onsmimi ecunustmmu
teusupemmutunre ins (he nndmbelsuffeets(heemmieunlmmtiunsmesmultsmmf (Fenndmdeh.Evidenuthy his is usol sin
aclvmui vmmhim)mmlkuns of the irumlhmerunalnsuodei,heemmusethis requmiresusncmmsumrcbclmm(mm. The
ccmtuspmmniscun of hulls msscmdels,LIcmwcvcm, emmun heused1cm becmnniuscwhethercur usuml se
mmpprmmximuuatious ins (he isuthemsmsmh nncmdel mmmc mueeephmble, As discsnsscd‘us Seetmon6,3.1, tine
dcitmmiled mmmd isutime‘ us I unmudelmire cumnlumumedcm hmmsis cmi thevs ho’s emulemuisutedicun the
,,menuenatebpcmwcramid Ihe um’mss ihmw mu line cmmthmudegmms.
I lie meascumstcu uuscat duff-c cs/gnunssudclis 1mm LI’ mmhle ho emmunupare(hue ‘esmulls mu wcm b/fierensh

systemsuemsleelmmtiunssfu’ lIme smmmmsesystemn.‘~his medlumiresILImul thee,mleuimutcdpenfmmmnnance/tm (muse
syshensuemulculmmtimitn is dcitssisbemi(with thepemfumusussneciins tineduhhe cmmlcuniatiunn.‘I hecuff—designs
unobel has(cm pr’dieh whmm (heperl/mmumsamicewill heuundcmccrtmminsecunuhih/numus(off-bes’gms).
given(heperfmmmusimmnseeummsdemmulhemconditiouns(des/gnucci shihimmuss).‘I he tmmsk cuf suns ciii clcs’gnu
nmudmdleh is therefmime pr/nnmnmily lv cx(mmmpulmmtethe pemicumnrmmuuseeat designsemuusditious to the
duff-designconmdi(immnss.

herelore a lhmcc-s(epmmppmdm’mehs hums heciniused,both imur theeuunpmmnisonmnuf (Inc iso hcmmsul munud
(huedetailednmsmudch,munsd ins the systemumcmnlculmmlidmnss ins psurl 1 I:

I’ ‘mst (he pcinfmunuinmmseemmt designseomsd/uuussis heternum/nsedumsinug line delsm/leduss mdc
• Sumhsequenstlylime list ‘munmuctems(millie iso(LIemtusmmlnuscmdcl mire adjustedin suncha nmsmmnnsc‘ ftst he

peniomnssmmnscemmt designsccunmditicmnsscornespcunuds(0 tIme pcmfou’nssa seeemmiemnlatehwith the
beta/led n’nscmm)cl (fill/mug):
Finially thedml’f designnncmdel is mused1dm caheunimute thepeniurumumumse sit duff—designseunuch/I/uus,

‘h’bue (wmu pmmrmunuud(crswhich mmmc emnmmpmumedl,mire (lie powermmnsb theemuthobeflmuw. By chargiusg
line ismutiserunsml(eusupermmlure.the vsmhuuc(if thepcmwencmmhcumismtcbwi LI tine /sothcmmmml muimisici emits
heunmubehedto (he betsmihcd usnodel. ‘I hemubvmmnhimgcmu this apprusuchuis, limmnt thuc ismuthernmsmml
wnnperature emits he imstenprcledas(he equnivaleustof theeffective(enusperatmureimstncmchmnced/ Fe
previous seclmomu. The isuthemnmumml mnsmmhcl smiscu muses time (minUet Icusupematumne which LImms imeens
esulemnlmmumb by the detmuiheb nsnmudch. ‘~his is sufficienst (di unmutehs the cmmthuhe fhmuw with the call cube
flcuw calculated imu thebeta/led muscudel.
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6.62 Comparison of the isothermal amnd time detailed modelfor externalreformnimngcells

P 1kW I nnnmmss ilduw esmthsuucie1kg/s I

0.8

fund oiilissmtionm I I

1’/gumrc 6.26: (‘ornpsuri.s’on of tins’ pourer suind c’smthos/c gcu s fiomn’ s als’u/atesl with tine s/s’isui/ccl ( )
nsf tine i.s’ot/scrrnsml (--) rmuoslci IsR—MCI”C’ stack smt o/ff c/cs/ga conciitiomn,s

l’hme perl’cmmnusannecat cuif—desigmucomuclitions fmmr time extemnual nefonmusimug fund cells (MC1’C amid
SQl C) hmmvc beetscmmhculatch wills tIme betmuihed tuscibel (Section6.4). Its this seetiomsthese
ealeumlat/umu resmults will he cousupamed to thucuse ealemulatedwills time ismtimemunmah mnmubcl which wmis
developedits Section6,2. it-igmures6,26mmmsd 6.27show (hid penformmnmmnmec f/mr (hedetmuihech usucudel
aund (he iscuUsentssalusucudel at ofi-hesigus icum the MCF’C anud hue SOR’ respectively. ‘l’isc upper
grmuph shows tine infhumcnscc cmi (hecell vmmhhmmge muh eumuslmunh mmtihismmlion, time grmmph hekuw shows
hheinufluenseeof he fuel utihisaticun.
As deherm/nueb ins the previmmuns seetimums, the penfcumnussmnscedii the lunch cell is ehnmummmccnisedby Ihe
power P mund the unassfhcuw mu the emuthodegmms. lithe cell voltmmgc innercmmses tIme imuel cell
operatesat pmnrt hcuad. l’hemcf/mrci hmmtls (he imowen which is geuscratedmmnsd ILIc emmhhsdudegas ficmw

P I [WI ummsmss Ilmuw esitlumude 1kg/sI
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which is rce~med to educul the stmmck decrease.TIme vahunci fum the power which is eahemulaledby
the ismmUscmninmml ussoclchsit besigus ecumuditions comrcspomsbsremmsmumsmmhly well to the power
cmmhesulmmtcicl wills Usedetmuhed nmscmdcl (Sectionu 6.4.1).Al kuwer cell s(ullage the vmmluc emmlculmnhedl
wills time isotiuenmummml ussodelis lvcm hmmw, while mml higher cell vcmhtsmgc the vmulmme emmicuimmled wills the
isoUscimnmumml musuclel is Icumu optimmsislie.
I hue commespomsd/msgbimngrmmmun f/un hue iusfhmmeusce of thci fuel ut/hismm(ioms mmmn the penion mummusce, shows

thusnt (hue geusermulechpmuwer decremmscswills the fuel uu(ihismmticmus. As the cuff—design emmlcumlmu(iomss
with the betmmiled nusobel showed,the Imuw pcmwcr mit mm highs vmmlume cuf (lie fuel u(/hisatiuun is clue (di
mm lower mmvermmgc hmybrogeus cunucenulrmmt/dums minim) eonmsequmetstly mu lower vmmhune of the Nemnust
vmml(smge. ‘I he /suthcnnmnsmhmnsmudeh is too op(iumnis(ie mit high ymmimucs (if the utilismution. Hcmwever, the
dilieremneehetwecimu Ihse emmiemulated vmmhues for the pmwcim is ussucis Imurger if the ccl voltagevmunies
thmums if Ihue vmulue of the lunch unl/hismmlicumn ehsmmmsges.

P IkWI
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.300 I

0.625 0,65

nnnmmss f’Icmw emmllmode I kg/s I
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cell dml(agc IVI

P IkW I nussmss l’huw emuthmmumtc 1kg/s

(1.7 0,75 0.8

Intel unhilissm(nmmnn I I

l’ignure 6.27: C’onn~marisoin of tins’ poum’s’r cumnd inst s,s flocm’ of tine c’cuiinoclc gcu.s c’cmls’umlcutcsi cm’itln time

c/cisnils’d ( I cnmncl tine i.sotinernncul ( -) mac/elf/it- due IsR-SOL’C’ stack at c?!f s/s.sigmn
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‘l’isci nisassflow of the eathcude gas ins humth nuscuclelsdiiiers icur two remmsouss. ‘I Inc f’/rsl is (hal the
hennpermm(urc m)mffercmsce AT over thestmmck vmmnies ins thedetailed mmumudel mmmd is comss(mmmsl its the
iscithuerummalmmmdcl. ‘i’LIe seccmuudreasonis (hedifferent valuefcun themmmsscmums(cuf hesm geuscratedins
the fuel cell whichis usedin hduths uncubels.Fcur mu givens ccli vumltmmgci. the sumusounush cmi luesml which
is genermutebis prduporuonssmlto time pmmwcr. hi hculhs nnodchemmlemuhmmtebifl’ercnnt vmmlucs cuf Use
pcmwer, mis shown ins figunmc6.26 amid 6.27, time ymmluc cml hueheal is differcinul mis well, lie usimmitu
cliff crencehd(ween tine vmmlue iii the cmmthmcudcfimuw cmmhcuulmmlcid wills (hedelmmilech nmsobcl amid wills

hue ismuthemunmal model is due tim theb/fferems pcmweresniculated.‘I’hmerciore, to imsmprcuvethe
mmmdci with respectho (hecalculaticumscmi thecmmthdmhe flcmw, (hepnicunity is 1cm achievemm hetler
mmgreeummemst hetwecinuthe vmmhmnes of thepmweremnlculmm(cd inn hcuth umsobels.

6.6.3 Improvedisothnermnahmnodelfor theexternalreformuningfuel cell

Al hi ghuercell voilage theimuel ccli dupermutessit part Icumud hecmmuse(hedr/v/tug imumee for the
clectrsuchctusicmul memmehimmum (V,,, V) deememuses.A scccmnsbcifeetof (Inc ehsmumgc ins vcultmuge is mm
ehmnngeits (heeffective(ensperahurehuelv (lie iduwer muvemmuge(ennupenatumme(if Ihe electrolyte
(Section6,4.2). Pmmrt cii (his cued is cmumuecllcicl mmu by (he inscreasimuglyunev‘n cuunmennhbeussily
distni hunt/cutsmit highercell vcml(mugci.
Clearly theeffective tdt’npcrmmtmmrcis usol takemsiustcm accdmunmstin theisothemnusaltummmm)el. As figunres
6.26 mind 6.27 /nmbiemmte, (huevmmhuemuf (hepowercmmlcunlmmtcd w’his theismmthsermnsmlnunnaclel is 10dm
high sohigher cell vmltmmge. A pcussihieexplansalimmus f’or hid difierensceis (he muse(if mm coussmmnut
tenspcrmmtumc ins time iscithertussnlnummudel.‘~hcmefmmmcto inisprcmvetheiscmUsemnmusmlmcmbeh, (he
imuflucnmceof theeifcc~vciletup rmuhurc slsomuldhe lakeninstmu smecoumst.‘I’hc icuwer effective
tennpermmtumeis clue cm time 1mmcm heatprobuehiousal highercell vcullmmgewhich ressultsins ‘m lower
leunpensmlmnred/ffcu’cusechetweenu(hecsmlhuhcmmmsd thecheetrulyc. Assunsninug mmlh LIcmmt Q is
renmovedfrcmnmm the cell by Fe cmmthmmbcgas. (LImits hue (eumspcra(uumebiif’erenseecan heemmlculsuled
ircmmss tine smvermmgc isemul trmunnsl’er eucfl’ic/cnt mm. mmnsd line ccli mmmcmi A:

AT ,, (6.15)~ usA

A slmurl/nug pci/nit fur thebeveldupnsseuu(cmi the cmif—clcs/gnsnusubelis (immmh tIme pcmwemgeuuemmnledmul
des/gnucunuditidmussis tuesmunnein thcdetailednuscudelmind ‘mm lime /scmlhemusmalnnmmbe
(Sect/cuts6.4.1). ‘l’hmis is much/eyedby mmbaptinmgline tcmnpermmturewLI/clu is musedins (lie isdmthcmnmimml
msscmm)ei, I dim mull the uif designemmlcumim humuswills Ihe ismmhhsemnsmalnuscide ion whielu lime resultsmire
shmwusinn figure 6.26anud6.~7Ihe tenrnperalure‘I,,,, is ciqusmi cm the valunebe(emnnimsedimum tIne
designscmumsdhi(idumus (‘l’,~,,).[Is/mug (bud expressionsfor (he tcmushmcmmu(u‘e differencelue(wecnse’ulhcude
mmmsm) diedtrolyhe.situ cistinummmefmum the isdmthdrmaltennpemmmturemul muif-besignueousdih’cmus is:

T ‘1 2’ Q (6.16)
mA

where Q’ is Usehuemmt gcnscn’mmleb5 1 des/gum ecunshitiunus,‘I huecifcic’(/vc teumupermlitre is cut time cm shy
(empermuturewlnichm clumunmgesmul cuff—designscomucliticmmss.Auscutimer insnpcurlans(vmun/ahhcis tine cumutlet
teumsperahureImccmmumsc tIme A’I diver thestmnck smusm) ccmnmsequmeuthy thc esmtincuclegmus flmmw requni‘cm) 1mm
emucul time slmmek bepemud dims tin/s pamamsselvm. I lie tcimperatummci mmpprmumich (‘1’,,, - ‘ ,,,,) bepenubsons
the hemmt flow as well.
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Agmmmmm inst g Ihseavermmgci (enispermuturdclutleremseehetweemselcelnolytesummit calhcucte,(he
tcinsupermulmnmcmmpprdmmmdhs sit ufi des/gnuecunubitidumusis estinsualedirmmmus theleusupermutunremmppmommchm sit
dcsignm c(mmsd!ihioums A’I”,,,,,:

A’ ~‘u’u’ AT,~,5‘ (6.17)

‘I hi/s cqummt’m,muu mmssmumsscsmu musdumeor lessproporhicusmul chsmmmsgciof ILIe letuspermmtumedilieremuce
heweensILIc cledhnuhyomminim) theemuthoheat cmii cicisigmu cmmmmditimuuus. Hmuwevem, if Ihe fuel
ut/I/sal/mit iuscreascs,(he eunnrenml density dislnihuRmun heemunsucsnusmuch nnmmrcunsevensand
edmusseqsnemmhlythechangeins (he k’nnpersmturebifierencehetweemscheetrmulyteandcathodeis mmcml
cmumsstsuntcuvem(hecell (Sect/cuts6.4.2).lithe luel uhhissuhicunincreases,theemmrmenmlbenms/yat (he
ounhiet will decremusestrousger(LImits tIme muveragcicunrrcn density. If (he fitch u(/l/ssm hums
appnuuachcsmumu/ty, lIme euurm’ens(denusitywill mmppruachicro nucarIhe cmuliet.
Cunusequmensiy lie heatflow smnub (heresultiung temnpcralurediffcrcmscebetweenIhe cilce(mohy(c
‘mmmd cahhcmdcmfhmuw v ill suppncummchiermm mis wcill, To inuclundethusdice ins the /scm(hscmnnmmlumurudel,
he temsspersslutreapprmuachis cmmhemnhmmtchumsi ug tine f’smeh un(ihismmlimmus U mind thefruel until/sal/cuts mit

designscomuditicuussU”:

AT,,n,n, AT,:,, ~ 1 U (6.18)
Q ‘‘ I Ii”

‘~his equusut/oms Imsus beetsmused ho estimsummle lhsc tcmnpcrmuonrcmupprcummcIn ‘cur the“immiprcmvem)
iscmthermumsminusmuhe
Ins figurci 6.28thesmutiettcnsspcimmmtunrewhich is cmmleulsu em) usinmgthebela/lcdunmudel is conuspareb
lv (he valune. sec ‘ u the“/nnpmuvebismuthenusmil nudude “ (esliunateclfroun equnsu(ions6 18) for lIne
MCI C cell.
• Ii tine cell v ulhinge ‘s am’ccl, (LI cmmlculmmtcdvalueof (he muuthc(tenspens mure inn hebeta/led

mumocici vs n/ess(mcmnsgem(hans pm bieteclby eqnatiumu (6. I8). i/v/dcstly. hechamsgeins A’l~ sO
(Inc mmutlet is nuol prmmport’mmnnsnl ho tine mmvemsmgelemuupcmmmore cl/iicmcimscclie weeunelectrmuhyteminim)
cathsducle. 1 his sugreeswith lime chaugeinscurrentden s/ly dishihuntion which wasesmlculsut d
(l’/gure 6.9) whichis hanger hmmunu mmvcrmmgemul lime (muntlel. Nunelheless,(hueassunmptionmis
e(umms/dem’mhlymmmc aecun‘mile (hatslime ‘mssunmuup iunu ii mu cuusstmmnlIctuspe‘mmlsnre usedits the
prey/dims sceticums.

• lithe fuel un(/l/smn(/cmnsis y~ni ‘d, Ii cv,uhunc cml (hecuuflc (cnuspersmmmmc caeuhatebwills equ’mhion
(6.18)cdimrespduuuds hetlvrwith (Fe vahmue irmunn time detsm/lebusuodel.

Inu figure 6.28 theefiect/ve cuupcmmmturciwin/eli is calculatedf/mr Ihsebe mu/led nncudcl ‘s mu scm
dO nparebto (he lenmuperahureused imu Ihe iun immuved iscmthemnnsulmuncubel, ecmlculmmlvd its/tug
equsml/cums (6 16). 1 he f’gmure shduwsIhmul ins emmchcase(bulbs if (he cell vollmmg ‘ mmuscl (he [much
uu(/hismmtionm chmmnmg ‘s) (he mend is predictedcorrectly.
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TI CI

700 I

670 I

mmml len lenmnpersmlunrc esunhnmude gsms

660 effective scummhmemcmhurc
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isulluemusumul mennnlmcrsml nnrd

(1,74 0,76 0,78 (1.8

mmunthe( icnmmpcn’mmlsnmc emntisodegmis

effectivemennm1mcmmmummmc

ismuthsemumumnl ienmspermmtsnrc

0.75 0,8 0.85

t’sncl sntih/,ssmuiumnn I I

Figmurc’ 6.2/3: 1/nc ouuils’i tcumnps rsuiuurc nuscs/ itt tine s/ctcu/lec/ ( ) cuns/ isai/uet-uacml (--) mac/mi cumnd/
effect/n’s’ temmu/icrcntnm m’s’ cumnc/ / s’oths’rmmnsml tcutnpcrsmtnure for i/nc MCFC -er cut off d/c,s igmn

‘I lie ‘eievsunstccmnmmpmmniscmnsis time ecmnmspmunisuuncmi thepoweresmlesulsuteclins/tug the dcl’n/lednsucmbcl
mmmsm) wilin power emmlcunlmmtech unsinug the isdulhscmmmumml usumubel mmmci cumrespousbinug isuhhscmtiimml nuncudels.
Thesemesmults mmmci couumpmmrcb ins figure 6.29fur theextemnsmmlrefummmumnigMCI’C minim) ins h’/gsnre6.30
f/un Useexhemnusmi refurussinug SQl C.
‘l’LIe grsnphss show thusml I or (hue MCFC exhemnmmi refmunnuminug cell the ressnits(millie insspruvcdtummidel
cmumrespmmusd verywell 1mm those(millie heomiled ,usdmbel.Bmm~hIhsecsulcals’tionsrnsuunhssit m)imu’urcnsh
vmmhuncs ol tIme cdl vu,uhlmmge mmmd mmt dif’f’creull vsulumcs n.ui time fund utihismut/oms ecunreshmunmb hmcllcr wills
the cictmm/leci nsuodel thmunm the Imnevictuns esmhemmlsmt/omssus/tug eunuslmutit teusspcrsnlumres(ligumme 6.26).
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P IkWI nnusmss ilmuw esnhhmmudle 1kg/sI

lund untihissutions I I

I7gumrc 6.2 9: (‘ounpcnr/somu of ~ucrforrncmmnc’cc’culc’nmlcutcs/ mm/tin tins’ deicuileci ( I cntnc/ tins’ ionpt-on’cc/
i,sathcrruncul (--) taos/cl f/it- the IcR MC’L’C ,stsuck at off cis’sigmn c’omnd/itiomnu

‘blue smmnuseis (rue f/mm (hecxtcmnmmml rel/mmnninsgSQI’C. However, f/mr the SQ1’( (hue il/fl/i ‘etude
imetweens tIme iumspmumvcd munucl the bela/lcd ussudel is hmmrgem thaus ion theMCI’C. i:vidcntiy the
inufluemseecii the teusmpermnlmmreminim) emunmemutbeussilydistnibmut/ummu is Imurger inn I seemusemuf lIme SQ C.
A possibleexphmuusmut/munu f/mr thedif’feremseehet~eensthe cmmlcuulmutimmnn results f/un both typesmu f/mel
cells is (lie luigisem mmvcrmmgci eummrenst beumsily ins the SQI’C.
Beesimusetime emmnnespmmnsbensccf/un lmuuth typesis euumsidermmhlyhcittem hhsmnn(hehmms/c isuthmemnussml
umucubel its (me previumums scchionm, (he csmlcumismtiuuus icur hue cxtcmmmai ref/umnninug lunch cells ins the
sysleusscmulcunlmntidmmss LIsuve hccnn carried ciul us/tug tine inmsprcmveb ismmlhuemnnsui nuscudel, i.e. unsinig
equatidmnu (6.16) 1dm emmhcuimmle the ismmthscmnssmmi tennpcrahure mind (6. 18) to esmlemulmute (he lensup ‘rmutmnme
mmpprommclm.
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fignui’e 6.30: Ccnnpcurisomn of the pcrforumncumnc’c cals’nm/cutcs/ unit/n i/n ‘ cls’icu/lec/ ( ) cmnc/ tins
icmnpron’cs/ /s’ot/uct-rnai (- ) taos/cl f/il tine ER 501’ C stcmc’i, cut off cit-sign c’ocnd/it/omn

6,6.4C wuparisonu I tine iso her nnal annd t edc.ta’hedurodebfor mIen’ mal refo n mug

‘~heisothemnss’mlunmubel h/in inslemussulref ummusinug is hmmscd mum thesissunmiphots (hum I line nefcmm u/n g
remmehicunu much/eveseqmm/hihriunn rmupibhy muesmu (hue munucude mulch. Ccunuscqsncmsflylime nobel first
emmhcumhsmtcs flue ‘quiiihmnim nus fur therefcmmnrmug memmcticmus munich smuhscm~uncinstlythechenmu/emmismunci
electruieheumsicalmeaclicmussm me csueuialedmuldumug Ihe ad(uvccell smnea(Section6,2~2).‘l’his
apprummuchis basedmmun thehow cunrreushbenusityin thefirst pantol theluci cell, due1cm ILIc Icuw
tenmper’m(m~re/~sthis meg/mini cmi ti’e cell. Pigmures 6 31 siam) 6.32sh’cmo thse calcunlmntit-mnt “esul~s‘/ir
both the detailed nnmumbcl minim) Ibid isothemuussmhnumobel immr the inlemnmah mef/ununimug MC’I C minim) he
inm(ernu~nh rcb/urtsi/tmg SQFCmespeelively.

400

300

4

(Pt-

166



P IkWI nmmass ikuss emnhumude 1kg/sI

400

‘~1

300

200

(Pt-~

bOO

0 1)
0.725 0.75 0,775 0.8

cell vumltsmge IV I

P 1kW I nnnmmss ilmuw esmUsmuile1kg/s I

P

300 ~‘“~““ 3

200

bOO
(P

() I)
(1.7 0.75 0,8 0.85

lund sntilissntiduniI I

fignure 6.31: (ornpcmt-isomn of tine perf/irnucumnc c c’culc’uulcutccl smith the ds’icuiles/ ( ) curnc/
isctins’rmm.ucml ( ) unosls’lf/ir tine imntcrmncul ref/iron/ag MCI”C’at off clc.siga c’smmnslitimm,n,s

Csnlc’ulats’cl pouu’cr P
Ins huth csmsesthe p~mwemcmmlculmmtcb with lime /scmlhemnssmmlnusdudelcomrcspmmnudsmesit ‘kmmhly well
with thedelmmilcd nnmubch.‘~heslsum(iusg—pdmints f/mm (he csmhculmuhimmmsof the MCI C mushSQl C mine
verybifierenut. 1 Inc MCFC cmmseis csmlcuhmuhebwitis stcmunsslnsntmnmmmigmms mis mmnoile gmus. while lime
SQFC is emmiculmuteb assunus/nuga high aummade ofi-gmms recycle which ressultsin mm melalively li/gin
hnycirmugen eonseemslrmmh/mmnsal (hemulct mmmd mm low fitch mutih/smuhumnu per psuss.‘him/s ‘nufluenees lb c
prmucess its he mild tone in pmurhicunlmum, which is lhe louse /ti which (he /sdmlhsdmmusmil nuscubel, whuicin
mmssumcssequneust/mulrehuumnsimig mmmd dledlmduelucumsicmml remmd(idmnm, differs slmnngby from (hue ,lcmm,/heb
unscudel, ins which lucuth readtioums (uecunr sinsultanedmunsly. Numne the less,(hc resmullsmu the
isothcnnmal umsunbel eoumsparcwell with time /sothemmuummh nssuubel, both icmr the MCI1C (figure (m.3 I)
sunub ion (hue SQE’C calcuhatimmuss (figure 6.32).
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Fignmrs’ 6.32: (oonpcurisomn of tine p rfornncnmncs c’alc’uulais’s/ um’it/u tins’ dctcuils’ci ( ) cnmus/

isoi/nermncml ( ) mode/f/it- the imntcruncul ref/irunimng SO1’C cut off s/cs/gin c’ounc/it/cen,s

C’sulc’tmlcutcd c’cuiinoslc flovu’ çq
‘~henusaimsb/if’cmcnuecluetweens(he detsuiledmmmd lIme /scmthmcmnussnln noclel I/mr (hue muterumml ref/u nuuinsg
fuel ccli is (he valuecmi huemnu’uss flow mu I me emuthumbegmms which is cmuleunlmmtcd.Ins the/smmlbncnunmmh
nmscubeh tine (mullet lcnsspcnmmtmuremu time cmmthcucle gmus is emumnst,ums sit cuff—des/gun eumubitiunus Hdmwevcn.
time oh’i designsesmheulmmt/omss ins Sectionu6.5 slnmuw tinsit lIme mmutld( lensupemmuhu ‘c emulcunlmmtecl wills the
beomiled mmsodel chmunsges ecunmsidemmmhly.As mm resmmlh, time smumsmumn it mu caUsumbegmms redlui ‘cm) f/un emmch
kW cuf heal which hsmis ho he reumumuved immmnsm the cell is mat emmiculateb correctly. Figures6.31
munch 6.32shcuws that cathodegasfluiw cmmhcumlmmtcd wills ILIc ismuthnemmusal nuscubel differs
sigmsifiesmnsfly mcmii vsmlue emulcunisuted with (lie belmmiled nncmcleh, hoUs for chummmsginsg vmnhum s mm~ time
cell voltmmge mus imur time bificrenut ymnlumes of Ibuc fund umhihismmticmnu.
Its the SQI’C thereis sunnothuenremmsouswhy thevmmlue mu (hue cmmthmdmdegmms f ow esmiesulsled wills U c
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iso(inemnmssmlnuxubelbillers irmumus time vmmlume emmlcumlmutem)its thebeta/ledtmmdim)el. In the betsu/hed
musmubel,(he 1-1,/Co rsmtio mit (he ummutlel cmmmrespumnmbs to tIne shift equmih/brimummu sut the uullet
lenmspermmhmnmc.Its theisdutisermusmulmodel,culunmhihniutmssis belemnnimmedl mm the /suithemussmnl
hennpenmu(unrc.Ins musosh emmses.this will munuly hmmmvc tumor imnpmud( oms time hcmmt halmuncecuf the cell,
heemmunse(ml the Icuw comucenstmmmt/munsH, mmmsd CQ mml themuuflel. Huuwever,time SQFCcmulculsmtionss
mmmc bmmseonu mm Icuw fuel mulil/salkmmn musm) mm high aumumbemuff—gmms recycle,which leabslv nmmuchs
luigher eonmcemutrmm(/onssmit tIme (umnfldh. Ccumssequueustiy(hedifienenut H,/CQ rmmtimm ins the cmmse cmi hue
ius(emmsmmhreicmmtusimsgSQFClemubs ho mu bifierenscehetweenshmmth unmubels with respectho (he
esulcunlatculcmmtlnodegsms Ilcuw, evemsmit bcsignseunmb/t/ons(figure 6.32).

6.6.5 Improvedisothermalmodelfor time internalreformingfuel cell

Evidlenlby ins thecmmscof the inshemnmmlreimirmus/tug cell, Ihe biffereuseebetweenthe isuuthermmmlmumub
the beta/led ussobelis nsol hue (mm bifierenscesins (hecalemulatedpoweras for the extcrmual
reionmsu/ngcells:theesulculmutedvmmhuucis fmmm (hepower cummrespmnbmumuchbetterthann (he
emmlculaheb vmmlmues of (Inc umnass flow (ml thecathodegas.Thenefumne,time issue is to imnpmovethe
isumthemnnal incmbei fdmr Ihe imihemnal reiuurmsniusg cell by imprcuvingtheestinnate[cur tIne umuthet
(eunperature.

~r Jf ~ calluomic

reforming ~~elec(rochemic~,

L read/on L reaction,,J smummumic

T bC]
nnnsmxinumuunu lensmpermntunre

Figure 6,33: Schemacut/c rcpre.s’emntcut/omn of the tetapercutnure profile oft/nc c’athc c/c gsm~s itt am

i,uicrasml ref/it-rn/ag fims’l c’s,/l

ime mmullct tenmuperalmurdis beterun/nmedby thetwum inemmt fldmws ins (hefuel cell (Sectioum5.4). ‘lIme
eathcudcgas flows inn cmuunmstcm-f’imuw with tine mmndudegas. [‘imsl the(ennpemmmtunmeol the esmthmmbc gmms
inucmcsmsesdue to thehcmn which is gemsermmtedins flue ehcicnuuchenssiemmhremuehions.As theemuhisodie
gasapprdmmnchesIhe cathmmdeumuthet, lime gasis cuxuledbumwms by (heref/urnmuiusgreact/dunn,‘1 his
processis shownsehennusmlieahiy in figure 6.33. ‘~LIe caUummhcumufle tenmupermmtureins the
sinnpl/i/ed processwill depend cuts tinerahio betweentime hmemul which is required f/mr time
reformn/msgrdmud(/uumn (Q,) andtine healgemmeratechins (Inc elcelrduchenmu/ealreact/dims (Qt-f wiu’eI is
denotedby a:
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in 5 edhuusmh(mu icro, usmu eommhimsg umeesumsnmcsmr the csmthubci gmms ouuflcit, ii Ihe vmmhuuc cmi mm.
smpprcirschesunmihy, theountlch (enuspemsnhurcis equmul him the mulct temmnper’utunrc(its thesimsup il/em)
nssudel). ‘ ‘u cshimusmn(e(he (enmupenmmlumc mmpprusmchm,thefollow/mug cqumsnhiumshmms hecis mused:

ATm u’ AT,~n~)

w mere mugmu’ 5 (huesmnpemscripl‘u’ imuhiemules(mc ymmiucs sit besigmuco sditicunms.
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I”/gure 6.34: Cani/ucur/.soa of tins’ oumtlet ternpcratumrs’ s’cmlc’u/atccl itt time dc/cu//ed rmnoslel cumuc/ the
est/rnaic.s ccnlc’nmlcutcc/ un’iu’h diff/reai cquuatiomn (A, B and C)f/ir tine IR-MC’I’C cmi off
sled/gin
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his smppruaeh(figmure 6.34,emurveA) comnespumunclswell wills the ouflet euunpermmnmre calcunimmled
wihiu (lie chetmmilchmnohchii lime fitch unlihismm(/mmms is vmunied. Hm,uweyer,if (he vmulunedii (hecell
voltsmgc chm usges,Ihe calculated ymmIues biller subshmmn(immlly. A better result is much/eyed if its Ihe
denuonuuinsmuor ins equnmmtionm(6.19) nsml thehemut its (Fechcc(nmiehenusicmmhremmeticums,hut (he umet hesmh
(Q, Q ) is unsed,i.e.:

— , (6.20)
Q Q,

minim):

A’l ,, AT,::,, ~) (B)un (1”

Its tim/s emuse (figure 6.34, emurve B) , (hedifferensceins emmlculmuteblenmupemalmnrehetweenuthe
behmmiled minim) theismithsemnusmulnuscubelis smiusthlerfmum vmmnyimsg cell srml(muge.However, inn parhiculmur
for how mmli ismul/omscummycB hey/alesshrummsghyiromum thelennpera(uresmphsmommdimcalcunhahedhwith
thebetmmilednnnodcl.
‘~lieesUnnatef/mr thedumnUet tempena(uurcemits he insiprmivem) luy iuscluncbinmgthe luch utiiissntimumu. ‘~his
does not /mmfluenccthe est/nnmmlesul varying cell voltmugc (= eummmsomnt ut/h/sal/dunn) which is
ssutisfaelvry, hut emits /nnprmuve thelsmrge dey/atimmussit ln.uw fuel u(iI/smu(iomm. The improved
es(/ma(eassutsiesthetemsipemalurdappmmachis propmmrticunsmulhum (herahiducmi thefuel muh/hisal/cunu
(Ui) minim) the fuel ut/l/ssmtiomm sit des/guscdmnndi(noums(U”~):

ATan,n, Al::,~,(~)(~) (C)
f1 U~

All previumuscorned/mums nuns AT,,1, mu Tt-1 werehsmscd (in mmun~ulysismuf (Inc e’uicmnlah’umuressullscii
thebeta/ledmusobel. he correct/cm (C) is s’nnply f/mumnd by filling time resultsmif theiscmthemnssai
nssuuclcl 1cm thenesulls cmi thedelmuiled ussode . ilcuweve’, hceamnscithe isuithnemnumalnnobcls[mum both
Ihe SOEC mind MCIC innprmivc iuy smsimsg(he eonmchat/otis,theyhavebeetsusedins thesys num
ealcunlalicumss. Mmmdci C LIsms beets seledhedheemuuseit givesmemusmunableresmults f/mr hcmlls typescm
fuel cells (althumughmmcml shmuwnhere,hue(he ‘e is mm bificremseclessthanu2K difierenucehetweens
Ihe modelsfun theSQFC).‘~he(enumperatunmed/llcrenmceimetweens(hue num(mbelsis highueshIon the
MCFC nmumdcih allow fuel umtilis’u(/ummu.
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I’igumrc 6.35: Comapmur/.somn of i/me p0cm’ ‘r cmmns/ nncu,s,s fiomm of tine c’cutinacls’ gcu.s c’cnlc’umlcntes/ uu’it/m i/ne

clctcmilec/ smmnsi the /uapron’cci /sotineroncul imuoc/el ((‘)f/ir tine IR-MC PC’ ,stcuc k cut off
c/c m/gmn c’cmrnditism,n s

The cmnhesnlsm immus mesul s /ur lIme ‘n upruved/scutlsemnsmsmlnmmudeh unsinsgequnmmhidmnu (C) sure sin mw s ins
figunres6.35(MCI C) minim) 6.36(SQI’C). Themesuulhsf/mr U e/nsspmmuveclnnnmmdelccmmrespcsnudwell
to hhe (lelsmiled unodel ott al hsnh wu pmm/nuts. I lie ymmhume cmi the nusmmssficuw mi Ihe emmUsudegmms
emmhculsuted wills the/sohhsemnsuahumsumbel hum line SQl C is slmumelummuhlyhuwer lhsmmmm the vmuiuue
cmmlcubatcbw5th tmna m)ctmmiiecl n~1(udel.‘h’huis, mus wsms inscicatecteamlet-, is di c to dil’f/crenu,
tcnmuperahmmnesused(cm ealcumlsutcidthe shutmemmehimiumequnilibmimunmuat themuutlet.
Furthmemnn(ume,I/mr the MCI C. theh/mum/led mmccumrmueyumf (hue csitnmummticmnscmi the(cimumpenal nrc
mmpproaehins ILIc isuuthmenumsmultuimidel mit Imuw fitch u(/hissmt/uunm,hemuds(cm chifierenml vstimuc mni hhn
cmmthodcgmus flmuw ins hcmlh nusoclels.
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DISCUSSIONII
m~UEL CELL MODELtm

A I dinunemnsimunmsmlnunmudel 1cm time lund cell ‘s devclmmped/ns Chapter4. ‘1 he nmucmchcl emmiesnlmulesthe
esnmrennthemsihy (distn/huliuns)alunug tIme f/tel cell. Ii tIne cunmmensldistnihunt’ums is knuowun, all tither
rclevmunut ‘clee~/csuh’psmmmmnumetcrs(e.g.pumwengenmenmutedby lime isuel cell) cmun he simssply
csuleulsu(ed.Qthemplseuuduumnemsmmwhmicin sire imsehumbed/nu Ihe nssuciclsire(hecsmheulmuitcuuu(if imci’ut
Irmu usferits thehsamdwsmncsmumb irumnuu Usecells lssurdwmmmeto lime pmmueessfldmw minim) emnhemuhmmtimunsof lime
rmmlc mu (hecinenusiemmlmemuel/unusuceunninug/nm Ihsefuel cell. By innlrouhue/usgmemme(iomn cumcurbiussm(es
f/mr (lie (dlechnmm—)dhudnuu/esmhremmelicunus,(he eummnpmsil./umnuemmnn hebescnihedins/tugcunly .1 vanimmhles
(/.e. Ihsenun sherof meactimmusucemumninugins time loch cell). I he teuuupenmmhuneins mm ermuss sect/cutsis
ctctemnn/nucclbuy threelenuupersmluunes:(lie henmmpdrmmluresof time pnumeessflmws (smuncucle mind emuthcude
umsns) minim) (lie tennpermmlunrecmi (lie hssmmhwmmneins lIme crossseclumnu,‘~hethrecpmnrmunumdtensitnily
chmmunmmehenisethe‘sImile’ /ns mm crossscidlncuns. ‘h’Ime imnhl cunsecuslrmml/uumsminim) tenuspermulvrcimmuf’iles mmmc
caicumlsihedhy tIme nncmdcl. ‘h’hse nudist ‘ sspumlmunuhumnlpu I panmmnuuehersf/mr thesyslensuemmlculmmitons ins
pan’t III mune time euunmmpcmsilicmnssmmmd hemuspermuhunessit tIne cumutlel muf thefuel cell (cathmcuchcimunud
munsocle).

Its Cimapten 5 theddlm.miled fuel cell nnodelhevelcuped/n Usepmevicmusehmmpler LIsts beetsusedto
cmuleulmuteseyermml lumel cell emmumiigursn(immunsmmmud hypes:MCFC mmmd SQ1:C,cmi— minim) comnumlem flmuw,
exhennsalmmnsd ‘ utemmumul ref/ummn/msg.‘~lie (ulmjee(ive/5 (cm suuidershsmumhwLI/cbn c’hmmurmmctcn’slid
pmmmmmnnmehenshmsmye mu imuge imsiluenmee(it5 the fuel cell pcniumnssmmnucc.‘I his knmdmwicidgeemmun hue susecl

mu sinusplify Usef’uucl cell umumudel 1cm systemsuemmicsl~ticunus nms Chapter6. Spee/fiemnhlytwo
esscintimml Immlrmunssd(crsmire /dcnut/ficclwls/ci cinmummmctemiscthe hcnsspcrsmlunecI/shnihuticumu/ns tine f’unch
cell.
• the (enuspcrmmlumremmppnn.mmmdhmm
• theeffective teusspcrmmlsume.
I hue hemnpermmtureappmosueluis duedif’icincuuce hcilw ‘cnn (lie nmummx’nsssnss (enmspcrmmtume / i (he fund e 1
(which is mm I’ixecI vmmlsme) minim) he usutlet(enmupermulume (if tIne emmthmmibc flow. Beesmunscitine f/tel cc I
is cooledluy tIme emulhmudeflow, lime umntlcil tcmnpcirsu(unrcof lIme esm(inodefimuw detemnuminucisisuw
ussunchshemul emunu he ncnuuuuvedI muunsu (hue I/mel cell. ‘ lie cmmleuulmmlionms shumuw hhsmmh, iism nummmxiussmnnsi
tenmspermm(umeis miss unned f/mn the hummrdwmmne, hue musntlel (enmspcimmm(snmcclepeunchscuts Ilmi operalinug
dhusummuelen/sCes(e.g. fund unt’h/smm(/(mum, cell v(ml(sige) Fcmn eu-flowcixtemnummi refunusuiumgfuel cell Is’s
lcnnpemmn(uurebiil’cmenmceis cunhy snsssmll (5—10 K). ‘mum /nulc ‘nual refcumnsninmuifund cells suumbcuu I
flow eummuf/gumathmunsUse hctmupcmmmtunrcmmpprmummeimhceunmnesusmunclu Isurger(e.g.SO K). Bcesnuuscthe
vsmhumeof thetensup‘rsoumcmmpprmuaehbepenubscmi ns suny lmuelums (e.g.eunrenutcienusity d/sln/hul’(mu,
luemut trmmmssfer,luel uut/hismmhiuus),this /s situ insspdmmtmuumhpsmmmmnmse(er1cm eunusiderins the simnuphifieci
numcmhch
I’hse perf/umn ssunuccof lie f ‘1 c ‘11 inmupruveswill tcnuspermmlsnnci.‘lie cell rcsishsmnsechceum es

ussunchlowcir mut higherbe mnpermnlunncis.Bunt the cmmleulsmliunnsmuiscu showllumut thepemf/mmnuusnnsecml Is
‘eli/s not c sm’mmelemisedhmy (hue Iciuuuhmensmhunreprofile ins ‘Is ‘ii. ‘he inslermmc icuns hetweenutime

(etuspcrmm(uredish/luunt,iumm munb(nuusu/nmly)lime H conuecnnlmmm(icmnsis shuwus(0 betemnn/nc(he

imcimfummnsnmmmmec.If thecunncems(rmmlium hsydmogeu is hugh its thecold pmurl cmi time cell, the
penicmmmmmnuccof (huecell w/hi he lower thmmnu if tine h/gIn con ecnnlmmut/cmussemu/nucidewilLI his I iglu
tcumnpermmture(evenIbncmugh (Inc mmvemmmgc ymuhuneof H, connecnmlrmmliumsminim) lenump ‘rmu(mure nnmny he (hue
smmnue in hulls cases).‘I’um qumushify the cued munu themuvemsmgecell mes/slannee/ns lime cell, tIme
cued/yetenupenatureis / mtrdubuced.Rehmm(ivcl~snmmmmhh el smusgesins lime cff’ectivc lennpcmsnlnrc
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tmcnve cm cumttsnuenat)ndenncctummu tune mmmcm cent permummnmmamsec.u neennecuvetenmupenawneus sncmwnsmum
hci higher ins the coumuter flow (LIann inn (hue co—ilow comufigunmmt/onus. [‘unthscnmummunc imstemnssmh
refcumnss/ng imnel cellshave mm higher cued/yetcnnpermmtummc (limits extemnusml rd/mum/tug luel cells.
I’LIe (ennnpermm(urc appnmaach mind (heeffective(cnmmpermm(urc mire cisseustimml parmnnumdhers heesmumsehmuthn
LImuve a imurge immnpmmd( mm (he systenmu cmmlcuulmmliomms. ‘I’hsc tciusmpermmtune aphurcumuch belemmus/nucs hsumw
ununchmum is mieebcd 1mm eduol (hecell stack. ‘~heehfeelivehenumpermutmure is a muiemusume 1mm the
perfcmrmusanscecmi the luch cell stsmek.

Its Chapter6 as/mnpl/i/edmsmcmbei of (hefuel cdl is bevelumpedf/mr huesyslenmu emnleunlmmliomss.‘l’hse
nnains s/tsspl/ficmutimmus its Ihsemuuumm)el is that (he pr~ucessesits huefuel cell (elect‘michemusiemml sumub
cheusiicmml memucUcmns)arccaleunlatcibat mm cousstmmnnltemsmpcrsmtmure.‘l’herefmre(hesiusuplified nm’uucheh
(cur /sothscmnmsmmlnnumbeI~,dimesnumu requ/m’c i(ermmm./vcpmueebumcislv smulve fur misc Ietuspcrmulurcmmmd
curremul beussilyb/shr/huutimuns.
Thenmmiims rcidhun/remmnentf/mr time s/mnphiiiedmmmdcl is thaI it pred/ets(he hchmmviomr at miff des/gui
cdmmmdhil/(umms, i.e. at otherecmusb/l/ommsthans(huehcs/gumpcu/msl. Ins thu/s sliuby theof’i design
ecmmsdihiuumssecumusiderebmire vmury/nsgvaluesuf tIne cell vmmlhmmgc (i.e.part—Icumich cmuuditiummms)minim)
vmuryinmg vahmucsof theimnel utilissitiomu, mis thesemire thenudist imsupor(mmns(pmmnmmnssetemsins Ihe syslensu
stub/es(partIII). The beta’Iebfund cell uncudel is mused (cm preb/dIIhe penimumnumanscesut designs
commbiticunms.Sunhscqucntlythesinsuph/fiebnsuodch(or cuff-designsnusumbel)shucummlulpredictthe
hehmavicuunrsit mmll—des/gnsccmnb/hmunsstart/tugirmum Ihe penluumnusatmeespcicificcl Ion (lie des/gus
ccunbitimmnms.In (mdmer wombs,the fuel cell nisodelextmmupmmlatesfruumus thedesignpmmiush.
Using time betmuihebmmscum)eh, (heperfmmmnmuance(ii ILIc fund cell al differenul (ufi—desigmu e u uuhificmuss
~bmbferennvmmhucs cmi ce’l vmmhmage mind fuem mntilismmuiunn~is shudhiedl. l’he nusmuinscumnlpuntvmuimuh’cs
whicharecumnusibemedare(lie cilectnicmml pmuwem(mulpunh muf (he lund cell mmmsd theummmmss flow
cuxibammt,beesm se thesepmummmnne(ersshrummugly cletemnu/unetine systeussef’i/cieusey(as w/il he siucuwus
/mm part III).
‘I he msmnalysis cmf U ebelmuileb uumcmdcl un Chapter5 shcmwccl Iwcm Icnnpcrsmturesins lIne h/tel cell
mmmobel 1cm he erh’csnhpsmramumeters:thetcnssluersm(mnncahuproachmmmd Ihe ch’fectivetenmspcirsmhsmrc.II us
showmsthatumsings/nmsple ecummelal/omusfor theselenisperatumes,basedmini the physical
phemsumnusenmsmins Unecell, (LIc perfcmmnmmammeepredictedwills thes/mmsphiiicidcuff—designunusmudel,
cdurresp(mnmdhswell with (hepcnfmmmnssmunsccpmcb/clebits/mug (hedetailednummubel.
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INTRODUCTION III
SYSTEMS ANALYSIS

ie o ijective o this thcsisis o ideo ify aodcl~rfy the mcchaois,is which dctetmit ethe
efficM, cy of high tempcratorefoci cell systems.As iodicat~diii he io ro uctiot th choic
hasheeomadeto aoalysea limited oomherof coofigoratiois o dctail iostc d of covcriog a
wdc angcof apphcatoos superficially. fhc eforcthc scopcof thesy ~oiscalcolati os has
h m hmited to o sc specific‘mppic’ Dot 7 hc followiog sta og poiots w ~rc5 iccta for his
systcmio Chapte 1:

I MW electricalpower;
conh’nedheatsod power(CHP);
heatexporedas processsteam(180 C/ID hrr);
na~oralgasfuelled.

1 wo h’gh-teripe‘ator fuel cell systeri yp aar ii dysed: h SO T at h MChC syst ‘tim
I he ohjectiveis ot aocx eosivesearchOr th optimu ii configoratiot : lie ioi s to improve
onderstamdiog of hefactorswhic i arerclevaot ‘or theefficicocyof the sysem. I herefore
eoofigonfooshave iot heer selectedfor aoalysisprimarilyhec’toseof thehghefficcocy.
i i Chapter7 two hasecasesystemsaredis ‘ossed: n SOI’C systeoiaid aoMC X systeii.

Thecalci latedco rgy effic’enci s a id iergy flows o thesystemat d i ito andout of tO’
systemareevalo’ted Suhseqcotly ftc xergy loss iti h syse r areC ‘scussed.‘‘ c cx ‘rgy
analysisnakesuseof the ‘netlio of dis ‘oguisl ig different ypesof exergy oss s t d
graphicalmetf ds devel)pcdio part I: ExergyA ialysis ‘. To caleulac Ce xergy osses i

i fo ccli s ack, thedetailedn idels for heext ‘rt al ref iro g SOl C t e~andtf ‘xter i’ I
‘efor Tog MCEC s ackdcv opedii ri’ rt “Fuel ‘II Mod Iliog” ‘tie used.
In Chapter8 severalSO! C c ofigo‘at o is area ‘ilyse I or the systeme’ 1 i latioos helu ‘1
cell is modelled hog thesimp Ted iod developed partII The anlysis in C iapte 1
demoostrat‘s ftc impmt’ nec of loss s as esol if he’ t tra sfe’. irs lie i if t nc’ of si ie
acathoderecyc oo theSOECsysteti as ‘ methodof ‘educ’og Ii a i 000 of heat 1 ich is
rans‘e ‘re ir theaim preheaer is evaluatedaodcoo pare to he ha e ci se SO ‘C sys ni i
Chapter7. Suhsecoem ly thec f’ctiv’t ess f pressum‘fog thesyst ii o educeh ‘at rat slbr
lossesis discossedaod tI einilt. enceof h fu 1 oti i, a ioti is aialysed
An elTec ive wayto reduceth ateountof heat r isferredit h systeI is t use i it ni
meformiig. A refer nec mt rm I refositing syscii is disc ss ‘d aod ‘tcai tI ei ill ‘ic’ of the
pressur’o i theperfotm’ oce f fe syst‘mm an thelossesii 0 esysten is ev’ik te ‘it, lly
thean ou of pre ‘efo mnim g which i shownto in luenceslie p ‘r ‘ortn’mncc C f th pr ssur’s d
systen cotisider’thly is i ivestigrted5 ‘parately.
Chape 9 discussesFe resul s of h ‘ calculi ions to anooh ao MC ‘C systsm s. g’s’t the
starting point is theIa geexergy osses‘is aresultof heattr’ ns hr tti th hasecas terial
rcform’ng systen. I irst a aotherof optionsto de ‘reasethis loss hy mtic ‘c’tsi ig tI en t pow ‘r
generatedhy theexpander nd comnp‘essomcot i rit tion (C CC) r’ re’ iewed.S ‘ye’, w’iys o
i icrer sitig the massflows throughtheexp’ tider ar cot sid red: prehettit g the at ste’ i

injectior andthe tscof a direct atiodegasrecycle.Suhs qu ntly theit fluenc’ of I ‘ ircssur’
on theefficienciesandlossesis atialysed.bor theMCI’C sys ‘Ms ~i erna rel’ortning is an

attractiveOf tion aswell. Ar i iternalrefornnngcooligurattotisof tO’ systetnt i ‘‘‘lor’

analysed s well. F inally theinfluenc’ of thefuel utilisatioi oti theinternal ref ai ‘ ig MC ‘C’
systen ‘s ‘valuated.
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CHAPTER7
ANALYSIS OFSOFCAND MCFC

BASE CASE SYSTEMS

7A INTRODUCTION

l’he useof fuel cells is ccumss/dercdfur a widersummgeof mupphiemut/munuswimmehs cl/lien ins scale,imu
typecuf finch which is used,etc. ‘l’mm cumsublecletmm/led ansalysis(heehmuiceLIsus beetsmmssuclc (cm linus/I
mmmsalysislv d)tid sinmglepmmwer output. As statedin the/nstmumdunctions,(hefocuscuf (h/s thesisis cuts
I MW~nuaturalgasfuelled (‘Hitm syslenns.‘ hechum/cc for muatural gmus mis mm luel its (Imese
ealcumlmut/cunsis hmmsedons ILIc cuumssiclemmm(/mnmlhmml (he first syslenssmire operatingcm nmnhurmul gsus
hecaunse/1 reqmuimestim/n/usualgmms elemuns-up.Theselcel/onsof cunmmh/nuedheatamid pmuwer(CHP)
mis apphieatiomsion theunit is mm huugiemulcumussequenmeemuf (hemelmulivdly sunmmhh scale(if thesyshetsu
compsmrcm)to cenmulisebpmuwcr sys(emns.Theheatwhichcan he unmubemuvailableins thehighs
(cummpera(urefuel cell sysleunsis su iteb icur /usdunstnimulCHP apphicaticun.‘ heealcunhationsare
therefcmrebasedcuts LIea productioninn theicumns muf itstentsseb/atepressure(10 ham) steminsi. In this
chapterIwo referencecoufigunmat/cmmussireansalysed:time hmusccaseSOEC systenrmminim) tic base
esuseMCFC systemss.in themnex chmmplersseveralcoumi/guraliumumsicur eachtype uf fuel cell will
heemumpareel(SOECccmnligumalionsits Chnapter8, MC1”C ins Chapter9).

In Section7,2 (lie generalstartingpo/n(sIbm the systemealeulal/dunsare
discussed.I’ur hulls theSOFCandtheMCFC basecasesystemstheflow
sheetamid themain calculationsresulhsure presentebin Section7~3.Its
Section7~4theexergylossesin both systemsareanalysed.This analysis
is basedon theclassificationsof exergylossesacemurdingto the
nethmdologydevelopedin partI. Basedon this analysis,two typesof

exergylossesareemunsiderem)its nsumrebeta/I. InsSection7~5Useexergy
lossesas aresultof heattransferarediscussed.Thelossesin time fuel co yersicmmsstepsare
[~gfu(ebin Sectioun7,6

7~2STARTING POiNTSFORT I m. SYSTEMCALCULATIONS

7,2~1Generalstarting poinuts

heconmposi(ionmsandcmumsdit’cu us mi (heprcmeessf’lmiws insto mind mmu umf (he sysem whichLImuve
heensusedits theemuhcuiatiomssaresunnntmsamisebin tmmhle 7.1. 1 mum the exergymmnsmhys/sthe
eunvircmnnnemprmupuusebby IBsuehm, 19781hasbeenselected(seeSect’on2,5).This
cnv/rmunnmembefiumilimmus is basedumnu atm envirmunmeul(emperatunre(if 25 C. BecausetIne
tenusperatmurewisich is usedimur mull gmusses(unalvnmml gsms,aim) whicin siresu pph/cbtmm thesysteus
(unaturalgas,muir) is 15 (‘, theenmyiu’onmmcintbefits/I/mimi 1/mr Ihe exergycaiculat/cunhmus beets
cumrmeetebfor this ternpera(m~r~’IMctmjcm, 19931.Theresultingcn,vSr~up~n~~sI bci’inutiumus is sti m,v

ins Imuble 7.1 [cur nsmutmnmmmlgastheImmhle shmuws(hedonnpuisi(iOn mf Dunteh Slmmeinterenugas. ‘i’Iue
nmmmtunrahgasminim) air cuunnposilimumnsarc tine stanndmmrdccuusmposihiumnsusedin CYCLL-’I’EMPO.
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Ia/ito .1: I)efimnntuonof momnpo.mition Gum! standardmo,ndilion,s of the eunn’irolnuunejnt and of the
proce,s.sflou’,s to tine mm’s lean 0mmd in tine ,sv,stenn c’~n1c’uIotioin

~ceusvircunsnuseust
I/suet/minusI - I

mu/n
gmms slvmmnuu
uurmmlprucesscmnsbcnssmmeeumulinsg

wsmlcr
N,
0,
H,()
Ar
CD,
CH5
C,H~,
C~H5
CiHnu
Cstln,

c~m~Lia~____~__.

76.78
20.fm0

1.68
0.91
0.03

77.29
20.75

1.1)1
t).92
0.03

14.32
0.01

(1.89
81.29
2.87
0.38
0.15

0.04
0.05

100 100 100

pressunnelhmmrl

temperatureI”Cl

1.013

15.0

1.01_I

15.0

5.0 I 10

~j~)H80

hO

25

1.013

- 12.0

7.2,2 Imuput datafor thefinch cell

Ins pam’t II lunchccli unmobelsweredevelopedimum useins the syshenuncaheuhmntiummss.Dm51 mm cletmmilcd
mcmcleiis desclumped. ‘l’mm sims~phifythecmu1cuhmutioussems isumttncmnnsmimncudcl is used 1mm t0c
ofi—des/gnscmmleunhmmlicmuss.Cmunnpsmringtheresultscmi (he bela/lcdamid simusplifiechnnmudehshoweda
the resultscmi (he iscmlhcimnusmmluncuclel emurmespumnudmemusmumuablywell to (he u’esullsmu (heclehaihed
mumbel. Ii twum nmimnn /sothemnmnmmleffedls arc includedimu (he ismuthemuummmhnumodel, theprediched
vmnluesccmmncspcmnmchverywell with (he dcm/led musmudel,Useis umimide of emurrelmulicunsf/un (he
effective lcusspemmmhmnneminim) theuuflet tenmipermutureicmr Usefuel cell stmmek. [cur (he emmlcumlmmtimunmsins
this ehmmplvm thechesuilednssmudcl is used (mu siumsulmmtc theperf/umnusamseemit des/guseumnditiuns(e.g.
thecell vmmhtmugc) mis well ms gennenmmte(Inc ncieessmuryvalunesfmmr thepsummunnehersins (lie /scmthcmussmmh
mmnodel. ‘l’huc /scuUucmunsmmlnuscudel is usedimmn cuff-design eaheunbmmt/mmussin Chapters8 mmusb 9. The
mmsaims inspunt pamsmuunetcims1mm the de(mmiled luel cell muscubel suregivenu ins lmmhle 7.2.

7,2.3 Imnonmt
c,m,

t
afar ‘~

t
bencompmte.mt,

Heat exclnanger,s
lAin mm isemut exehusmusgemins nummusl cmi (hue sysleuncalculmmhiunssemitn/cd out fcm’ this study,cunuc cm nnore
mu Use imn minim) oullel tenmnpcrsmlurcsmitsuI Ihe prcssummedmmupsfur (lie prmmecssfimuws arc spec’lied.
Specifyimmg tine tennpemmmluresgensenmullydctemnninses(hedm/vinsglvnnpemmmtmumebifferenuecicur hncmmt
Iranusier.A imurge chmivinng teunspermulumneb/if’cinenscc hetweensthe pmueessflows will lemud to ~m
emmmnpmuetminim) how emusl hc’m exehanugemdesigns,luut will smlsci headto lang ‘m (excirgy)losses.Ii U
is the smvenmmgciisemut tranusfemcmmeiiicieusl(W/mus’ K), A’I tine Icugamithumnieteunperalunreb/lie ‘emmec
smusm) A time ciff’cictivci aresmmuf mm hsemul ‘xchsmmusgcm.thu ‘ hemu whicin is trmmuusien’medins the heat
exehanugeremits heemulcumlmutedfrumuns:

Q UAA’l~

[cur mm givens hemmt cluny Q, /mscnemnsimsgA’l’, will neduneetine requn/medmmmcmi. 0mm Ihe(mImer man d.
incremusingline hemut cxchnmmmsgermmcmi eunmululesthe tranuslem ul Q mit mm lower (bogmmr’tunis/c)
temperalured/f’icrenmce.‘Flue pressunreImussesins mm huemul exehsumugerdepenum)slrmummgly uns Us des/gnu
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ills ‘ healexclummnmgcm:h/un mu widermmnsge mu spccif’icd vmuisues mf (lie pressunredrop. s hemut
exc’lsanngeremits he designued.Aeeurcliusgtim mu Cii( study oum SO (‘ systenuss‘mmnuy pressureImuss is
mutlmminusmhle mm mm cmmsl’ I Dicks, 19901.A s inscresusecmi Ume smilcuwsublepressuredncmp ous lime oIlmen
Issumud lemuds lxi sums ‘nuc’resmsecmi Use hscisut tmmumusierecielficienitsmuusd tisercicure ho mu unsurecunsupsich
luesnt exehangemdesigns.Ins thenmuenstiuus‘d studythepressureclrcup wsus I/mmnnmd (mm he iuropurhicmnmmui
rmmmughsby mu 1/A1 whereA ‘s tIne heatexehianige’mmmcmi.
‘I lie umumust cemunmonumielcinuipemmnhutredilienenneeminim) pn’cssume drmmp bepenmdsmini nuunsseu’uususf’mmehors of
win/eLI nsusmusyesmum unsly lie quamntiiied ‘ 5mm lsuter s mmgc mu designs.I or Ihe syslenu emmiculsutiunusinn
thu/s shunclyf/un (hue ussinsiunsultcnmupersmtnrc difiemenuecvsulues mi 100 K ho 200K 1cm gmus/gsus1 emil
exehsmusgersmmmd mu 25 K lensupermluredifferensecfmmm gmus/fluicl hemut xehsunmgersarc mused.
depend/tugcuts UseIcunpermulunclevel type uf p ‘cueciss flow, etc. l’mur gasflumws pressurelosses
hetw‘en 0,52/ mmnuci 2’4 oh lIme inulcil pressummeismuve heenuspec/i/edion t e hemu exehmmungers,again
dcipcnsdingcuts the tensupermIi me leve, healditty, timed/a, etc [mum i’quid - ows (waler)higher
pressuredrumps (‘ 5’’) mmmc usedheeaunsccif (hensmunehlu~em emmmnp‘ess/cunpumwcr requuiredf/in
thesef’kmw . is hle7. 1 g’vcs sun c ‘ew mu 1 beisusni ‘ p01 cl’uta I/in Inca ‘xehmmmn gems minim)
mulhuercc usspcunuenlx inn hue systcnnealesnlmut/cuns.

Rotating equijuimneot
I or Use emmleu mut/cuns cmi hepeniomus’uuseemm ‘cmunnu uressum‘s aumd cuthermcmtatimsg cqunipmmseust.he
/senslrmmpice ‘f”e’cumey oh hue ccmnmuprcssmm’. hue ci cc ‘/esmi ci “cienscyof the nnotcu’ (‘f lie
ci musmprcssmmn is dn ivemu by mini ci ‘etr’cm 1 d ‘/vc) mmmd hi ci cmi sub/tiednuucclmanu/cmuleu/cenicy imur him LI
drive amid ecunnp‘esscmrarc muk ‘nu ‘nuhum muecoumnul. I lie euficienucycmi emits pressus is, oumee m gmmins.
the ‘esult mf’ sums ptinmunsmmtiunsmu tIme /nmvcslnuscuuhvs. ci ‘icienscy. Usecansfe us tube cmf ecunnehaii uss
fun cumumpncsscmrcif/ciensey us mm f’unse ‘u n mu si/c f/mm cxmmn plc IC mumlsmun I. As thesecmi relsu io s
sususuilycumnucetn cluemsicmmi mImi s s, wi/elm hsmmve m umuels lmmwer 1’ fe in ethsn5 ~dwer ~hannts,(he
eshiunsatedc ‘1 ic’cnneieswill he umu humw. 12/ntis ‘rumor’, hum tic 1 MW syshens n muddledis Us/s
wmurk, the v 1st s d ficuws arcrela ively s numull ‘u ci mu ‘e gcncrsmllyuulsde he validity mmm uge uf
,snehecirrelatimmuss.
l’un clarity ‘ n if/s lies’s mu fix 2/ vsu n if 752/ is usedion ic ‘senstrupiceil”eicnscicsb/mr hue
numaimu ro(mmh/mmgequiprenut. sm/n cmi uspr‘ssomsmunscl cxp mmd ‘mm. ‘hue effic/enmeymu cmli em ci u npmc.sm 5

mmmd punusupshsuveimeens estinsu’ted sh,url’ ng fi’imnms (h/s figure ansd lakinmg /nstcm smecounuldiihhncnnces
/ n flcmw, pressuremmmlios amid mmpenmmhinnglcinnper (mmmc). I Inc electricalminim) nu ccl an iemml ef’fic’cncy
of ccmnmsprcssmmmanmd drive hmmuvebeesdetermu/tied unsi ug m ecumm‘kulimuns Ime wees thedc ‘In/emil

~mmmwcrminim) thep ‘mubunetof nuscehmmnsicmmlminim) elcehnseale ‘hiciercy ICYCl~L,1(1(151.

Refbruner
I’or exteruummI m ‘fmmmnnin g ~ystenis tIn’ meicunusue’is mm eruncim1 ecummmponuc LI ‘cmii semu (lie Is’ eLI
degreemu in mgralimmmn of (hemelon mmcm with Us’ r ‘SI cii tIe systems.Mmms( innpmmmlm nmfly, line
ref/unmerins mu luch cell sys(cussusesssnsmbemuff-gas to pmmucluceIhseheatfcum tLI’ rcfmurm/nmg
remuct/on.A Imigh luesut flnux irunntheflute gmus to line refcumnusembedis mmeccssmumyfor mu conmupsuel
besigmuof thereimunusmer.‘1mm oh s ins mm h/gin flux mm high teunpermulume/ s (hue emmmuihuslur mit lime
mef’mumusseris redhun/red.lu’ the calemni’mI/cmnssmm nsuins/nnunmmlvnnpermm mmmc mi 1200 C ins (heref/mn s ‘m
is used.
Ansuther/uuspmmm(munuhpsmnsmumdencu uecmnn/umgUsefinch proecss’mugsubsystenusis lIme slvsmunn lv cmi ‘hum
mmm(imm cur S/C—mmmtimmof therefomnuscnieee (numutumsul gmms + slcsmmss).TheS/C—mmutio is thennunmshercmi
nunmmlesstemurntim lime nunnusherof nusculesemmmhumuminn thenmmmtummul gmms. ‘io emmunverlall hnybmmucmmrlmum inn
themuatunral gmms theS/C rsmhiu unmushhe mul least I . However,ins gensemaltheS/C rat/ui is
ecunusibermublyhighertim prevenutcarbonsclepmmsi(icunsinn tIme nef/umnumeranudin (hefuel cell. Bmmscb
unu the mmhsolu(c necessityto prevenslemunhomsbemumsihicu u, theS/Cratioswhich mire musedwill lie
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mu tlsemsunsgc inmmmss 2.5 to 4. Ins tIne cunneust wmumk situ S/C-msmlici oh 3 is used ho cletemnusi me time
requmimedslemumum f’hmiw b/in (hue nef/ummuser.

i/nh/c 7.2: Imnpnit parameler.s for the f/mel ce/i model
“~ ccli vmmltmmge V

clecü’iemml pmwcn P

cell resistmmusee2/ 925 C H

tcmtal cell amesm A
(al 1 .4 kW/nmu)

imsld( tenupersttutre ‘I’,

cmuUc( temmupermututre “~ T,,

fuel untilismmtimums U~

pressure loss Ap
12/ mu mulct pressunrel

.omulput lund cell nmummcel (partII)

11)42 kW0( / 1000kW.5~
0.750 cuss

700nus’

850 C

1(1(11) C

852/

mmnmmucle 5’

emmthobe 513

cumulpunt f/tel cell nsmmmbel (pan’t II)

eheetniemmipumwer P 1042 kWnx /11)00kW5~
cell resistmmusec0 650 C ~‘ R 1.0 0 cnuu

tumlsul cell mmmcmi A 750 tim’
(mut 1.25 kW/nsu’)

intel tenuspcrmmhune 3 600 C

muutlet tenmpematunre ~ 3,, 700 C

lunch sutilisalimums ~ U~ ~8O2/

pressureImuss Ap mmnscmde 513

I~cuf inlet pressumel cmuthmube 513[mum miii dcsignm ccunncliuiuunms themumntlct tcnuspcrmmumnme is enmlcstlmttcd (seepart 11)

hnsh’l unenmee mul ucnmuhmemsmusnre mnnuuh p5mmimnl prcsssnrcsmit mmii designi emunudiUminus tmuke n inutmu sucemnunnmm

is dctennnninucd ins lime MCI I systensu by lIme nnuuuinnmuon hesmting vahunc n’eihstired by thuc rcb’uunnuucr,

lab/c 7,3: il/fain iinput immnrameler,sfor someother (‘ompo,nent,s jun tine .ss’.s/euun alm’ndatiomn,s

isesul
exeusmmmuger

~
‘_equnnpnuuenmt

imnessunme

hidlu/d flmmw: ‘ 513 oh mild pressunre

nmu/nm. mnuupcimalummc dificrennec gsus/l/qun/d 25 K
~/edildbs~..2~~K

iscinulmcm~mieeiiicieuney 752/ ‘

unueehsmmnnnemmi + cilcetmncsml eomrchatncunm mis b uusetnonu muf ehcetmncmul
pmmwer

1)C/AC
emmumv

cif’ieicmscy 1 Be/smuts. l99~I 9613

mulct tcimnnpcrsntunre flume gmms

tcnsmpermmlure apprummmcun 50 K

S/C—msitium .1 mssole/numole

reicunusuen
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tuel

GCU

retormer
steam

wasteheat boiler

I”ignmre 7.1: I’roce.s.s flow diagrannfhr thebasec’a.seconfiguration erterna/ refdroning SOJ’C’
.s’ y,stern

air

65

tnuegas

134—

water
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7,3 BASE CASE SYSTEMS

7.11 Descriptiotuof tIneSOF( system

ise baseeaseSOl’C sysleussumpemalesmmh alnusmmsphsemiepressunme.clinsu’nusuhiusgtime uccil b/mr sins
expsm beu’/ccunsmpncssumnccmnnhimssutiuunn”m,‘I’lme prumeessf’kmw slimmgraumu is shmmw m ins f’igmnre 7.1. Nsmtmmmml
gsms is smupphiechhum the sysluimus(s(ncsunmsII) mmnsd prcisemmlvdto 400 C inn tine lund preuuemuter
(mupp. 13). Shemmmus ~ prcmdsnecclium time wsusleinemml him/icr (whh) mumud preluemuledIi 400“C inn lie
sunperisesuher(mmpp. 92). Inn the rcfcunmumer(smpp. 14) Ilse lunch munud shemmnusmmmc nns/x ‘d munud smmp~ilicid1cm
time refuimnumerbed.‘I he mefmm mused b’umel leaveshuenef/umnmucnsmh ‘u lcnuspcra(smrecmi 850 C. Atm
equilibm/munn tennpermutmuncumf Slit) C is mussumnusedcumrespmmusdiuug1dm siltismus emmniupleteemumuvemsiou
of the nmscthamse(>99”r).
1’LIe l’ucl ut/i/sat/cutsmu lime fund eel ‘s 852/. ‘I’hsencifmmre lime gmus sit (hemunucude mumutidh shi I ecmnu(mn’ is
mupproxinssately 152/ mu theH minim) CO sunppliebto tine munuode.Thue mmmummde muii—gsms heaves(hue
stmuck ‘ml 1011) I’ mmmcl is smmpphiedto (lie emmmhuslvm.
‘I hemuir (slrcimmnn 21 )whicuu enmlersthe systenunsml 15 ( is preimemuhed(0 851) C inn tisneea/n
preLIe~mIersminim) is smuppi/edto hue b/tel cc I. 3 lie specifiedmulct munscl cmuntleh (ensupcrmu(umcsnesmull ‘us
mu temuspermutumnediffemeusceoventIme emuflsmmbciside mu (heslumek cmi 151) K (1000-850 C). ‘I he unmuss
flmuw thruuughsthefinch cell is ealcmnhmmtedirumun (he ennergyhmmlsmumee muf (he luel cells. ‘l’lse
tcmumperalmurccuf theflute gasseswhich arc unsedlv supplyheat1dm (hereimumnncrnmsuusthe at leash
12(11) C. ‘l’hsc mnnsmcuunmtmu cuxygemsmu thecmmllmmmdeduff gmms is severmul (mimes hueammumusummtmequ’ned
(cm emmnmvem((heh’uei cumnuupmunnemIs (H , CD) in tIme aummmde miff gmus.Thcrcfcumc it /5 numh useccssmury(mm
supplymmli emmtlsoclecmii—gmus to (he eonnhsus(mmr‘mm Ilus liuus/ts thecmmuushusl/unu ennpcm’utsnmeby
dihutimsg the flute gsus.‘lum smelu/evethue redlu redtcnsupen’mm(uuremmcd ins Use cu uhuslemcunuly pa1 ml
(hemuir (stremmnn 121) ‘s used mu lIne eunnhustcun(mmpp. 41)minim) psurl (shreanmn28) is hypmmsscdto tue
Isigh (c’nmupcmsu(sun’esi/n pmdluemmher(smpp.25).
‘l’he flute gmms irmumus (he ecmumuhmuns(mmrsupplieshcmmt (mu (herefomumninugprmmccss.Ab’tem hue fu 1
preIse~uIerhise flute gsms ‘s nms/xedwills the hypmmsscdemulinudegmms whicun LI’ s lmccnu s scm) 1cm p ‘ehscmul
muir mu Inc Imiglu Ieuuupcnmm(su‘e suit pmehsemmtcm.Bulls flows Ismive mupproxiunsalelythesmmnssc
tcnumpcmutsurci (mm un/nm/mis/sctine exergyhcusscs.
After pmmssimsghhmuugluIlue nsediuunntenunhiemsuhunremuir preusemutem(mmpp. 24)(lie flute gsus is split into
mm slremsunlum tIme low he npermmtuurcmuir preisemutem(app 23) munmd mu shremmnuslv (lie wmustcIsesul ho’her.
In the eemmnsunsni/cir(mmpp. 62) and he evmmpormmumr (mmpp. 65) smmhummsmledsheanmicuf iSO C is
prmmdmnced.Psurlof him/s 51cm nus is e’mmu tue mmcd mis processstemmunuminim) is delivered(cu tIme stemunusnmel
(app. 100).‘l’huc largerpant (smppmuxmnmsalcily3/4) is superheatedhum 400 C (app.92) and
sunpplicid(cm lime mel/u ‘unnen sus mefumnunemstemmuss,

7.3.2 ( alcmmlatio m esunltsfor tI e SOF( systenm

3 lie flmmw shed/tugpmogmmn mm Cycle ‘I cunspuhmmus h ‘cmi unsedlxi calcumlaheflue nu smss mm ud e
flumws h/un Ilse SOl C emmnsiignn‘5 lions is f/gun 7. .Tmuhle 7.4 mu numnnumurisestine enuergyins- ci b
omntputsmunud ef’ficienmeies.‘l’lse AC power gensemmmledby lIme lund cell in tIme cixtennusmirefmmmnss’nsg
SOl’C sysmeumuis spec/f/cm) 1(7)0 kW) sumud nine cletmnihecn f’uel cell ssmmbelLImus beetsusccm mmm
emulemulmuhe(hue cell vcu (muge. I’umr his’ emuleunimmt’unboth hid (mitsuI cell muremu(700nmn’) minim) 11 c cc 1
resistmunsee(0.75 ulsusmcuss’) hmmvc heenuspecified(seetmmhhe7.2). ‘1 LIe specifiedmmmeaeumneshiumunds

ins Chapter8 mime ebhcetmu hmn’csssnmi/snnimmn mnh lIne 801 (‘ sysmcnmuwill hue anmalyscul.

186



tim mm power cleussily is echunmul lv 1 .49 kW/nss’. Us/mug theseimuput bmmlsm (lid ccli vcmllmmge emulculmuled
wills time dctmm/led nusobel is eqummh to (1.677 vu I sit a emumremul bemusityof 2198 A/mis’.

Taluk 7,4: (‘a/cnmlatedernerl’vfloun’sandeffIm’iencie,mf/mrtime basecase8OP’C s’v.mtcnn

nmunsutucmsrcicn (cm ihuc mmpparamunsins misc flmmwsimeet (iigum’c 7.1)

‘I he grosselectr’cahefficiency is icmr (he fund cell systenmuis dcifimucd as therat/ui heween the

~ummwergeneratedins (he fund ccli sufen cmumsversiomsirmunn DC Imul AC pmuwcrandtheenucirgy
supplied1cm (hesyslemuswith thefind (nsalunrmul gsus):

Ad’ (7.1)
~ ~ LHV5~5

[mum theSOl (‘ hsuseemmseline imuwer heat/tugvmulmme of hefinch smupplieblv (hesysl~enuis
equ/vmulenlto 1884.4kW amid thegrumssdleclnicsuiefl’icicmney equals53.11~/(table7.4). ‘l’cu
calculsute(lie et electricalefficiency (lie mmuxiln’ my puwcrhsis to he lak’ m /nuto accmmumn(mis
well:

P P P
Ad ‘ “ (7.2)

05, l~hIVsc. up51. I .HV5~.

Ins ILIe SOl C systenn‘umuxihiamy ~mcuweris emunusuuuuednna’msly ins (he mm/n euminpncsscmr(ahup.22)mund
thci flue gasemmnnsprcssom(app. 33). he (mitsui emulculmutedsuuxihiarypowerequsmis(uu(als
150.8 kW, ‘I’he netelcetniemulefficiemseyasmu mesult is signnifieantly Imuwer, nuamnely45.1 2/.
Buth cleetriemulpmmwcr andheatarepnn.mciueebby lIne fun ‘I cell syslennu.I h/s is (sukenno mm
muecountmm (hebefits/limits mi thetotal efficiency:

tin,,, ~~111 (7,3)
tmP5~5LHV5~,

‘I Inc Immtmmi ef’f/cienseyis esisumul(0 52.62/, / mbiemnhimsgILIm (themm ssuuunmtmu I emit producedin the fuel
cdt syseunis 1/mn/leo. Lvenm nucumugh ‘us 1°cI’ucl cc1l ~mm’meeIh’mmt’ 900 ‘N mu hesut i~ gea‘ma~eoimu
(he electrocheumuemulremuctiimmns,(Inc hemut whicin is deliveredby lime systeussinn the iummnuu mu Ill i’m
processs(eannis oumly 140.1 kW. ‘ihis cmurmcspmunsdsho 7.5 13’ of theenergy‘n thefuel inslmut.

eumsspmmnncmstnumunsue uso.

inspuml (cm systcmn

grmusspmmwer

muux. pmmwer
cmmmmsmumnptionu

iucil supply

iuel cell

cumergy flmmw
1 kWI

flue gasemunumprcissmmn

icedpumnp

Imulmmis
I kWI

1884.4

1000.1)

II

33

61

64

22

2/ cmi
imiput

100.0

53.1

ciremuhalimumspunuip

mn/n ecumuspressumm

lxm(mul mmuxihismry

usd1 power

47.3

(1.4

0.8

102.4

deliveredImemul

(olmul

slemunumnuet 1(11)

150.8

849.2

140.5

989.7

8.0

45.1

7.5

52.6
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I. ).~)mm ‘sc “ PttOtl ou tne tvis_1’ e. systenm

‘I lie 11mw sheeth/mr time MCI ‘C systemusis shcuwmm ins f’igurc 7.2. Themupermut/nmgpressurefor Ilme
h’uei cell f/mm tim/s cmuleuuhmuhimmmsis 4 hmmr. Nmmtumrmul gmms is mussunnused(mu lie muvsmilsuhle sit (he systeumu
mild mul suuh’f’/eicmu( imnessumne(5 ham). ‘line h/mel is Imnelseatedi1cm 400 C ins theI mmcl preheater
(5mph. 5 I ) mumud is usixedwills slesunsu,The munulmur slesnusu10 cmmmhcmms rat/mu (S/C-rsmt/ci)is setho 3

I nuummle/nmsmmleI which is negmundedlu/glu eusmumughsto prevemulearhmmnsdeposmnonuins therd/music’ mmmd
the h’sneh cell. I Inc rel/umnuserins hid simnumulmutions is mepreseumledby threecoumupousenuts:ime
neicumnusisg ‘esuelor (mmpp.12), (hue emmnsshumstmrmumud lime muir prehemuler(mmpp. 83). Ins (lie mel/nmnuu/nug
resmelmur (mmpp. 12) thenusetismunsesmusbhigherhydrocmurhcuussreactwith stesmnnn 1mm CO mumud IL. ‘I he
eunmmlumms/tsmunsmmf (hid pmudunc gmms (i.e.meiummussebnmmulinmah gmus) mit theoutlet mu lime nef/urmer is
emuis’smhmmmebby mmssuumniusgsuns equihihmiumnl.emnpermuflnrc1mm tIne reiunmnnsimsgremueliumunequsml (mm 800
C. Beemmusemu theisigherpressunreat wlsicis lime reimmmnuscirumpenatescumnusparedto lIme meicrensee

SOi’C syslenmu.time nuuethmunneemmnmvemsicmmsis humwer (972/). Pmurh of thuc hcmmt which is prcsems(‘mm
lisci gassit the cixil mu thereimmmnms/msgbed(where(hue tcmsspermuhumre5 eclumul tcm 850 C’) is
mecmmvenedwhIm/us thci reforusser(imun mm beseniptionuof therelomnusemnnummdeI seeAppendix 3). As
mu resmult mu thehemml cxcuumumsgewill/ms (he reiummnncr,lInemum (let lvnuspcrmutumeoh tIne prumduct gmms is
fnumnnIhe refcmmmmicris 600 C . ‘I’isis cumreslmuunmbs(cm (heinmlet Ieusspermu(umrcfor thefuel ceO stmnck.
‘I’LIe fund cell (mmlmp. I) delivers 11)1)1) kW AC puwer ((ak/tuginto aecummunhmu DC/AC couvershuns
efliciemseyof 9(47). ‘12/ such/evesmuflicicush(lie mcqmuincd cummsshunstimmnmleunperalummeins thci
rcuuummmsem(1200 C). hue LIciatinsg vmmlume muf (he mmnsmubc muff—gas unsuslhehighs cmsmuugim.Theheal/mug
vmulmmeulepcnsbscuts thue fund sulihismuhimumu:mus (he f’uuel umlilisahicumscmi time fuel cell inucremuses(he
eummscensermuhicmnuII mnnmd CO inn themmummmbe umif’-mtam bcenenusesminim) mm ‘umwcn Imemmumug vmnluc resumims.

Iuerefmumetime v’mluuc muf line b/mel umlih/satimuns is esmleunlmutemltcu satisfylIne necun/red (etsipermlime ni
tine neicumumuen.

~ f/ne ima,secaseMCf’( ,sm’, tenn — —

ccmnnuimmmmsenmlnsmumsse nsmm. cmmemgyihcmw lulsuis 2/- cmi
IkWI [kWI innput

inmpumt (mu h’ucil smnpply Ii I 96fm. 3 11)11.1)
sysbcinsi

gmcmss pcmwem lunchcell I 1000.0

m’omunnressmmn 22 350.4

expsmnsber 32 299.2

nuel Cl~C 32 22 51.2

105h.~ 51.5
smuts. pmmwer smnmmube gmms nec, 33 13.9
cummsummsmptimmmu emumnupressur

heedpunnsup 61 ().4

ciresulmutiumu punnu m 64 (1.2

cunmub. m in edmnuspnessum 82 4.4

csuths. gmms mcci. emit up ‘essur 11)1 97.3

Imulmul susnxih/mun’y ‘ 116.1 5i)

nudh power 935.1 47.6

delivered huemut slesunsummcl 11)1) 154.8 77)

tmmhsul 1089.8 55Cm
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UI 1III clii Li,lnnl,ii,,’,~UI (cn~Yp. ~ n nil, cUt S ittt5l,U wnun

emutimmidegas.As mm ressnitof time 16 K henmupermmlunreinseremuseins (huerecyclehlmmw ‘r (mmpp. 1(11) line
teusup msulvremu ‘ml the usuflet umf thehlmmwcn is higher(mmmi (hue hemunpemmlure muf lime cmm(luobeoff
gsms(700 C). ‘1 he “recyclemmnt/mm” mx is bcib’/nuedmis lIme mmmliii huetweemshue recyclefimmw
(slmesm us 11)1) mumsb lime cmmtinmmdeuf’i gsus ihcuw (slncismnn31). FIne mu’ is psurtisnily pmehemmtcbby line
recycleflmw. ‘~lie recycle ‘at/cm is cmulcsmhmulcd lv ssmhisf’y huer ‘qu /m’ed ‘nuiel (enmupermuhunrefumm hue
‘such cell (600 ~.Imu theMC~C’ C’O, is meqmnimeclby the esitlumub’ nemuc(/mm s. 3hue C 0, is

pmmmviclcid 1cm time esmflsmubeby nmuix/nsg themm/n wills eumsuhmnsledmunmoulemuii-gmms.
Themm mmmdc muff gmms (shremunus5 I) exits (he imuel cell ‘ml 700 C amsd is firsh emmuled (mm mcmuumve w’mler
I runmu the gsus. Rcmnnuv/ngwmm(cn incunusIhe flow imsencases(lie lscmmt’msg vmuluuc cmi thue gasmmmi
unuakes /1 esusicimlv muebsievelime neuluniredemmnssbums(/mmn(cusupemmulunremu lime reimumnuier.As mu scecunud
mmm)vsm’m(age(his imuecemusesheCD, conscen’trmmtimm~’<if Ihe flume gm’s (slrcimunum45) whu/cI’ is mis/red
with theemulhmmdcgas.The healreleasedwhetslIme munucudemmff’-gsms is comuleci, is recovered‘ u (he
lund prehemulcir(mupp.5 1) munich lime smmummule gmms rcigemsermmlxur(supp.52) LIe m’enmnmm/usderof (hue hcmmt
wisicim humus hum hen’cnnoved,is lnmummsf’emneci1mm lime eomuhnsgwsmtcm its lue emmmml”m (mupp. 7 1) a mm) (hue
ussmmisftmresepsmrmulxmr (‘mpp. 72). ‘~heamsuoumustcmi wsmlcr wisich is scpsnrsuhcd,‘s emubeulsulebmy
mussumuninug(he partialpressunmemm ‘water 1cm ecmmrcspumnmclho ILIc mmut let lenmspemmmtsnrccmi Use
sepanmilcur.I cur this umumllel lemunpenatunreavalue of SO ( is mu’,ed, whie s ccmrrcspmumsbsto ‘m wsuhe
cmmnhcumtcmi hue smnnmmbemmf’i gmms snl the(mullet mu I 2.51<.
The mumucudegmms is ducum rehesmlebmind supplied1cm (he refmumnumemeuunnhustmm‘. I heecmmmshsnshiuunair
(slrcasnSi) is sepsuratechiroun Ihe mm/n fimuw after (Inc emmnsspressmmr. ‘he counshunslkuu sn/n ishmuwe’
(app. 82) herd/mecm uly serves(0 muverconuseflue pressummeimussesinn theemmmuihusImm anud
rcmmumn<1c1.. ‘I he cmmnnh<ns(’mm1nmuir is p~etmdmmem) cii ~00 C em lI’c euunsmhu’s/cun~s” uucehmeaem.
‘I hecicilh0dd muff 4aswhmichu is nucut recycled(slmemmun 32) is usedlv pmmmdumcepmmwcir ins II c flume
gsusexpmumdem (m pp. 32). 1 he flute gmus is subsesu ‘tidy sumpphed1mm tluc wmmsh n sit lomlen which
pnmmbuccsproc‘ss mte’mnss (if) ha’’ / SO C ) minim) s penIs‘mu em) mel/innse s(cmunsm(400 C).

7~3ACalcumlahimumu ‘esuils fi r tine MCI’ C sys em

Ins mmdcli /mm s cm Is’ 10 )O kW nd lund cell power / s is’ MCI C systcn I c r mmn d r mod tees
eleelmicsI pmmwen. ‘ lie Iculal pcmwerprmmduecclby lime expaudem 5 mcml mm pmmcmd nnemmsunc ho’ hue
/mscremsscmmf tIne syslenmupenicummssmnse”. lime 1mm ‘gesh pm ml mu lime cinsergywhich is muiu mt/tm ‘d ‘mm the
expmmnnderis u mccl by tIne emmnsspmcssur.‘l’isemelmmre tInecunmuhinsmmtimmnu uf mmmlii emuusupmmnnenslsis
trem’tcu mis m’ m~~sihs’n’d iu’demm1edas11 eexpmum1d”n/ccmsshmnes.~mmn‘mu’nhi’u’iciuim (CEC). ‘I he ~‘

dupermuhes‘us Ihue cmusshinsmmhkmmnmu emmnssprcssmmrminim) expmmmnder/ m ‘u gmms tunmh/nse. I’hci nmel us ty of him
CEC is eqummul lv (huecxpmunmberpowermms/nsus tIme cmmmsspnessmmrpower:

P P Ic’t i ~,

‘ftc grosselcclmic”ml eb’f/cicnseyI/u’ tine sysleus mipcmalimsg mul inigluer immessumeis hsnsed mm tIme
powerdeliveredby I mel ccl minim) (henmdl duty mu (heC C:

P P
0,. ‘< ~ (7.ih)

2/
N(, l~HV5~,

Its the hmmsc c’use MC l’C systeis (lie ‘xpsmnsderUsepnuwcr delivered by tIne cxpmmnmclemis qm al u
350.4 kW amudthepmmwem medIum/redby (lie mm/n ccumnpmcssmun299.2 kW Thecalculated set duly
fmur theCEChhcirdimmrecomrespomudstim 51.2kW. Bmmsedcun the immwenisemulimugvalume (l~IhV)the
etmergysupplied1mm Ihe syshensuwills time luci is cqunmmi 1mm 1966.1kW, result/tugits mm gnmmss
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efficici e ~f53.5ff (table7.5). ‘he netefficiencyfoi the pressurisedsystemis equalto:

) )

0 (7.2b)
~ LHV5~.

he auxiF~ry power in this case doesnot include theduty of thearcompressor.In thebase
~aseM( I C systemthe remainingpumpsandcompressorsin thesystemconsumeatotal of
16.1 kW. ‘he mai i auxiliary is the duty of thecathoderecycleblower(98.8 kW). The net

efficie icy of theMCFC systemequals47.6ff.
In the wasteheatboiler154.8 kW5 is deiveredto theprocesssteamnet. hetotal efficiency.
which is definedas the sri ri of thenet electrical iower andthe heatdivided by ftc fuel input.
enuals55.6ff.
Essentialdatawhich arecalculatedfor the fuel cell arethecell voltageandthe fuel and
oxidant u ilisation. For thesecalculationsof theAC power (1000kW) thecell resistance

I ohm cm’)andthecell area(750 cellsof 1 in ) arespecifieda id thecell vo tageis
calculatedusingthedetailedmodel(Chapter4). ‘l’be calculatedcell voltage is 720mV at
1750Aim’. Fhe valueof thefr el utilisation achievetherequiredreformerflue gasinlet
temperatureof I 200 C is 76.9ff
At thecathodeside the 0, andCO, utilisation aredeterminedby theoxidant how. In the fuel
cell 817 kW is convertedin to heat. o removethis heatfrom thecell at the 100K
temperaturedifferencebetweeninle andoutletof thecathode,6.7 kg/s oxidant is required:
approximately30 timesthe massflow fuel. The correspondinguflisations(perpassage)for
() andCO, arerespectixel~13.5ff arid41 7ff. ‘,h” low utilisa0onfor 0, showsthat the
massflow oxidant is determinedby theheatflow andnot by therequiredmolesof reactant
(i.e thestoichiometry)

7~4ENERGY AND EXERGY ANALYS S (M’ ‘I HE BASE CAS s SYSTEMS

7,4,1 Introduction

lithe previoussectioi the efficieiciesof the vo basecasesystemsv rrecalculated.In both
systems,the SOt C andtie MCI C system,theamountof energyin thefuel c invertedto
electricalpowercm espondsto lessthanhalf of the lowerheatingvalu (LHV) of the fue
suppliedto the sysiem(45,1 (/, nrl 47~7(4 r~spectively)andlessthan ,1)~/,of theenergyi~
recovered in the form of processsteamin thewasteheatboiler. To improve heelectricaland
thermalefficiencyof the systems,it is essentialto understandwI at factorslimit these
efficiencies.In thefollowing parag~aphsthe lossesin both basecasesystemswill he
analysedin detail.
ii table7.6 theenergyandexergyeffic~enciesaresummarised.Ihe exergyvalueof the

naturalgasis 4ff higherthan the I )wer heatingvalue(LIly). As aresul . all efficieicies
basedon theexemgyinput to thesystemwill be lower thanthecorrespondingenergy
efficiencies.‘I lie total exergeticefficiency of thebasecaseSOl’C systemequals45.8 0/. 11 e
largestdifferencebetweentheenergyandtheexergyefficiency lies ii lie valuefor the heat.
n terms of energyft is represents7.5 0/ of the fuel input andin terms(if exergytheheat

correspondsin 2.4 0/ of theexergyinpnt to he system.As a result thetomnl exergyefficie cy
is considerablylower thantheenergyefficiency (45.80/ vs. 52.5 0/ respectively).I or ftc
MCFC systemtable 7 6 showscomparableresults.
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lab/c 7.6: (a/cola/ed emmer,gvand esergvtiawsamid efticiencme.sjar theha (( a,seexternal
reformin/ SOI”C sestem(.me)amid MCIT’ mis/em(me)

~ergyLxergyi~miergyi~xergy

fuel supply 1 884.4 100.0 1954.2 100.0 1966.3 100.0 2039.0 100.0

grosspower 1000.0 53.1 1000.0 5 1.2 1051.2 53.5 1051 .2 5 1.6

actelectrical 849.2 45.1 829.1 43.5 935.1 47.6 935.1 45.9

generatedheat 14l).5 7.5 46.3

~l969.652.5875.445.8l~.855.6982.5

2.4 154.8 7.9 47.4 2.3

48.2

7~4~2Analysis of theenergyflows in tIme fuel cell systemn

For the calculationof theefficienciesonly theenergyflows overthe boundaryof time sys em
areconsidered:the fuel which is suppliedto thesystenm,theelectricityrequiredfor the
pumpsandcompressor.theelectricity which is generatedby the systemin thefuel cell and
by theexpamidcs,time steamwhich is producedby the system.etc. ia analysiswhichfcec)rs
limit theefficiency of the system.the energyflows occurringwithin the systemarerelevant
as well.

San/scmdiam,’ram jar time SO!’C’ vm’,stemn
I he calculatedenergyflows within theSOl (‘ systemare shown in figure 7.3 ii anemmergy
flow or Sankeydiagram.~llie energyflows arebasedon thehigherheatingvalue (HHV)tm’m.
As shownin the diagram.thefuel flow rep esents2088LW (HHV). ‘I lie energy0 the
syngasflow leavingthereformeris muchlarger(3321 LW) dueto the increaseiii the thermal
energyasa resultof time increaseimm temmmperaturefrom 21) to 800 C andto theincreaseof the
chenmicalenergyin thereformmmimig reaction.I urtlmermore substantialenergyis supplied 0 the

proec~~atheform of reformingsteam(458 LW). TIme ai whictmi is suppliedto thesyst’~’Ti
representsa small amountof energy . A largeamountof energyis suppliedto this process
flow astheair is preheatedfrom 20 to 800 C (4535LW). Theenergywhich is usedto heat
time air is sLmpplied to thus flow mainly by time hot cathodeofEgaswhich bypassesthe
comnbustor (4245 LW) andpart of the heat from the flue gasafter lie reformer.
Fuel amid air aresupplied to the fuel cell where1000LW of electricalpower(AC) is
geneated.~1aking into accounttheauxiliarypower of thesystem(171 LW) the ~esml ing net
electricity productiomm is oiily 829 LW.

if the gasphaseis consideredas the mcldreimcc state1/mr wster/smeammm, which is time casebr the
calcmmlathmn 01 time lower hcatimmg value(Li IV). energy immmmst be supplied to water in time liquid p~ase
imm order to achievetime standard ( /ero) slate. 1 lmemei/mmc liquid water will havea mmegative value of
time energy if time 1.1 IV is used.

time emmergy of time air flow is positive, evemm at cmivirommmmient conditions becauseit commtains water
vapour. ttsimmg time Ill IV as referemice. ilme condensationheatof time water vapour is takemm immto
accoummi
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~l~hieemmergy flow of time anodeofffgas (103 I LW) coimsistsof time timerimial emmergyamid time
chemiiical e mergy (400LW) of h flow. lbs flow is miffed with part of the cathodeoff gas
(1510LW). TIme total emmergy(i.e. t ermiial amid clmemmiical)is comivertedfri ly imito thermal
emiergy iii tIme comhtmstor (2541 LW). ~ihis hmemmt is (partly)rmsed in severalsteps.First heatis
sLmpplied to the rel~ormmier(775 LW). Srmhsequentlypartor theheatiii the flue ~as flow is rised
in the air preheaters(813).~Iime remmmainderof theheat (965 LW) is supplied to the wasteheat
boiler wimere the largest part (458 LW) of his heat is usedto produce time refhrmersteami amid
processsheammi(141 LW). lii’ fume gasamid thebypassedcathodeofffgasexit the systemmi
throrighi the flue gasstack,wherea suhstaimtiaipartof theenergysuppliedto time systemmi is
lost (1123hsW).
‘~hmeSammkeydiagramimillrmstratesaim immiporta it poimit for this systemmi: tIme extrcmiielylargeemergy
flows iii time systemmm. 1 lie emiergy suppliedto tIme fuel cell (tliermmial it id cheniical)with thi’
amiodeamid cathodeflow totals7847 LW. ~ibereforeommly 12.70/ of theemiergysuliphied to tIme
tmmel cell is comivertedimito electricalpower(0mm AC basis).Thesystemii evidemitly requr s
largeemmergyflows to herecycled.‘I he diagrammmshowstwo imiaimi recycleloops.

lie upperhoop rep esemitstheeimergy of tIme amiodegasamid partof thecathodegaswbmch is
usedmaimily to i icreimsetime emmergyof thefuel flow. ~ihe flow is usedto tramisférheatto time
reformer, to time air preheatersamid thewasteheatboilers.But although tIme largestpartof
the emiergy is recovered, the efficiemmey of heat recovery is low for theair preheater mtnd ii

wasteheat boiler.
flue largest emiergy recycleis the heat winch is supplied to the imicommiimmg fresh air by

cooling time cathodeofhgas bypass flow (streammm 28). Time emmergy which is used to pr ‘he’mt
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time air is mmiore thantwice theanioumntof emmergysumppliedtot thesysteniwith the lumel.
I lie largeemmergyrecycleis partly duneto thehigim temperatumre to which theoxidamit insist he
preheated,humt time niaimi caumseof tine largeamimoummit of heatmiecessaryto preheatthe oxidamit
lies in largeflow of air. 1mm the fund cell stack, mmot omily 1041 LW of electricalpower is
gemmeratedhut 912LW of heatis releasedas well, lime iur flow (5 Lg/s) requiredto remmiove
this heatat thegivemm temmmperaturediffereimceover the stack is approximnmmtely25 timimes the
mmiass flow fumel. Ibis resunhtsiii tmmi oxidamit umtihisatiommaslow as 13.50/, i.e. in miassflow air
nearly temm timiies higherthiammi requmiredonbasisof the () requnirenmemitsat time cathode.

688
aimodea/f gas

eo~mmsh~E moistureseparator

3288

2174 2220 ~
refornmer

refan/icr 47/
Steam/I

(Ii r

f/mmc gas wastehmeatholier
306 932

/551 ~/i
p/acess steam /mc/ ca//up/expander

1’ igmire 7.4: fain/scm diagram far the ‘sternal refdr/nitig MC’l’C’ si 1cm (me) basedan him’
higher /ieati/mg malo’: (energvfian’.s hi 4W)

Sari/scm’ diagram far tine MCPC’ .ss.steimu
lime correspondingdiagrammifor the MCI~Csystemmi is showni iii figum ~e7.4. In tIme MCI (
systemtime fumel suppliedto time systeirnhasa higherhmeatiimg value’ of 2174 LW andis usedto
produce935 LW of AC power iii thefuel cell, 51 LW iii theCl/C (conmipressor/expammder
combirnatiomi)amid 1 55 LW of processsteam.
Therearetwo mayordifferemmeeshetweem’mtime emmergyflow diagraimmsfor theSOb~C
(figumre 7.3) amid thr time MCI C systemim(figumre 7.4).The first is that the recycleof emmergyto
thecombunstoris munclm smaller.in theSOFt systeismtime em’nergyflow to theeomhumstor
consistsof both the(chemimical+ thermal)energyimm time antdeoff gins amid time cathode
off-gas. In theMCI ( systeismo ily the chemicalenergyof theanodeoff gins is umsed in the
commihumstor.~Ihe cathodeoff—gas is miot tmseshimn thecominhustor.Insteadfresimair is sumpphiedto
thecomhustorof the relornmer:Sumpplyimig cmnthodeoff—gasto thecomnhustorwould requirea
separintehugh temmiperatureblower for timis flow (hecaumsetheflume gins frommi this comhusto is
unseulto supply(‘0, to time huel cell. Fumrthermmmore,iii removimigwater fromu theanodeoff—gas
recycleis cooledto partially removewater vinpour fronn this flow. As aresult, it suhstmnmmtial
mnmoumitof thethiernmaiemiergy iii this flow is remmioved it5 well. Commsequentiy,the amoummit of
heatrecycledto thereformm’neris munch smaller.

recsmie hiammer
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lie secaiddifferemice is also dueto them’noistumreseparatorin time ammode ohf gasrecycle. imi
the 501( systemimmiearly all energywhich is lost, is removedfrommm the system m by time flume gins
stack.in ie MCI-’C’ systenmapproximately1/~of theemiergyis removedthrough the flue gas
stackamid 2/~is remmiovedby thecoolimmg waterin theamiodeof’f gasrecycle.
In both systemm’mshowever,time recycleflows mire largecomimparedto time emmergywhich is
produnced.Thehigh recycleof energyimm both systemimsis likely to cauiseof sigm’nificant losses.
Bunt the energyamialysisomily showstheemnergywhich is rejected fron’m thesystem: tm the
SOFCthWmumghm theflue gasstackandin theMCFC systemmmthroughmimoisture sepmuratorand
flume gins stack.How time recyclescontrihunteto theselossesis not evident.Onewayto mmsake
the lossesin thesysteismvisible, is thecalculationof theexergyflows amid losses.

7~4~3Exergylossesimm theconmpomments

l’]xergv la.s’.ses’ in theSOEC .s~‘.stem
Time cmnlcuhmmtedexergyefficiem’mcy of theSOl C systemii is 44.80/ (seetable7.6).Therefore
mmiore thai halfof the exergywhich is suppliedto thesystemmiwith thefuel is lost inn the
process.Table7 7 showstime lossesin themmnimi comnpommemitsof time systemmi in orderof
decreasinmgexergyloss.

lab/c 7.7. Calculated exergvla,s.s’e,s’ itm the campanentsof the external refhrming SO1”(

no. app. exergy no. mnpp. exergy
loss loss

(cantinmied)

23 mnir prebmemnter1 179.2 1-a DC/AC corverter 41.6

14 reformer 116.9 25 mnir pnheater3 4 .0

34 flue gasstack 104.0 22 ar comimpressor 30. 1

24 air preheater2 10 .2 13 fuel preheater 17.9

41 anodegascomimb. 100.3 62 econtmmiser(whh) 17,6

I fuel cell (SOl C) 95.5 33 fg commipressor 12.4

65 evaiorator (whmb) 66.8 92 superheater(whh) Ii .4

30 flue gasmixer 44.1) _______________________________

Ommly eommnpomiemits with exergylosses>lt) kW inc shmowmm in this table

Time total losses~qual1080 LW. ‘lime highestexergylossesoccur iii thefirst air prebmeater
(1 79.4kW), whichis 109/ of theexergyinpumt to the system.In themnext five componentsin
thetable theexergylossesarecotnparahle(eachcorrespondingto 5-60/ of time exergy mmput
to the systenmm).Thesecommmponemitsimmeludethethreecompommentsin wimicbm the fund is
converted: the fuel cell, thereform’neramid thecomhumstor.Comisiderablelossesalsooccurmm
several hemntexehamigersmind theflue gas stack

Exergy losses’in the MCI”C system
Thefumet which is sumppiiedto thebasecaseMLFC systemnrepresemmtsaim exergyflow equalto
2049 LW, ~iaking unto accoummtthenet power output of the systenm (934 LW) and the exergy
of theprOCeSSsteammm which is suppliedto the steammmet (47.1 LW), the total exergy lossesof
time systemthereforeequal 1068 LW. Table7.8 givesanoverviewof theminost imi’mportammt
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exergylossesimi the componentsof thesystemmn. 1mm time finch cell stmnck time exergyloss is I 11 .6
LW. winch correspomidsto 5.4 0/ of theexergysumpphiedto the system with the lund. ‘l~hmis
excludesthe exergyloss imm theDC/AC comiverterwhuicbm is equalto 41 .7 LW. ~Io evalummnte
svh’methertimis represemitsahiigbm exergyloss, it is necessaryto commverttheabsoluntevalumeof
exergylossto a relativevmnlume. ‘I Ins cmnmi lie dommeby commmpinrimmgtheexergyloss to time emmergy
comiversiomiprocessin whicim it mccunrs.l’or exmtmmmple, f/mr the conmmhunstormmd time fund cell,
wlmicim serveto comivertchemicalemiergy kilo anmthmerfhrmmn of emiergy, theammioumi of cbmemimicmnl
emiergycommvertedis thecomnparison.LikewiseI/mr heatcxchmnmmgimmg imppmnrmntumstIme trammsferreul
heatamid for rotmmting eqlmipmmiemittheelectricalpowercom’nsummeulor gemieratedis listed. In table
7.8 the exergylossesmnmid time figumme chmaracterisimmgtheenergyconversiommprocessis shown
for each step.

Table 7.8: Calculatedtatal esergs’la.ss’e.s andexergs’ la.s,se,sper tv/ic /0 tilt’ canmpanentsof
time base(‘a seesten/ma/refhrmitmg MC’L’C~system(me)

no. mmamne charmnctcristic energyflow exergyloss 0/ of exergy
pinrammieter [LW! LW! imnpuit

56 ‘mmmdc gims comrmhumstor chemrmicalemmergy 565.2 126.4 6.2

I fund cell chemnicmnlenergy 1858.0 ill .6 5.4

72 moistumreseparator trmmmnsferredhemnt 438.3 103.9 5.1

71 anodegmms cooler tramisferredhemnt 224.3 90.9 4.5

23 cath. gmns mmmixer 87.8 4.3

12 reformmier trmnmmsb’crredheat 98.9 8 I . 1 4.0

65 cvmnporator trmnnmsfevedhe it 417.5 69.0 3.4

22 cmnthm.air.compressom electricalpower 301.4 66.0 3.2

24 ammodegins miixer 58.2 2,6

32 expammsher electricalpower 35 1.7 47.4 2.3

5 regemnermmtor trmnmmsferredhemnt 299.8 36.8 8

it) I cmmtlm. emnscommipresso‘ electrica power 97. 1 14.6 0.7

92 superhemmier trmmmmsf’erredimemnt 73.3 13.9 0.7

51 fuel preheater tramnsferredheat 47.6 — 12.6 0.6

‘lime ehemmmicmnl emlergyis commvertedimmto hemnt atmd electricity imm the ftmel cell mnmmd imm the
commmhumstor.In the lund cell 1858LW of chemmmicaiemmergyis comivertedvs. 565LW mm tIme
comsmhumstor,which correspommdsto 77 0/ fund umtilisatiomm iii time f’umel cell timid 23 0/ of thel’uel
combunsted.Commipmnrimigtheexergyloss iii the fund cell (111.6LW) timid time commihumsior
(126.4 LW) slmows that time hittermire mmonctimehesshigherthiamm lie lossesin time fuel cell ‘i’imis
ilhumstratestheverycfficiemmt processin time lunch cell comi’mparedto comnhunstiomm.
‘I’he exergylossesmm themnnodegascooler timid time mi’moisture sepmnrmntor,which scmye tune miove
waterfm’ommn tine mnmmodegmns. achigh. I his is duneto the fact that themnmmiommmmt of imemnt wInch is
dissipmntedwith the coolimmgwater is very largeamid nmmorc immmportamitly of a tempermmtumreI ‘vel
comisiderablymnhoveemmvirommmmiemit temmipcrmntumre.(omisidermnhlelossesmnhso occunr wlmemm tl c f’resim
mm is mmmixcd with time recycledcmmthmode—of’fgins (87.8LW) timid mnmiode of’f’—gmns (5.1.6 LW) amd km
diemotatimmgequnpmmiemit,for exmnmmiple theexpamider(47.5 LW) timid time catimodemnir commmpr‘ssor
(66.4). Ahthmotmgbm the systemmmhasmn relativelys naIl mmummmherof imemnt exchangersmis mm resun of time
direct cathodegasrecycle,exergylossesiii limit exchammgersasfor exammiplethe uvinporator
(68.7 LW) timid the regemmerahor(37.4LW) mnre comisiderahie.
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7,4,4 )etailedexergyanalysisof the50Ff’ system

/ ,s erg: lasse S i/n 5ob,s s’she/ins
/ Ithounglm tables7.7 timid 7.8 contaimisnmiost of tIme relevammtdata(tuettnhie ommly showstime losses
>10kW) tIme imil’orntmatiomm is mmot veryetnsiiy accessible.Omie wayto inmmprove this is to grouptIme
commiponmemmtsimmto sumhsystemmis.I or thepumrposeof ammmmlysis thecxtenmmalref’ormimmg SOFCsystem
is split immto 6 subsystemmis:

In thefinch cond’tionimmgstep time nmtntumral guns is preheatedmm time fund pm’ehmetntcr,immixed with
stetimmi timid refOrmmied~
l’he mimost importmnmit step imm thel’unel commversiommttikespltncein time finch cell wheretheh—i, timid
CO reactciectrochem’nictniiy.gemmermntimm4bmetmt timid electricalpower:
‘I’hie remnaimmimigcommihiustihie commipomicmnts iii theamiodeoff gtms retict mm the combnmstor:
‘L’hme air preheatsumhsystemmicommtmumms time mor preheaterstimid time ‘nir compressor:
‘lime wasteheatboiler is thesumhsystemi’mwhich produncessteamnfromim lime heatiii theflue
gtmssesanid commsistsof severtil heatexchammgers.~ m mid asteami’ndrummm,
Fimially theflue gasstack is time partof time systcnmi where heflume gasflows frommm time wtnste
heatboiler timid theoxidammtpreheattire mmmixcd timid tramisportcdfmommi time systemimby time flume
guns compressor.

[‘9/mmre 7 5: C’alcolatede ergv las,sesclassifiedae’ ardiing ha the subs:stemfar tine ‘st ‘rnal
re/hrming S’Of’C’ .si.stem(se)

hi l’igumre 7.5 th exergylosseslor eachof timese sunbsystemmistre showim lie sysiemmmsan lie
cumnmsideredmis mm commihimntitiomm of 2 processsteps ! de(/root, 1993!:

In thefirst processstepthechiemmiicmnl emmergyof time f’umcl is comnvertedin to powertimid I eti
a seriesof (electro )chcmmmicmnlre’ndliom 5:

1mm the seconmdsystemmm,time heatiii the flume g’nssss is r coveredto irodince st ‘mmmi timid p eimemm
time imicomunimng air tnnmul fund flows,

0/sing figunre7.5 theexergylossesii thesetwo p‘ocessescam lie commmpmnred. lie lossesmm rst
processstep,the fuel conmversionprocessconsistimmgof the commihustor,time rel/mrmmicr mmmd tIn
lund cell, atnoummmt to approximnmntely ~of thetotmd losses,~I’hmercmntummimig 2 a of time loss s occun’
in the mmir preheatimigsystcmn.iii time wmnstehemit boiler mnmmd iii time flue gassttnck. Nemnrl) 40~( oh

commibunstor
I t)() LW (9,3(,/

mon lirehetmtcrs
4 7kW (38.70/)

refomm’ner
135 LW(la.5ff)

bud cell
147 LW (13.60/)

V

flume gmns stmnc
144 LW (13.30/)

,s as ‘ iiem’t ,)u)iier
136 LW(12.6ff)
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hi’ tossesoccuriii tIme air preheatimigsunhsystemmm.I his is clearly ‘eitited to the hmnrgemnmmmoumnt of
emiergywhichis recycledfrom thecmnthodeoff gmns to theimicomimig tnir wlmich is,,simsiwm mm
figunre7.3. I’hiis illustratestherehtmtivelyhugh efficiemicyof thechemn’nical timid electrochmenmictml
co versiommprocess.Whereiii the csmmivemmtkmmitml thmermmimnl powerpltumt tIm ‘ comiihunstiomiprocess
‘tself ‘s respomisihlefor comisidermilile exergylosses!Btmehr, 1978!. thee ergylossesiii time
tietumml commversioiiof chcniicmnl emmergyin thefume cell systenmismmre relmmtiv ‘hy low.

esergvjlanm’/kWJ

flue ‘as (I/nat/c + cat/iadea/f ga.s/, , exergyloss 1kW]
1310

reformer+ combustor 8/9
400 A +

pre heater fuel cell ~

electrical
fuel J 2534 ~ pavm’er

1q54 I~ I
102 air preheat J ‘ 17/ 829

135J “ _

383 446

417 24/2

wast’ heathoile’ 60 line gass aek
5’ ~-

refhr//men 3/

,stcam 120 135
processsteam 46

Figur” 7.6: Gra’ .sn,a,~tin r” engs’jia’~ diagra~tnjhr tin’ i,a.sr’ ‘a s, 504 C’ s’ ‘t am ~

TIme exerg: jlavm’s
Amiother wayof ‘epreseitim g lie evergyloss’sin thesystemm is by makimmmguseof time e ‘rgy
flow dimigram sonetimesindicmn ed tt5 the ‘Crassmnami’diagram.In his di’mgrtun, which is shmowmn
in figure 7.6 fOr time externalrefcnnmritmg501C systemmi,the exergyflows hetw‘en th-’
subsystemis of time systemmmarereprcsetmtedjust as theemiergy flows ‘mm the Stumkeyd’mngr inn, hi
the Sammkeydimngrani’mthe first Itiw of thermmdyranicsemisunresthtmt thecmmergyiii theflows to lie
sumhsystcmmmareequalto theenergyflows exitimig that sumhsyste‘mm. 1mm thecaseof exergyflows,
this is nottrue: asa resultof exergylossest mesutum of time exergyllows leavimmg thesubsystem
is snnmm her thmamm thesumnof theincomingfluiws. In theexcrgy flow diagramnthis loss is
represemitedby thedecreasingwdthm of thec.~ergyflows (represenmedby theblack~icijg~imisut
The exergylossescorrespondto theexergylossesof the sumhsystemmmsin figure 7.6 ‘lime form of
theexergyflow diagram is moresir lessthe sameas thtnt of time Sankeydiagrtimim. ‘I he fund
imiput amid theelectricalpoweroutpumt tnre tmpproximtitelythe smumnemm lioth diagramns.Bum there
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mire mm nnumnmihcrof differenmccs’m.h-or extunpie,the emiergywhich is recycledto time cmnthode
comn’espinmds the4245 LW (figunre7.3) while time exergyvtnhuneis 2432 LW, eventhough the
tenmmhiertmtnnre mit the imilet of time l’uel cell is very ingli (850 C). Theflows to amndfrom the waste
hem li il r ,nre cletmrly munch smmnallermm theexergyflow htmgrtimmm timmum inn the Smuikey diagrmmmmi.
1mm ernmmsof emmergyfOr cxmmmmmple,the sttmck lossestire 1123 LW, nmiore timmini half of theemiergy
imipLnt to the systenmn. 1mm tenmmisof exergythis loss is tinily 143 LW.

lie diagr’mnmmthis reforeclemnrly showsthmmmt the effort mm imicreasimigtheexergye‘ficienmeyof tIme
systenmmsI onmld mmot limcsms omm recoveringmmiorehie’mt from the llsme gmmsses,fsmr exmmmimpleby coolimmg
the flune gtms funrther. ‘Ihe mmmmnxinmiunmn (theoreticmnh)imicremnseof theexergyrecoverywhich cmiii lie
unchievedmm this wmmy is 86.1 LW, i.e. the thienmntdexergy(if the flue gasses(seetumble 7.i()).
Ammother dil’feremmcebetweenthe Smmnmkeytind time exergyflow diagrtntn is tlmmnt the exergyflow
d’tigrtmmmm tmlso visunahisesthelossesiii the recycles.it conmfirmmis thehtmL hetweem time hmnrge
(energy)recyclestimid lossesoccumrrinig iii thesystenmi.

[ti/i/c 7.9: C’alculatetl tatal e.ucrgs’ la.s se.s’ tl/nt/ exengs’la,s,sts tier t:/i ‘ i/I tilt’ (a/npa/netnt5 (if
~iitlst’(’tn.st’t’.s’ten/n(iirm’(in//mi/n’SOP(s’%’.stt’//7

nio. mmpp. tottnl hemmt trtmmisfer &ictiomm nixing cbmemnictml ehectnicmnl

23 tur pm’ehmemnter1 179.2 166.3 12.9

14 refornimer 116.9 71.6 5.4 14.3 25.6

34 flue gmns stm.nck 104.0 86.1 18.0

~4 air preheater2 101.2 85 8 5.4 -

41 ammodegasconmmli, 100.3 1.0 63.4 35.9 -

bach cell (S( h-C) 95.5 18.0 9.8 67.7

65 evtnporator(wI h) 66.8 60. 6.7 - - -

30 flue gtms nmn’xer 44.0 0. 43.9

1-a DC/AC-commverter 41.6 - 41.6

25 tur prebmeater3 41 0 34.6 6.4

22 tur compressor 30. 1 30. 1

13 fuel prehmemmter 17.9 15.7 2.3 -

62 ecomiommmiser(whmb) 17.6

fg commipressor 12.4

sumperheater(wimb) 11.4 9 3 — 2.2

5/nalv.si.saft/Ic tvpc.saf exergs /a.ss’ ‘.s in thejiit’/ tell .s vatcin
In Chapter3 mm chassificmmtionmof S typesof exergylosseshtms Ii ‘cmi developed,lime cxcimzy
lossesin time fund cell systemimcam hemmttrihuntedto the hOllowing processes:
a Hemnt trtmnsfcr:

Fnictiomi~
a Isotherm’nmml mim’ ‘m’ng with (difl’erem’mt commmpositiomms);
• Chemmiicah remmct’ons,
• Electrical chimmrgc trtmnmsf’er.
l’or thecomnpomiemitsmm theexternmmlrefonmnummg .SOl’C system thecommtrihuntionm(if each sib tIme
cmnusesto the totmml exergy losseshtmve heemi cmmlcuhmmted (table 7.9). ‘fo missessthe imnpor mimic o

tIme setmie is slit ien’enmt for heidi diagrmmnmms to nmmmnke tlme exergylossesinn mlme exen’gy flow dimngran m visihle
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hiemmt trtn isl’er
(53.00/)

electnictmllosses
108 LW (10.00/)

frictis,,i chnemmm. remmctiomms
200LW (18.60/) 57kW (5.10/)

142kV (11.20/)

Figure 7.7: C’alcnnlatedcs’ergv/a,s.se.sper causei/n tIne cs’t ‘rna/ refar/tni/n,g S0l’C avste//n ntmtl
/Ineir taintnihutian ta tint’ tatal e,s’erg:’ lass

etmchof thesec’nunsesf or time exergylossesof thetoimml systenm,time totmml eomntnihunt’ons tire simow m
in figumrc7.7. ‘ he inmiportammeeof hcmmt trmmnmsf’er lossesis evidemit: we’re hmmmnm hmtnlf of theexergy
lossesresult fyommm hemnt trtmmisfer, Theselosseswill he mimmmmhysed iii moredettmil iii the
Section7,5, ‘I he lossesin thefuel conversiom, i. ‘. tine chenicmml anishel ‘ctrical losseshave ‘n
relmitively low commtrihution . Cli ‘nmiic, 1 losses‘n tli extermmmml refornmminngS )l C sysenmm cmi nse
ommhy 5.30/ of ti~’losses,time dec meallsmssesmm fu ‘I cell timid DC/AC coimvertermnccosnit fon
100/ sif ftc Isiss.I ro n f’igu ‘e 7.7 tim firs p“orit’es ctmmi hese fsir tnmmtn ysis tmmmd a itimmmismn ion of
theLi el eel systemmi.The ossesiii tI c f mel eomve‘sin m pm icess(exergylossesmis m r ‘sunlt of
chmcnncmnl remmctionsstimid ekctniemI ehmtnrg’trt nmsfer)anrelmm ively s mmmll. It is n ot evidenm how the
mnixing lsmssesc’mmm he uduncedan d tIme si me is r ef’or the Lie ion losseswluchoccunr
distmihumtcdover thewhinE sys ci . ‘ lie f’irs priority is this ‘cf/ar’ a reshumcetime lossestis mm m ‘sunit
of ii ‘mit tm am sfer

exergy loss[0/ of ‘n punt

14 ~I eleetmiemil

12 [ chemmiictml
L nnix’mmg

10 (1 fnietionm

8 ‘ hietit trmmnms1

U 1-: -H
an”,degmn.~(cc. c’i, mbums a” cmmt~mosle~“s cc.

I/mel cc I refsumner wmnst Iiemnt boiler

f”igurt’ 7,8: Eut’rgs’ las,sc.s i~ntlut ha. e taa • csttrnal rt’fhr/tni/ng MC’l’ C’ ss ste/n(i/ut’) c/a si/it’d
(uccarditmg tt tine t’amis’e aft/ne lass tiiud the snihsv.steinm

nnixi ig
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‘I/able 7./ 0: C’alcultitet/ total e.s’ergv lasses’ainti est’rgv lassesper tv/it’ in time t annpatmeintsaf
tint’ basecaseexter/ma/refhr//mi/mg MC’I”C .s’v.s’temn

tmpp. nmmmmmie totmnl hetmt friction mixing chemnicmtl charge
trammsfem tramisfer

56 tnmmodeoff gtns csinmihustsmm 124.6 1 . 1 24.9 98,6

I fuel cell (MCI C) 111,6 2.8 14.3 - 94.6

72 mmmoist. separmmtor 11)3.9 11)3.9 - -

7 mmmdcgtns camp. 92.5 92.5 -

23 cgm.nnixer 87.3 73.2 14.1

mef’ormmier 80.8 46.9 5.8 15.0 13.2

evaporator 68.6 66.2 2.4 - -

cath’ntidetOm csimnp. 65.9 65.9 - -

‘14 agr. mixer 53.0 2.4 50.6 -

33 fg stmmck S0.2 - -

32 exptmnder 47.2 47.2 -

11 DC/AC converter 41.7 - - 41.7

52 regeneralom 37.3 36.3 1.1) -

62 ecomisimnisem 19.2 16.7 2.5

101 cgr. csimnpmesssir 14,6 14.6 - -

92 sumperhemitem 13.9 10,6 3.3 - -

1~umeL,2/ehe~tem 12.7 12.6 0.1

1.4~5Detailedcxc gy annaysis f theMCFC systemn

‘lime csintritiumtis’nnmsof the diffcrem’mt typesof exergylosseslmmms heemi cmmlcunlmitdslfor till
conmipsmmiemmtsimmm tIme externalndf’omnniiig MC1’C systemmis well. ‘ heresumlts mmmc shiowmmin
tmnhle7.10.’‘lie comnpomiemmtsin theMCFC systemmihavealsoheemm gmoupeshinto sunhsystenm’s.
l’igumre 7,8 showsthetottnl exergylossesmi time subsystemstmikimmg im’mtsi mmccoum’mt thcdil’f’eme it

typessif exergylossesdeh’imied imi Section3~2.
‘h-he fuel “citm, hecau,,eof its imnportancebimis h-seadefi’ edas mm s ‘pt’rt’~s~uhs~ste’m~.3
fumel cell siectriemnlIsissestire themmiaimi causeof exergylosses.In time gm’ ph time knsses‘is
resultsif time comiversisinfmoni DC to AC’ haveheemi immcludedums well. Ihe total ‘electnical’
exergylosscommespomidstsi 6.7 0/ of theexemgyimmput tsm thesystdmn sif which omie hird
siccummsin theDC/AC commvertemtnmad thememsitmimidemiii the electrsichdnie’th prsicessin the ‘umel
cell.
1 lie ref’ormnem’ is slefimmedas aseptnmtits subsystemimmis well. 1 or time reformer4 types if xem
gy lossesmippemnm iii figure 7.8. ‘I he roleof hiemnt tr, mmsfer imnm time refsmrmmmer is evident,I “ction
Isissesoccuras well, pmimthy mis a r‘sumlt of time reltitively high pressunredrsipsimm thmis
commipsinemit(specificallytime expmnnsiomiof time stetnmnfrssmm’m 10 ham to 5 ham). ‘lime Isss t s ‘n
resultsff nniximig (steammi+ ntmturtnh gmns) is time secomid Itirgest cmnumseof exergylosses:it
exceeds‘hue lossesasa resunit i~time cbennicmml remmctiomm.

• Thcconmhustorsumhisystemnimiclumdcs time comnhumstiomimum prehmemmtemmumsi conmmpresso’.‘ lie
lossesasmm resultof chmemnictml remictisinsmm ‘e pmedomnimmant0/n time csmmnhustsmm.However ti
prsicessof (isothmermtnlly) mrniximmg aim andl’uel lemids to mnmm exemgylosswhich is

tnpproximnatclymm qummirtem of total lossesmi thecomimhiumsts’mr.



i ueauoucoit~gasrecycietaog) c isists it toe Heat exctiaogersLi c (0 coo re ieat tti gas
a id hecot iptesso’which is oeccssary to overcomethepressorelissesu this suhsyscm.
‘1 fe cxergy lossesiii theaoodegasrecyclesohsystemareparti ‘ul’trly large(correspotdiog
o 2.8 N of thecxc‘gy iopot to th syst~m).lo this sohsyse t thee ergy loss ‘s alt a
otirely causehy I eat traosferNo atheaoodc off g s to tl ecooliog 5Vit c’

I i ti ~atlodeoffA is recycle(cog) s thsystei the air is mix d witl Ii recyci d aoode
a iii cathodegas. e less ‘s ‘o th expais’oo od cooptcssoo of tespeetivelythe tire g’ s
a id or ‘ r strooglyrela cc o thecatho egas ‘ecycl coda’ ther Nrc it clodedio th’ s
s thsystem.‘fhe lossesii thec t iodegasr~cyclc‘irs of a )5 i Ocr ‘st. Nearly hilt of the
issesi this sohsys~m(48~Q arccaosedhy fric iou. ‘ hes loss~soccormiii ly it h
xpi ode’ (31) aod I air compresso’(72). he tv o ot icr c osesof we ~y loss~sio the

5 t isys eaa‘e heat ra st’er aodmixi ig o” air wi 2 ‘ecy ‘t i’ a todegi s aal rccycleoca 000

g is.
‘oally th was e heatboiL (whh) ‘s t i si hsyste v hereL rt of i w’tst teat it th

f uegasN rised to prodrcc i ‘ocess steai t d stcao fi’ the ‘ fo ‘0 Ci.

i figu ‘e 7.9 tf c cootrihatiio of a‘h ‘the l’ive e’mse of cx rgy osse. ‘s sI owo fb’ tie
systeaas awhole. ‘If c osses‘ s ‘t resu of hea to ase’arer s ioosihl or a taos halfa’ the
otaf losses‘I seother4 cause.of e ergy lossesarerespoos’hlcfor ‘ipproximat y eqo�I

co it ‘ihut’o is to the total exer~Uss.

heat to osfei

514kW (4) (Nc)

f’r’ c ioo
6( W (13.8~/c) elect‘ical oss

136kW (13.09/)

‘ii iog losses chc ical losses

121 tW (I 15~) 113kW ttO7’c

/Ngtuc / 9 Co/ca/c/ed rergi Ia, Si’. for tIi hoc wiseMCI C cs’s/emper c’ to

PS ANALYSIS OF LA’I RANSF cR IN” HE EU (U SYSILU

Ba Is t e eve ‘gy ‘o’dysis of the501 C syseo ‘utd of theVi PC syseo io the icy’ i s

sectiois s sowedthe hu’g cootrihutiooof hea i aosl ~‘ to the xc ‘gy loss s. ‘1 hereor ‘ t this
sect’ as theselossesarestudied‘ s more detail.

7~5~FeatLiatisfe Nt 5Q5’~system

The heatwlach is traosferredits thefuel cell systea is heatwhichis geoeratedio th fuel cell
audio th comhustor‘fhe heatis usedits therefortoer to eoahlethereformiogprocesscod itt

the fuel aodair preheatersto preheatthe fuel toid air flow. I ioally its thewastehea hOIcr heat
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is mecove‘esl fmsmnmm time l’lune gmms timid u sedto pmodunceste,mmmm. 1 s shmownn by time Sammkeydimmgmtnnm
h/ ‘ tI e SQl C sysemmm, tIme h ‘mit winch is recoveredfnonnm time flume h-mis exceedstime mnnnoummmt sif

hmemmt wi icim is ~emcratedmm tIme f’uel cell stmmck mmnmsl tIme ennhunston:for time Iar4es p’m ‘t of time hmemmt
w micim is m ‘cs ye‘ed Ira mm time flume gums hasfirst hmu m sunpphiedto th’ p ‘ocessflow by prchemmimg
time I/a ws. l’a’s wm s slmowmm to cad t mm 1mm e’e recycleof hemmt.
I lie hmemmt m’mm sfem in time SQl ( systenmmis v’su~hised‘n time slim ~,mmmnm iii figsme 7. II) In tIns Q,
d’mmgmmummthe en pemmntunn ‘it which lie I emmt ‘s tmmmmmsfemmsdis shov m 0mm time y mnxis. On thex ‘ixis
tIm tmmmmou it of lmemnt which is t “mmmsf’emred is shmowmm.In the emseof time SOl’C’ systemm, hemit is
exchmmng d mi lie i emit cxci m tigershut ‘n . a ‘mm theref/arm icr mnmid mis m r sul of n ‘ i mg flows w’ m
shil’fe ‘emit enmipemmmtunmes.‘I lie nmmixinmg processcmiii he conmside’‘d mis hemmt tmmmmmsf’e’ mm m ideal do
flow hmemnt ‘xclmmmmmeem(A’l’=O).
1mm tIme first I c mmnmpommemmtsiii tIme slimmgmmmmmm (30, 13, 14) time seconmdmuysir csmoledflun’d ‘s time lIme
gm $ hetweeni time ou tI t of lie commmhunstommumd tIme innlet of secomidm im pmebmemmter(seethe pro‘ess
flow dimmgmmo m mm f’igun e7.1). n meverseslorsiemwith respectto time fund flow (i,e. i m eaumiter

u mmenmt) time lus A ~ pmnsse~timm i nghm lie ‘efammem(app. 14) ‘v men’e di I ow ‘s en ed dawns
800 C. ‘h-he prim mmmy a’ emmted nmmesl’ inn m is ti epm mc ‘ss h-mis iii ti ‘ ‘‘fomnmmcm lied en tm i minm3 tIme
cmmtmmlyst. ‘ hue hinmemu ‘m m me‘atu ‘e pmsm‘ile immsl’cmmte ‘n l’igure /. t) is mmmi tmppmoxnimmmtio m. Ho v ‘vem

modelcmilcun atm is (seeAppendix ~) showtim it this mmppmoxinnmmtiam is measommmmhl’.After the
mefOmmmmemtIme flue gasis cooleshI urtimer mm the finch pmehemm ‘m (tnpp 3) timid nuixed app.30) with
ti e li~pmmssedcathodeoff gasflow.

lie next threecammmponmentshi ime Q,’l -d’agm~mmn mmmd tIme mom pmsh‘mite’s (app. 23. 2 timid 25). lie
pmimmmamyfiunid ‘s the immconi’m g aim flow which g’ves tim mdnnost inmemmm temperatureprofile. ‘l’he
secondaryfluisi is diffememmt for “mch imemnt cxchmumgem(seetime Imm’oeessflow dim gmmnnmm mm
h’igure 7.1). lie smtimem esummm mommemmtsi m time Q,’ ‘-shimmgrt m s mow he heattrmnmmsh’em ,ms i m sudt if

nmmixinmg time two f m’ g’ s fIn vs (m p i. 3~)a d mm me lie’ t mmumsf’er in tIme wmmste met t boiler: Ii

ceomomimiser mmpp. 62), tim’ evmmpa ‘n on (mmpp 65) timid the sunpemhemmtem (mmpp. /2).
‘I lie exergyanalysis‘mm time pmevi uns s ‘chiomm I ‘d to time conmclumsiomm hmm hiemit mm nsf’m cmmussstime
lmmmgest pmmrt of tb u losses.TheQ,’I’ dimmgmmi mm givesmm good ‘ mdicmitiomm of h’ ‘mmunse of tim’ sitea
timis loss, h-lie totmml ‘mm mounmt of h ‘mit m’mmmsfemmedii theseennponmens 0/ mnimmmost 6 MW sir 6 tinmmes
heelectmicmmlpow’’’ genmem’ntedii th ystsmm . I Ii l~mmg‘st pmmmt of th met t (mmppmaximmmmmtely 4) is

I mmmnnsfermed i mm th m im pm mite

temmmp “it me

I ,400

1,200 30 13/

1,000 /
80t) 14

~f ~‘

() 1,000 2,000 3,000 4,000

hemmt trammsfermeslI LWI

I igure 7.10: Q, ‘I’ dingrain f/ar the hase ta se50!’ C s’i’,s’tetn (/nu/nhen.s refer to the (/pjiti ratmis

/nni/rmher.s’ in tint’ prace.s’.s/iamm’ diagram i/i figure 7.1)

5,00u
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tht’ m aloe thagratn
‘lime temnperatumredifi’eremmceshetweenmlint mimmsl cmld immacess(lsmw cmiii lie estinmmmmtesl I ‘aiim time
Q,’l diumgrmun (e.g.figumme 7.10). 1 sir exmmnmple, tIme temmmpemmmtunredif’l’erenmce tnt whmicbm time lieu t is
tmmmnmsfemmedmm tIme SQI”C systemumiii time mefarmimemis high mnmmd smmmmnllem in time mmir pmehmemntems.‘ his
ten mg emmmtunmedifferemmceshetemmmminestime cxc‘gy ismssesas mi mesunlt of imemit tmmnnmsf/,m, hecmnunseit is
he dmivinmg f’omce fsmm theprocess.However, time henmmpermmtunmedil’l’ememmce is mint lie immly f/actor.
‘I lie exergylsmssesmmlso slepenmdon time mmvemmmge temmlmemmmtumme sif heunt tmmnmmsfer. In estimmmmmte time
exergyIsissesthevmulue diumgrmnmmm (seeSection 3.5) cmmnm heunsesl. In t mis slimmgrmnnmm time C mnmnmsmt
fmmc sir (1-1’~il)is plotted m gmnimmst tIme tmmmnmsf/a’mredheum
As wmns shownm mu Section3,5.1. tie mum ‘as emmclsmseshby time cummvesf/mr time csmlsl (p ‘imnmmnry) ‘inmsl
hsmt (seesimdmiry) flsmw csmrrespsmmsl ho lIme cx ‘mgy lassesmis mm mesunh af hmemmt trmmnmsl’er. ‘ lie
en mmponemms haveheenumirrmmmmged iii time sumnme nmmmnnmnser iii tIme Q,’I’ dimmgmummmm mnmmd mu time vmnlunc
d”mg ‘amim (f”gume 7.11).

cummmmsmt fumctor

30 3
0.8

92

0.6 14

62
0.4

2,m
1)2

00 1 000 2 000 3 000 4 000 5 001)

hmemmt trmi msfen’med [LW

L’iguit’t’ 7. / /: Vtdut tlitigrtntn (f Q)fiir tlut btu Sc t’tn a SC)!’ C’ svst ‘/0 ( t’)

Csmnmmm’irimmg thetwo shiagmmumms,tue‘millie mc’ af ti e mivs mmge tenmm mermmtunmeof imemm I “mnmsf’er is
clemmr / t high tenump ‘matunre, him ‘xmummple in time ‘clamncr (app. I 4) timid mu lie high tennupemumsire
muir pmetuemmtem(‘npp. 25) tl e e ergy lassesm me snmmalem timmm expectedhumsedaim time / . n.J m tIme
other lit mis, time lassesimu time low tetnpemmntumre mum prehmemute’(mipp.23) ‘ire nmmunchm It m~m. h-li’ vmulume
dimmg ‘minim evislsmmtlygivesmumome immfomnnatiam mnliout tuecx ‘‘gy lossesthmmmm tIme Q. I diagmammm.

the n/nt/u t/i(ugratn
1mm time pinmch d’mug ‘minus sev‘lsmpeslby Limmnmimsif 11987],time lmemmt trmmmmsfe ‘med is mmmmm iyscsl Is m mm
systemmma’ mm sunhsystenmumis mm whmsmle. 1mm tIme Q.’I -dimngrmnnmutime temmupemmnturecurvesi/mm emmchm
sehmmnmmmtecsmnmpomsemmttime shmsmwnmfor tIme mat timid ths cold processflsmw. Bunt mm mm pinmchm diag ‘tins
thesesep’m‘mute rajectsmri $ mime en umbimsed into twsm cummves:(mmmd fsmm mnll tIme pmacsssflaws which
supply hem (hsmt enmmpositecunrve)mmtmd anmefrmmmm mmhl time processflaws which absomm hi ‘it (cals

comsmpasie cumrve). I lie d’mmgmmnmmm tlmemefsimesimawshow mnuncim hme,mt is mmvmnilmmimie mit wI ichi
temmmpemmmture.TIme pimmch dimigrammu far theexuemmmmubrefsmmmnimmgSO’C sysnemumis shmawnm iii “gun ‘u.
7.12. ‘ ‘lie cold conmmpositecumrverepresemmtstime unim timid bunch wInch mime prelmemmted, mc ste’mmmm
prsmductismmmmm time wmmste hmemmt boilermind the imemut which is umsesl iii theref’nmmmmem.
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lemmipermutumme I C’]

1 200

1 000

850

hsst conmpsmsitecunrie

esmld comumpositecunmve
400

1 80

IS
0 I 000 2 000 3 000 4 000 5 000

hmemit t ‘ammsf’emTed [LW]

!“im,’ure 7. /2: Punt/n thuç’rtmtn jar time htu.set ti.se SO[‘C .s s’,stertn (irnt lot/bug .stetn,nprotlmtt’tiatn tintl
refaritner)

h’lue csmhul commmpsmsitccurveshmsmwshmsw nmmuchm hmemmt is reuluiresltimid mit whmnt temnpermmtunre.
l’smilsmwing the csmld comnpsmiitecurye, theskmpe is (mnppmoximmmmmtely)csmmmstmnmmt from m 15 C to 180
(‘. 18(1 C’ is time evmmparuutiammtemumpermutunmein thewuiste Imemit boiler. ‘1 herd/iretime slumpe

hecsmnmmesternmit this temmmpem’mtun’e(shT/slQ 0). I e canmstmnmmtslspercsunmneswlmemm mull
cvmmpormntiom’mhmcmm hits heemusuppliesl.At 400 C theslsmpedecreumses: imis is time imilet
temnmpermmtureh’om time melarmmcm. ‘ lie shsmpehetweenm180 C’ umnmsl 400 C’ csmrrespomudsto lime
hemitimmg mum, fumel dim steatu. Ahsmve400 C hmemut is unsediii time rel’smmmnimugremuctismn mis well am d
csmntimmuesump tsm 850 C ti e tenmmpermmturet m which theprsmcessfkmws to thetunel cell hmnve tsm he

lireheatesl.‘TIme hsmt csmmnpsmsitecurve immdicmm eshow nmmunchm hemnt is mmvmmilmmhie. 1mm thecmmseof time
501C meferemic’ systenn,this curvecsmmmsistssmf2 stretches.f’msmmmm 1200 C to 1000 C time
esmahimigfluid is the fume gmus frmnmmthecomnhunstom.Below 1000 C’ niucim mmmame imeunt is mnvmuimmhlc
hecumunsethecumrv’ includestime cmntlmsmdeoff guis.
1mm time mmtumnlysisof high temmmperatumefund cell systenmms,the pinsch dimmgmmmmncmu hr unsdd a
determmmimmehow nmuchhmemut is thmesmreticmmlhyrequiredsir muvunlahiemit mm high temnpermmtunct

. ‘ isis is
donmeby mumustcimiimgtherequnimedhemntwith time mmvmulmnhle hemmt repmesemmtedby time c(mid tumid hat
canmmpsmsitecumv $ iii ti c dimigmamim. ‘~lie mnmounnmtof lmemmt mivmulmnhle tim requiredis sietcmnmmimmesby
tIme pnmmchp0’ nut. I his is thepoimmt wimeme the enmmpemmntunmediffe ‘encehetwe‘mm time hatcunmvs ‘unss
time esmhdcunmveis mmminmimnai. If Imemut is avmuilmmhle mit mm high tennpematunre,thelint canumpsm$’c cummve
cmnmm he shmih’teshtsm time left ummtil the I ‘mmmpemmturd sIih’fercnmcemit thepimmeim poinut carmespsmmmdsa
givenmmmimnimnun mm. If [emit is requiredtsu mum tel theconhimmgtumid theImeuntedflsmws, tIme I at e’’ve
humus Ism he shil’ted o time right to muchmievctime pm ‘-set mimmch.
n figunre7. 13 time mmmmmsmunml of imemut whichcounldhe m caversdat hm’ghm temmmper~turd is sI tem m immesh

usimmg mm pinchsift) K. ‘ism cstinnmutelime mmmmmaum m smf hemut which ‘s mmvailmnhle am required,anmly tins
flaws simsmulsh he ‘mmclumsle wimicim are itnhemenmt tsi theprocessim the givenm eommfigumruntiumnm. 1mm lie
SOl’C systenmuthesetime theflsmws whichhmmmve to heprehemutedmu ud time flue gums which hast hi
esisiledto stmucL temmmpermuture.This dsmesmmat inueludethe prsmsluncthmmmsit stemmnmmfar extemmimnl unse mn

‘mm this timesis (mnmly onmemnspceusit I)iiichi uedhnnmoinmgyis used,Aim overview of Iminmeim trehmnohuugye’ mm lie
iummnnmd mu hiiermntnime

‘1(15



umnc muci ceni syseemmm. m mmercmoreimemmn meslunmmesnmar prelmemitmnigtne wmite ‘ tummst evapamatninginns
stemun m hsmus mint heemm immeludesi inn the esmls eammupasitecumrve. ‘h-hue Imeat mequnimedfar prsmdumeimmg
$ emummm for tIme rcfnmnmmerhmms hcemm immelunded,hieemmumsethis is inmhmementto time prsmcess.

‘gone7.13showsthat thepinmeim occursat the lsmwestten mpermutumme(80 ( ), i.e. mu time flue gmns
st’ucL te unpemmutume.If thepimmeim is 0 K, th’ shag‘mm mm showsthe‘nmmnsmumm t of hemnt whicim counisl
tiuesmn’eticmuliyhememmmavedfrsmnnm tIme systemmm tsm h mmppmoxinnmmutely400 LW. ‘I his 400 [W is aniby mm

mum 11 partof the tmtmml ammmsmummmtof heatwhich is tmmumush’enred iii the sys emum. Hsmwevcm, if it is
en npmmme a time fum ‘I immpu Its) thesystcnnmum’ to lie cheetmic’typrsduneianm, 400LW is
en isidemable.

tenspe‘mutumme ] ( I
1 200

1 000

800

600

400

20(1

1 000 2 )00 3 000 4 000 5 000

hemuttransfered [LW]

Figtirt 7.13. Pitnt’/u t/ia~rtiinf/ar tuehu.se ‘tms’e 501’ C ,s’:’stetn (t.sciutluing stetu/tn~mrtitIut’tion)

‘lime pimmch diagrmunu with ) K pi ich mearesemms time situ atism m whme ‘e time givenu ha tumid colsi flows
imm the systemmmmire ideally nmmmtched. h-sm de emninetime cx ‘mgy a sesin timi. emuse,which ‘epreseit
the mninminmual cxergylassesmis a resultof hmemnt trmu usf m pmssihheby admuptimug thm imrmnt excimanmgem
msetwsmrL,the p’nch diagrmunr emum lie tmanush~ted am pinmci vmml n dimngranmmby ums’m g tim m mnmsmt
l’muctsmm (1 -T JT) smm tIme y mixis inusteaslof 1’.

emummmat I” ctsmr ] -]

Figure 7,14: Flue/u u’tnlue ti/agraumn f/au tine baseta Se50Ff’ system(es’t’/nidiung stt tim
pratloctioum)
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‘I hue mesumlt ‘on’ time SOFC’ systcmmm is shuumwnm mu I’igumme7.14. ‘I’ime imatchedmmmcmi represemmtstime
cx ‘mgy ~w if’ time esmld tumid Imsit l’hsmws iii this systemmumire idemnhly mnmntched.‘l’sm muchievethis
aptimmmmml mmm’uteim, mmmi mmnmmoummmt oh hmemmt will hmmuve to heextmmnetedhimmmmu time systemmuat the imighest
possibletenmupematunme.‘h-lie exergyof tins he’mt is mepresenstedby tIme shmudeslamemniii figumre 7 15.
If Q 400 LW mu md tIme (‘mmmnmnt fmuetsr0.78 (estimmuatesifmonmm thepimmeim valunedimugrmnmn) time
exengy if tIm heunt is equmml Ia 3 10 LW. ‘h-Ins is nmmsmme thmmnmm hmmulf of thetntmnl cx ‘mgy lsmssesmis
messIt of imemut tmmnmmsh/ar(572 LW), ‘h-Isis ‘epresenmtstime upperlimit f’smm time exergyhsmseswhich
enunhd lie p’ wenutedby meeoverimmgtime Imemut ‘ut high temimpermutunre:

Lv ‘mm if imc’ut caumisllie meesmvemcslmut mu sigh te mmpcrmutume.‘I w’iiI h’ recoveredwith mu linnited
cx “gy efl’ieienmey:
Scentdly t,hme 401) LW is hmusedsimm mu () K pinch. As cmiii heseem in figunme7.1 tins
temmmpermutunrediff’ememmcesmit wimiclm imemut is tmmunusfe‘red tim’ mmlm’emudy smmmmdl iii themumeun below time

pnnmch. Reduncimmgtime tenmmpemmmtunredifferemmeemit winchthehemnt is trmsnusferredwill

sulistumnn ‘mnlly immemeumsetime Imemut exeiumnmmgemmmremn resiuniresh.

1.5.2 Ilemnt trmnmusferimu time MCFC systerm

Hemut trtmmmsfer is respsmmmsihlebr aim nsmst hmmnlf of time totmml exergyIsmssesin he MC I C’ systenmm.
I igure7. 15 slmsmwstIme Q ‘I -dimngmmnn 1/mr time extermmmI refammsmimmgMCFC’ systemn.Ins time m mmdc
afl’-gmus recyclehmemnt tmmumshen tmmkesplmmee is m speetiv‘ly time nmmsmistunmesepmurmmtsmm(71). tim ‘ mmdc
off h-mis csmmler (mmpp. 72), themegemera s’ (app. 52)mumd tIme l’uel preheuntem(app. 5 1)

temumperatumeI C]
I 200

600

200

2,500 3. 101)

hemmt tn mumushemmesl] LW]

I ‘igot e 7. 15: Q I’ t/itn ç’rtum f/ar tint’ hti, ‘e cu t’. it runtul refarutniungMC’! ‘C .svste/tn

Fartime refsmrmmme’againua hmmcmur pmnh’iie hums ucenu u scsimis mmmi muppmaxinmm’ntiom (se Appemudx 3).
he temnperatummeimmemeaseof he freshmuir is pmimnmtmm”iy muelnevedh5 mumixinug time muir with hc
ccyelcdcmithmdesmh’f gas(seetime processflaw shimugrummum iii figumme7.2). 1mm time Q ‘ ‘-dimug ‘mum n m

figunre 7.15time mm iximug process(iii mmppmurmutums23 tumid 24) is meprcsemmteslby idem 1 ca-flow Isemm
exehammge.‘h-lie tenmmperatunresm’ he mum hefsmremmmiximmg is 202°Cmis mm resumluof nmue conupressiam
I’mimmmm I to 4 ham. ‘rime tennpermmtunressf time recycledcathodesd’f gmms is 7 16 “C dune tsm a 16 K
lemmmpermmtumre inmeremusemm therecyclehhumwem(smumtlettemmuperuutunmefuel ccli 700 C’). After
niximmg air amid recycledcmmthodeoff h-mis time temnpemmmtureis 613“C’. i’umrther mmsiximug of timis I ow
with the flue gmns frsmnmu therefsmmmem(508‘C) iemnds to time requniredimmlet tennpermtumre for t m lu el

,uu ustu,
1.000 alt gas

u’seyehe
80t)

till “as
reeyelu

p

v, mnsme I tint boiler

24~

0(~ 71
SOt) .000 ‘ ,50t) ~,OO()
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ccii ~0tit) ‘ 1.). lIme emmttusmslesill gmus which ns must recys’iesi is umsesl to pmosiucepumwer us time
cxpmnmmder(mmpp.32). As um resumlt smf the expmnmnsismmmthetemnhiermmtumrsdccremnsesh’rsmnmm 700 C’ to
SOt) C, tIme temnpemmnturemit which time flumeguns is sunppliedto thewmnsteimemit hmihcr. 1mm tIme wmnstc
isemmt hailer the flue gmns is furthercsmsmheddownm tsm lIt) C’. ‘l’hme hmemmt ‘s unseulto pmaduneepmsscess
tumid mefsirmmmimmg stemnmmmmit It) buur timid 1 80 C’.

‘hmc esmrrespmmmdimmgvmnlue dimmgrmmmum i/mr time MCI’C’ systemumis shmownm iii h’igunrc7.16. ‘i’ime exemgy
isissesfsmr hemnt tranusferat hsmw temumperunturetire nmmnncbm lmmrgem tlmmmmu time exergy lossesif tIme sanume
an is ummt of heatis transferredat thesametemmmpcratunrcdih’ferenucehut tnt mm higheruuverage
emmmpe‘umtunre.

cammmsmt fac sir f 1’]

0.4

0.2

‘h-imerefsmmethe kiss s ‘mm t~c moisturesepmurmto’ mmmd thus mmmdcoff e~s coaleris this ‘ m tide
sOT gmns ‘ecyclearehigh even t usmugim he 1cm up mmntu‘e dit’temenme is kmw. C) m thesmthmcmhmmumd e
exergylassesresunltingfn’ummmm heat mmnmusf’’ iii themcfan ncr, duneto time iu’ghm cmmpe‘mutunmeat
which this [emu ‘s trmussfemmcdmmmc meimuti ely lsw. Csmmmmpmmiso of time Q.’ ‘-d’mugrm tnm to tIme valumc
diahmunnumsiusmwsthehemuefitof us’mug time valued’ mugmmmmmm tsm ev’n sum e lassesas mu resu1 of hmemut
im’mnn’nsl’er.

7,6 EXER(;Y I OSSESIN FUFL CONVERSION

7 6.1 C me nica en ergyem versior

‘h-lie pun ‘posesO mu f mel cc I .ystemm is esmnmverttIme cimensuicaenmergyin tim fumel ‘mm a imawem(mu sI
imemut). I his process,time fume ennuvemsianu,ut mc extcmnsmuhrefmmnmmi mg fun I cell syst’ n eamssistssmf
threeesmmmsceuntiv steps:

- Chemicalmeactisimsof nuatummul h-mis mmmd st ‘mmmi mis time ref/amnusemt ‘m hydmogem rids synm4m5,
Electrumcincmnn’cmnlcsmnnve‘siann smfd c diem nemnl emmergyi m u’ne symmgmns immns paw‘m ‘tush hc’nm i m time
t’uel cell;

- Camumhumstismmuof theremnmu’muimmgfuel enmmmpsmmmemutsmm the mmmdcoff gmns ins tI e esmmshust m.
1mm tImeSQl’C’ system theexergylossesiii tic 3 camnpnmmemmts‘mu wiuich time ehenumiemmime~et’smmns
tmuLe phmnce(mefssmmncr,fund ccli timid esm nhustor)csmnstitunteroughlyonme third of time total hsmsses.

0.8
mnnsmdesmff h-mis recycle

4’’
wmustcimeat boiler

refssmmumer

emmtimsmde

smff guns
recycle

500
hemnt tmmummsfcn’red I LW]

Fig nut’ 7. / 6: tulune t/itmgrtmmfar tin t s’t rtua/ refarumnitugMC’ ‘C .sm ste/tm

.000 1 .500 2,000 2 500 1,001
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1mm time MCI ‘C’ systemmm time csmmmtrihumtisnm smf thesecnmmmpnmmemmts ts theexergy lsmssesis csmmmmparalmle.
Ins figunme 7. 17 mm SmmmuLey dimmgramn is shmnwmm fsr hunch csmnversismnuprocessiii time MCI’C systemmm.
‘l’iue elmemmmiemml emuergy tumid thermnmul energy flsmws hmtuve heemm separatedtsm represent time
esmmuvemsiai of cimemmncmnl emmergy immtsm hmemut amid psmwem. A simmmihmur dimmgramuu cmumm he drmuwmm fsmr the
501C systenn. ‘lime cimcmmmicah emmergy sumpphed to the system with time mmaturmml gmms is equal tss
197 1 LW. 1mm tIme ‘el/inner time elmemmuicumi emmergy smf the finch is incremmsedmis mu resumlt of the
meh’ssmnunmmg remmdtiomm. 7S3 LW smf hemmt is supplied tsm the reformer frmmmm the flue h-mis smf which 453
LW is used tsm immereunse the chemuncal emmergy (l,HV) sif the fund frsmmn 1971 LW tsm 2424 LW fsmr
tIme refammumed gums timid .100LW is unsed to immememuse tIme thermimmul emmergy of the fuel flow.

emnuiuode suit gas
5291

caniususie gmns
4559

lueai

I igore 7. / 7: Stimike)’ t/itmgrtmm far the f/ad canm’ers item suit/u s eparatet/c/neunicm’ml tmtnt/ thertumtul
etnergv 1kWIIHVJ f/aim’s

Of the2424 LW chemmuiemmhemmergywhich is sumpphed tsm thefund cell 1 859 W is canmvemtcd’
1042kW is csmnvemteslimmto DC-psmwermind 817 LW immtn hemut. In the eusmsmhustsmrthe mennmunminmg

ehemniemnl emmergy (565 LW) is csmmmvertedimmia heat. ‘I’Ime heatrelemuseslimm thefumel cell is unsedts
immereasetime temnpemmmtunme tmf time processflsmws, mnmunmhy the cathosleflsmw, ‘h-lie figure shows time
iuunge amimoummt of iuemmt which is trammspusrted through the hue cell with time c’mtlusmde flaw.
‘l’ise pumpsmseof the 3 canumpsmmmemmts,mefsmmmmuem, fund cell mmmd csmmumhustsmm, is to cssmmvert time
chemical emmergy. ‘l’herefsmre it is ismgicmuh Is) mehunte the sueof the exergy lsmssesin the 3
cssmnpnmmemststum thechemmmical enmergy eunmvemted. 1mm the givemm exammmple tIme chemical enmcrgy
commverted imm reformmmer, fund cell amid cnmnhumstnr is 4S3 LW, 1859 LW timid 565LW respectively.
Using thesemns a refe’rcmmce time exergy lsss in the fund cell is mmppmaximumumtely St/t of the
converted chemnical emmergy while time exergyhiss imm time reformer amid thecsanhustsmmumssounmmts
ts resp. ISO amid 220 of thechenmmiemml emmergy csmmmvertesl In the following sectismnstime exergy
lassesfsmr eachsit thesecsmnmpummuenmts will he immvestigmnted in detmmih to charil’y the differemmeesiii

‘csmmmversinnm ef’ficiemmcy’.

~)5t),..—.,, tiuernmumnl umuupnnu eannmlmusuumn

I 971

clecimiemml imawem elmeuuuiemnl enmergy

Inemmu fn’amnm Ilune gmms is) ‘elammusem



7.6.2.Lossesin the fnel cell

I/ac fu ‘I cell stackfan’ typesof lassesoccur:
° emut tm’mnmsfer:

Fnietinmu;
C’h ‘mmmicah reactions:

° I deetnicmulIsisses.
mu Sectio m 3.3 annetlmndhashe‘n developedn calculatetIme cmmmtm”hut3mn of eachof these
imocessto thetotal exengyloss.

Lass e’ in due SOI”C’ u/nt’/
Usimngthis nmethndtheseparateeantnihatiumis wereealeuhadd I/sm tue SO/aC s ‘uck (el’.
tahh ‘ 7.9). ‘1 he otal exengykiss us thetue ceO stm eL mm ununts to 95.5 LW.
• l’ims calculateskssdsin thec menumica neacin s ‘in neg‘g’hie in heextcmnm1 mu Issmnmingfuel

I stacks I he twaehem ical r ac ‘a is wh’e n an ‘dcv’ it ‘u’ tIme ef s ‘nsi mud st if
‘em ct’ssns.“I c kissesiii thereform ming neac ‘ in arc sn mall h ‘causetheenmecntnmtianm nncthamus

m the‘ n nuis gasis hsw. ‘l’he smift reactionis alnmastn‘versib eheeaus’ th’ me’ ct is ‘s yeny
fast.

~at ‘s tmmmns‘erred h’nnn the ‘Icctmsde/el‘c mmhyte whe‘c th’ heatis genscrateda ss pro‘ess
1 iws Is Section5 3.3 hc calc d’nt’nnsresults f/’u n m 0 ‘t’u ‘d fuel e ‘II n 5 dcl fan h

~x em al ref mm mminmg 501C wererepnned. A v ~ry smutII e imp r’mt n d ‘ten ‘us ‘s cm leul’ t d
ketwec eha dw mm ‘ m s the amide lssw asm ‘esult s ‘the high H, c site m of the a odeg’us
(amI c nmespandug high berm mal comdueti i y) mmmd the ‘e m tively s s al flow’. twe’ u the
ecc ralyt ins mc cabadeI av If e en p ‘r’ tunednO’emem c n’ ha A ‘ h st’hl i n‘led t
ann m vemageI ) K en upeatu’ diff ‘rem c. Cs usequestly is sscsas amesa of h at ‘a usfe’ mm
h tue c ‘Ii ,re ye ‘y smmli (<2 LW). ‘ lie high ‘r value vi ich is given him tlucs sussesin

tu ble7 9 n c undcs i’e h~a lassesfm mm he ft ci eel s ack far which ansstnn m ed a a if
2 ~ a ‘tue deenealpaw‘r of tI e fu ‘I ‘ I hasheemuuses
l’n’et’umn 1 sses,n’uinly d me to tl’c use m ‘th’ eathsdeflaw e i ml h’ cell, ant‘ii’u
h-u ‘due’ 10 L V to ke e ‘‘gy asses

• 1 he ‘u’ges p’m’ if t m c mgy asseshow ‘yen ‘ ‘e Inc ce ‘1 ‘cm sss‘s ir ksssc as resultusf
cI ange n’mmssfer. I the fuel eel stackpola ‘isat’ssnaidohumic lass~sheads aau exengy ass
of 67.7 1 W wh’ci is m sorethai 71) r of ti tnt,ul cxc‘gy lass i m thefuel cell stack.

b’igure /. 8 showsti e ‘.1 diag ‘aim smi th’ ~ iii thefu ‘1 cell s aek. ‘line Cm mint It etarf is
definmed~sa ge u ‘ral’zcd exengy/energy‘atm in Ci apter3. C’han’aeensic is ha tI ‘ u reas ‘

this h-gureeumrcspnndaexengyflsswson lasses.In thediagramsin figure 7.18 1 c nip ‘n curve
is theCm m mat factorfar thepnsseessflaw. As showm ins Section 3.5 theC’a ‘mm it tue tsr eanu he

calculatedby:

I I ‘h- dll

‘h-ise ‘ rcahelweenuthex-m xis amid th curve(fr) is equmIts) he eis’u ge in exengyof m m musde
andcathodegasflsw av‘n I c fuel e‘II. ‘I heexengyis meenvenedhsstim ‘mm thefarms sib heata mu
iii the ksnmmmof electricalpower. I’hc CarnatInc an for the powerindicateswhich p’umt of the
hcatinsgvalueiii time fuel is csmnmvertedinmtn piswen:

sI P
,u dH
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13ccmunsethis is prumpumntksnmmlto thecell vshtmmge(seeSection4. 4) this valumedoesmint chmmmmgeas
time remictia m pnseeeshs.‘h-he secomsdunneum mm h’igunrc 7.18(f~)essmnespnmsdsto time exergyof theheat
wisich is gcnm ‘rmmted:

lime huitcimed mmnemm csmrnespsmmmdsto thetsmtmml exengylsmss.I’inmdly thesun m ssfthethreemu’cmus is time
decreaseof the exengyof the pnsscessflsmws (mmmmsmde+ cathsmsle),i.e. the‘csmmmverted’exergy. 1 he
Anu imnpomtuumu fmsct thmut cmiii hesecmm fnssnnthef,11—dimmgnmmnnis thumt theexengyhsss(time immutehed
anemn mm figumne4.18),eusnmmpuumedtsm the‘emmmverted’exengy.is nehmst’velysmnahm (mmpprsxiniatehy
50). Funthenmmsonethediagnmunnshsmwsthmnt the high ef’ficienmcy smf thefund echI is mmsst dumeto the
high efficienmeyof thedirectcssmmvensissmmof cimemumicalenergyins Ism electricalpumwenmnkmnme. I mssnn
thefigure theexengyefficienmeyof time directeomuvcnsismntsm elcetniemmhpsmwcrcmmmm he seentsm he
slightly higher tlmummu 500. Ilumt thennainnemnsonmthunt heefficiemmcysif thefund cell is hattime
hemit whieh is gemmermutedin time fuel cell stacLis of h’gh te npermmtumneunud cssnsequnemmtiyhasa
imighs exengyvuniune mus well

eamnusslfmuctssmlb — I exergyloss

0.8

imemnu

elceuniemnlpsmwen(DC)

500 1,000 1,5(11) 2,00t)

II .— cimenumiemul enmergyeusnsvemted]LW]

I’ igure 7. / lu: ~ H-ditugrtum f/ar thee,s’ternul ref/arming 805C’ in whicin time ur ‘u.s t’oru’e spaumt/ to
the es’ergs’/a.sue.u, the exergs’of tine chemical ‘nergv canu’ertetl into heumtututi the
e.vergyof time prat/nucetie/ectructu/Iiauu’er

Los’.se.s in tht MCI’C’ .stat’k
1mm time MCFC exengyIsissesssccunnas resultni time smmmne drivimmg fom’eesas ths ‘mm theS0l’C: lmemmt
I ‘anmsfcnframe time clectrsmiytetss theammsmsletumid cunthusdeflssw, fnictismn lssssesins hisithm flaws,
elmemnicmmhreactissnmstimid polmunisuntians.‘I he total exergyloss mm thefuel cell stmmsL in time c tenmmml
rcf/snnnngMCFC systenmareequnalto 11.6LW (tahh 7.8). Time lassesasmm resumit sif chmemmsismm
memmetiomis,heattr’ussfertimid psmhanisuitionnweremugain detemmnimsedusingtime detumiledfund cc I
nnumdei.
° I-feat tnmunsl’enin tIme f’uel cell stmuck contrhumtes mmmly 2.6 LW to theexengyhsssses.

‘h-he exergylsmssesmis mm nesumhtsit chemniemnineadtissmusmmmc agmuimm mmcghigilule.
Lsmssesas aresultcit fnictionm are500 higher thuins b/mr theSO/aC(14.3 LW vs. 10 LW). ‘I his
tempermutunredifferemmeeAT oventhestmmck is Imigimer fssr theSO/aC’ (100K fan the MCI ‘C,
ISO K for time SO/ac).As mm resunittheflsmw of catimodegums requiredtsm cussslthestuick is
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higheramid csmmusequmcmmtlylossesmis a resultsit tnnctmssnmtine Immghmer.
Again time exengyissssesas mm nesumit of elcctricmml ebstungetnmunusfer(psshmmnismutissnmtumid ssimnuuie
lsssscs)tune by fmmr the mnssstimmmportmunmt cmuumseof exengylsssstumid lemmds to mmmi exengyloss cslunmmh
a 94.5 LW.

‘lime f,h1—sliagrmmmumfur theMCI/C systenumis siusswmm iii f’igunc 7.11), lIme twsm (mmlmmmssst) neetunmugunimmr
amems csmrmespsmmmdto time exengysmf theelcetnicuil powertimid hcmmt which is gemmematesh.tIme
1mm tehedaremutsm time exergyIsmss.1mm gemmenmulthef,H shumgnmmnmm h/sr time MCI’C’ mmmd time SOl’C’ stmuck
(figunre 7.19) tune verysimilar. lt is mite ‘estimmg tsm mmsmte ssmnumediffenemuces.

figure 7./9:

electricalpower(DC)

c mcmi icuml emmengycsmnverted] LW]

5 H-thugramf/ar time ‘xtertnu/ ref/armtnimngMC’FC’ repre.setntitng time t’ set’gv

/a.s.se.s’tmunti tiut’ e, ‘etgs’ of tht prot/nnt’eti hetut tmnt/e/et’trit’a/ ptisu’ ‘r

euumnusstI’ac ssr ( ‘) I
0.95

t)’9)5

0.9

s
5

iI,re,’eC”
heal tmmunmsl’sn

us SnO . ,ontu m

chmcnnn iemul snuergy essnuventcsl I kits I

Figure 7.20: Reprs’seumtatiaunaft/ne t’sergy lo.s.s’e.sun timef,H ti itngruuuu ftr tint’ e teu’uuul rt’f/aruumimng
MCI”C (t/etui/ of fignnr’ 7. /9)

cmmrmmsmt I umeton I’ 1 exengylusss

-ti
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hmemut

0.6 1’
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0() 500 ,500
1 000
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hiss’ direct e snmvensismmmof cimcmmmicalenmengyinmtn clectniemmipsmwer is slightly highermu time MCI’C’
duneto lie Ii gimem cell voitmmge. l’he exengyvmmiume of time imeunt is diffenemut aswell. I he nmsst
mnmmhiantummut 1/uctan is time umpenmntimmgtcmnpermutumre.1mm tIme SC)FC’ stuuck theheatis releumsesitnt
mupprssxinmmmutely925 (‘, while theunvermugetemmmpenmmtunnemut which tine imeumi is gemmenmutediii time
MCI C’ is 6,50 C’. ‘lime lsswcnexergyvmmiuc usftime heatmis is mmppuuncmmt csmnmmpmurimmghsflh
1,1—I shimugrmnuss.
‘I lie exengyIsis.ses mm lIme MCI-C stumekexceculthelsmssesiii the SO1 C’ stuiek.‘I heretine twsm
mcuussmmmsfsmr this higherlssss.‘l’hc first is time Isiwer temmmpenmmtumnemmnmsl csmnusequemmtlythe Ismwcm
vu lunc of hue imeumt which is pmu.sdueedin time electrsmeimensuicmmlneumctissmm.I/sin till cammversissnm

~imsmcessesin time hunch ccii time exengyloss is linsspssntissmmumhtsm ‘1’~/’l . which cumin lie cunssidenedas
tIme Imucmar which inmdicmutesissmsv umiuuah ‘lost wuunk is necsmvercd(seeSection3.2). Dune tnm this
cffes’t tIme sum sue psmlanisumtismmmon elmenumiemml reuudtionmwill lemmd tsm lunngerlossesmmt the lsswemumvenumge
tcnmmpcnmmtunressftime M(’FC’ tiumum mm the SO/aC’. ‘I’he Imurgestdiff’cremmee betweenuM(’I-C tumid
SOFC’ is time siteof time pssluunisumtissmmkisses.Lvenm thuoungim mm lmmrgercell vs’shtmigc ‘s uissummmedfsmr
time MCI-C stmmck,theinmereumse‘mu thecell voltunge is nsst mus Imunge mns time immereasesit time dnivimmg
h’ssnce fmn theeiectnsschemniemmlnemmetissnu,theNenmmstvoltage.The nmet effectsit the Ismwer
temumpermmtumneimu the MCFC is timcnefssremm highervnltumge dnsmp mmmd csmmnesponusfimuglyhigher
exengylsmssesas anesunhtssfpsulanismutiumntnt lsswentemmmpermutumne.In h’igure4.20 theexergylasses
‘n the MCF’C mine showmm in detail in thef,H dimugnamn. ‘1 lie lossesshowni mm tIns sliumgnmunnarethe
lossesmis aresunltof ciummngetrumnmsfer timid thesnmmuuli commtnihuntissnsofexengylsmssesmis anesunlt of
chuenusicalneactiommstumid hemut tmamusfen.
‘~heulecnea’semf tIme exengylossesfnumnn inulet tim umuthet hasthreecmunmses ‘lime first cmonseis Ilium
theruutessftheelectnumchemmuicmnlneunctissusdeercumsesasthe b’umel tumid smxidammthecs’smmme(tus ssmmmme
extent)slepletedtsmwuinds thesnntlel ssfthecell thins decncasimmgthe dnivimug f/sncc(i.e. the Nemnss
vsmitumge). SecmmmshlytIme psshumnisuntiommmesistmmnceummmsl Nermustvumhtmuge depeusl stmanuglysimm the
tcnnpermmtnnewimich inscremusestowmmrsh theoutlet. This leadstss m decreumseof theexergyloss‘s mis
mu nesunlt at electricalchargetmmmnsfcn. imumully lie higlmentemmupenmutume at time antic ssfthecell mulss
leunds to un iswerexergyhsssshecumusethehmemut developedmis ~imesumil of psslmmrisatiuunhums mm higher
exergycsmnutemmtdune to time highertensuperuitum‘e (th’ Isiss fmiehumr ‘1’ /‘h-) ‘l’huc grmmph showsthunt time
efficiemmeysit time processesis lug scm mcuum time outlet imummu earthe mulct.

7.6.3.LOSSeSmu hi. rcf’orruer

In thenefnnnsmenmmmethmnsctimid higherhydmsseanhamms‘in’ eusnmvemtcdinstsu mm CC) mm ud H, rich nuuixtuurc
huy steamnrefummnmmimm4. ‘I’Ime equnilibniunmutenumpenmutunemit time enslof thecmutumiystbedin the
reformer, iii smrsien tss umehieve un sumfficienmthyhigh csmmmvensiommof numetiuumnme.huts to be
umppnumximumately800 C. A 50 K temnpenmmtumemmppnssacimis usedts taLc immta mmeessunutthe L’ me ics
of thesteummim mefnmnmminug.‘ lie ennpsnuutummemit the outletssf time refammmserbedis time ‘cfsmre equmul to
850 C. This essmmespsmmmdsto the immlet temmmpcmuntumnccit time umnuask tkmw ts thelund cell stumek ii he
SOI C’ systenumemulcunlum issmm. ‘l’henefssneif time pnodunctgmms is sumppliedto time fuel cell directly. i.e.
tnt thetennpemumtune ‘it which it lemuvestIme retomnsucrlied. mmsm funtimen imemut excimmumseensmime reshunirssb
betweentime ncfsmmnmuemumutlet mummsi the ‘nmmssdcmulct in time SOE’C systemmm.1 unrtimemnuusmnemu time
SOI’C systensuthe tennpenatunneulifl’eremuce hetweenstIme flue gums flow ‘mmmd time pm’ssdumctgmns is ye
lumnge. ‘I hmenefomefir time SOI C systenmmu sinumple sinngie—pmussncfanmmucr is nmmsms sunited. I isis is he
typessfncfommmuenmnastlike time cssmmxentiommalretsumnumerb/sm hydrsmgenmpmaductissmsI PietmssgmmnmudeI.

lie processmu time refssnmmmerbedtantime MCI’C’ system is thesmummuemis fsn time SC)FC’ systcmnn.
with tin immiet tenmmpenunturesit400 C tumid tin tuuntlct temnpenumtuneof 850 C. 1mm time MC1’C’ systemu.
hsswcver,the imulet tenumhmermutunessf time anmadesmff—guus is much ismwcn(600 C’). Secssmudhyhe
temumperuutumneshib’fenemmcehetweemupmssslumctflssw timid flume gums is snumumihemhecununseof luswer
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~uuug i~iuq wu ,aund sun ume m nem cenn. mu time rcncsmnmmerussn thud ivnm. t’c sysuemmupumnu am time
imcmnmumuhenergysit time prsmslnctguns is necsmvenediii cssumnmten flsmw with tIme mefsnmumembed. In time

emmlcuhmutiusmmtime mutlet temnperumtun’eof pnsx umct gums f’nssmui therefmnmmmer is time sunnumemis time mulct
tennperumtumnefsmn thefuel cell tsm mnmimnmmmise time unseof (high tennhierumtunne)imemut exchsmummgers.‘l’imis
ty~meof nef’ommner. iii which pmmnt of time hmeumt fnssnum the prsdumcth-mis is recovered.is si snhmum to time
typecit refsmmnmenuhevelsmpeslfsmn fumel cell mupphicuntiomus(PA/aC. MC’I’C ) (I l.mmummsenm.
1994I.I’l’aguuni. 19901, I Uemnmmtsun. 1994]). P5mm time two typesof (extenmmuml neh/smnuuimmg) bind cell
systemum.twsm sepumnuntetypessit refommumenstine tImcnetsmrcunses.‘I lie nuuasleIsfar hssthmhypesof
mefummmnensaredescribediii Appendix3.
Lxengylossesmm time retssmnuucnhumvedih’tenenmteumunses:
• Heattransfer;
° Fricuismmm;
• Mixinmg:
° C menmicuml neunctissns.
1mm Section3,3 mm nmmetimumsl is devekmpedto cmmlcumlmmte time essmmtnihintious ssfemuchof thesetypesa
exergylassessepumnately.It is shsswnthmunt it is possibleiii sssnnccumsesto septununtetime exemgy
lsmssesby ‘sequnenutimnlmnadeihimmg’, i.e. by cssmmsidenimmgpmsmeessesto smccunr(muse tufter mmnusmthen.i’om
tIme neb/umnnentime lssssesmesunlting Osmium time friction (pressunrelosses)unmd theluissesa5 mm resunlt of
nniximmg steumnmmtumid nmumtunuul gums cmiii lie separuntedfmomum time tsstuml exengyIussseshuy sequnenmtiumh
mnsmdellimmg.‘h’hme sitummtismnm is difh’enemut I/mn time lssssesums uu nesunltusf hemmt trum usb’en tumid chemnicud
neumctinnms.‘I’sm sepummatethesekissesit is nmecessmunyto Lmmssw the commcemmtnatissmmtumid temnpcnmmtumne
pnsmfi es. l-lssweven,mm blackbox nmmmdeh I/sm themel/mineris umsed in the system cmnlculumtismnm. ‘h-si
cumhcumlumuc tIme exengykissesmis mm mesunluof hemuu trunusfermind mus mm resunltof chenmicmmlrcumctismmms
themefsmremm sepumnumte,mnnredetumil ‘ul, nnsmdehwasunsed.‘h-his mmdcl is describedmu Appendix3.
Usimug theresultsf’mxsmmm time cmnieumluntismmuswith the sletailedumusdel, tIme sepanmmteesmnstnihutissis if
imemut tnmmnnsfertimid cimemuncunlmeunctissnis155 tIm ‘ exergyisissesmire cmulculunted.

‘h-IssCI
flume gas

I ,oao

IS)) emutunlyst hmcd

esp,nihitmmiummum 1 ‘mmuiucmatummis))

1)

400 601) ItO))

25))

hmemmi trmmnmsferreslto eatmulysthesh I LW]

I”ignure 7.23: (‘tu/t’ndatt’ti / ‘unperutureprafile.s hnt’/nt/itng t/ne et~ta/ihrinuututeunpt’rutuur ‘for the
ref/aruner i/n time hosecaseSOFC’ .si’.s’tem (.scc tnppetmthix /)

Lassesiun time ounce throng/u ref/aruner (SOFC st’steun)
In theSoil’ systenmutheimemut requiredfsmn therefommuminugneactiamuis ssbtumimmedby eusol’ug the
flue gasfrssmum time cs nhumstssn.The temumpenatuneof the fine gastnt thenuntlet cit the csmnmuh mstssnis
1200 ‘C. Prumsiuctside time stcmmmn munsul mmmmtumnuml gmms mine suppliedtnt 400 C tumid lemuvethemefsmnnnen

214



tnt 8S0 C . Bmusedsin thespecifiedtcmnpenatumresmnmush time emmlculatedmummmss flssws mm temumpenuntummeat
time flume gasmit the smutletcmf thenefsmnmnensit 802 C’ is emmicunlmuteul.‘the lunmge drivimug temnpermmtune
diffcncnsecbetweenuemutalystbedunnusl flume gas(appnssximnumtely.401) K), consfinnmmstheselectismusit
lie simmuplesimugie pmmss refmnmmuen.‘h-lie tcrnpemumtumreprofiles emmicuhatedwith thedetmmilech nsmsmdeh
tire shuowmminn f’igune 7.23.
‘1 lie cumicuhustesicsmmmcenmtrmutiusnshunveheensumsed tsm caicunhuutedtIme eqnilihn’ummntemmupenumtunre(see
Section3.4.4) fmr therefsmnmuuinmgreuuctismmuis also shsswmnins thediagnmmmn.‘l’he diffenenmee
hetweemutime esiunihihniummntennpematunetimid theactummhbedtemnpenatumreis imudicatedasthe
temmupenatureapproachamid is mm nnemmsunefsmn theexengylsmsses,Theeuluibhniunmntennpenatnneemunu
thenefsmnehe usedtsm getafirst estimatesmf theexergyIsmssesin the nefrmrmnimmgneactiummu. I’he
m’xergy kiss iii time chemnicumhneaetiomucamu heestimatedfrumnum the tennpermmtmmnemmppnummmchby
mmssunmnimmgthat time lmemmt cumpacitysmf neactummmtsmmmmsi pnsuductsis equuni. In thatcmmsetheexengyicmss
is equalits theexengylsssscalcumiatedwith time generalequation1cm exergyIssss asaresultsit
heunt tnmmnusf’en (eqnumtmnnn3.1) with time A’l eslualtss time tennpermutumneuuppnssmuchamid Q equnaltum the
isemut sit remnetismmm. I his is a ‘eumssmmmmmlulcumppnsmachit thetenumpermutunnemmppmouich is mmsmt very imunge
timid enmablesums tss estimnuntethematisshetweemuhemut tnmmnusf’en lssssesamid lossesmis mm resultsit
chuenumicumhreacismnusdirectly train theQ,’I’ diumgnmummm.
‘l’hc exengylcsssesestimmutedaim hmmsis umf theQ, I diagnummnunsing theeuluihm uniummum tenupenatune
esmineideneuusonmnhlywell with thecmmlcnlatedvaluesfsmn theexergyIsmssesfor theSO/aC
reformer.This camu lie seemmiii thef,hI diagnmmnu(figunne 7.24). 1mm this dimugmanum time exengyIsssses
asaresultsitheattrummusfenandthenetonnningneadtiomuccmmnespomudto theareaenelsmsedby time
curvesIf. ~u’ AnmI ~u’The curvestimid anemushavebeenemulculatedwith theennationsderivedin
Section3.5,1 am’c shown.‘1 heuppercurveis heexergy/ensengyrmutism f for theheunttransferred
to theeuntumlyst lied, If Tug is Ii e flume gmms temmmperatune,time Cusmmmsstfactorfssm time isemut fncmnn the
flue gasis equnmul to:

emurnottumctum I I I
exengylssssheattransfer

O,6~. ‘ ‘ ~‘tm f

~xergylcsssref/i ‘nninug

t)
20)) znqt)

imemut tnammsfertus eatunlyst bed 1kW]

[‘igunre 7,24 j,H-t/iugruutn f/ar the reforuner in the htu.secaseSOFC’.s’yste/un this/ingui.c/mitug tine
lassestm,s a result of heut trutnsf/ar and u.s a result of the ref/arming reuctian
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cm. \ cm,c idL.ZS,i ucic sue iumsmsmucu nnsuw n~.n nuns ninu su us ciunculinlcsn nnuunnn one
emutiumulpy ummmsi emstmsmpyfan time pmodunet tlcsw iii time cuntmnlyst heb:

sIQ

sslucredS is thecnutnuspyincreumseof time pmodumel ficsw tumid slQ~siHis time hmcmmt trumnustemmeslto time
pnssshuctflsmw. ‘~hemmmcmi belsiwtIns cumrveis tIme increumsesit time exergyssf time pmsmdncl flssw. if
th ‘ lcmwereunnve(t,) nepresemutsthe imucreaseiii exergyof thepmoslnet11mw tumid umppemcunnvc(f ~)
time esmrmespsmmudinugdeemcmnsesmf theexengyof the flume gums flaw. timemu time mmmcmi hetweemmtime two
cunmvesis equnumh tsm the tsmtmul exengyhssss‘I his tcmtuml losscamu lie essnusidereulums hmmmvimsg two eumuses:
• hehemut which is umsed tsm slnive time processis ohtmnimmed tnt mu tenmmpemmmtunrehigher Imummu time

muctumunl pncmcess(‘h-u ‘> ‘1~).wimicin lemnds in exengyismssesasmm resultsmf heumutrmnmusf’en:
° Time ncfsmmnmuingnemudtiomu is irreversible.leumdimmg tsm exengyIssssesasmm mesunlt of ehsemuncuml

remnctismmus.
‘I’cm distimmgnishuthesetwsm types(mf Icissesmu time dimmgnmmmmu. mu scennmdeummve humus hieenudmmuwa which
repn’esenmtslime Cmunmmsst fuuctsmnssfthe imemut that ‘s muhusssnhedby time prscessflcw ins theemmtunlyst heul
at tine bedteonperutmire

f’5 I

‘Fhe mmmcmi unnuslertlsis curveis time exengycml time heuntmubsonhedby thelied. Csmmusequnemstlythemm ‘cmi
hietweemutins curveIl mumud time umppercunrvcfsmm f~,‘s equnmml tss time exengykmss as mm resunltsit Imemut
tnmummsf’er b’nomuu the fluegums to theemutmulyst bed. Time mmmcmi hetweemutime hsmwencunnve~ amid the
numiddlecumrve (f,) is equmnl to tIme cxergy ksssmis mu nesumlt smf the ‘efammnimmgn’emmctismm
Evidenutbythelsmsscsiii time ehemumiemmlneumetinmu tune mmmdi lsswer timumnu time lsmssesresumltinmg fmcmnum
Imemm tmmmmssfer (2S.6 mmnssf 71.6 LW mespeetively.ct. tmmhle 7.9). ‘h’he I’,lI sliumgruumn far the ‘efsmnnnmen
cieummly shsmwsthumut theexengylossesmis mu resumltat chemumicumi remmetiamuoceunm nnainmiy ‘mm the
hegiunminug cit time processwheretime dnivi mg farcefssm thechemsuiemmireumetiomu‘s large.while time
neumctismmsis muemumly mut equnihihriunnniii the last mmml of lie netsmmmumenlied, Iemndi mg to mnunebsm mmml em
icmsscs.\‘lsmmenvcm,mus time tenumpemuutuneinmcncmmsesthekimmeticsssf time reacticmnm heessmmscnusunchfasten
mmmd time ksssesums mm resunltof time chemmuiemulreumeticmmm decremusemmm~midIy.‘h-he exemgy lcmsses‘is mm
mesunbtcmf imemut tmmmnusfcn tire high dumnimug thewhole pnsmcess.At theauntletsmf time cmutmnlystbedtime
temnpermutnreof time flume guns is high (1200 C). Bunt the temnperumtunrediffenemmeehetweem flume gums
mmmud catmulyst bedis tulsa high (seefigunne7.23).Nemmr time inlet thetemnpenatunmedifferenmee
betweentIme flume gums mmnusf time emutalyst bedis scsmumewhuatIsmwen.hunt time ahssmlutctenumlucrutunre is
hsmwcrmis well. I herd/methe sxcrgy lcmsscsmis mu result ss ‘heum trumnustem time mnhmumssstcmnmstmmmstssver
tIme refcimnuuer.

Lo,s,ses’ i/n tine recupe/’utim’e refaruunt’r (MC’I’ C’ .sm’ stem)

1mm time MCI C’ is thsumt exergylcsssessseeunmmus mesumltsit Imeunt t ‘mumusfer fmssmnoccurus m mes it cmf huemut
tnmmnmsfem a time bedfrcimuu bath tIme flume gums tumid frsmmum the rdtummmu fbsmw (seeAppendix 1 hss ‘ mm
dcscnipticunmmi tIme mecupermutivemcl/smnmmem). I lie tcstmmi exergyIsiss b/mm the netsmnmmuemis 80.6LW
csmnrespsmnsdimugto 4.0 0 smf time exergy imupunt tsm time systemn.‘h-his is substantiumihylcmwcr tlsmmnm time
Icsssesmu time 5Ol’(’ refssnmmser.‘the lsmssestimmut smccnmwhsemm stemumus ‘mmmd fund tine mnixed mm ‘e
15,6 LW timid the Icmssesuns mm resultof f’nictismnu time (s.O LW, ‘l’huese hsmssestune mmpprciximn’mtely

equmunl to time csmnncspcsmudimughssssesmu time SOI’C nefmnnumen.‘l’heref/mrc tIme ditfenemuceh ‘tweenm thmc
two
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types sb rcf’omiumcrs lies in time hsmssesmis mm nesunbtcml heattnmmnmsh’em amid chenumicuulrcadtksnms. [mm time
MC’l C mchar men time hsmssesmis mu nesunltsit Imeunt tnmnmmsh’enmire 46.7 LW mmmcl time lossesus time
m ‘bssmmumimmg memmctkmnu mmmc 1St) LW. It is immtenestimmgto mmcmtc thmmt unlthounghthe sum smf theselsssses
scememusesstmcmnmgly. time mmntkm hetweemuhssthtypessit Icmssesis uupprsmxinmmmutehy7S:2Smm hcstiu
eunss5.
a emuleunlutetheseexengyIsssscsmis mu resultsitheattrmummstbm mmmd mis mm n’esunlt cml’ tIme cisenmuical

‘cmucticsn s sepmunmitely.mugmuinu unsehums heenunummudesit time nelammnmmernumcmdeldescribehis the
tulip ‘mmdix. ‘b’ime cmulcumhumtedtenmupermutureprofiles tire simnwmu ii h’igu ‘e 7.25. ‘I’hc lemsupematumme

hun’abile (‘I vs. Q) f/in this emutumlystbed is simcswnm twice. ‘I’bmc first pant sit ti e gmumpiu m ‘pmesemmtstime
imemut tmmunssfemlmtumss time mdtumnmm flcmw which is ccssmlcdi’mcmmun 850 C (time muntlet teumupematunreof the
emutmulyst hcui) to S IS (‘ (pipe4V tumble 7.9). lIme hmemut is sumpplicd in essumue’ flsmw sm thecmutmnhyst
hcd ins which time tenumliemmutuncinmcremmsesfmomuu 400 C’ mit time mulct tsm 8S0 C’ mu time outlet.Agumimu
lime equnihihn’iunmsm enumpenmutunrehumus heemueumlcunlmuteslmmmd pkmttedmis well. ‘I’he seccmnmslpmnmtsit the

~‘mumpim mepmesemmtstime hucunt nmunssb’emb’namuu tIme flume h-mis to time sumnume emutunlystbed. I ~vislemutiytime

It rgerhum ml ml lie Imeat sunppheubIs the eatunlystbed comumesImcii u the flute gums

‘Iemnpcrmmhunme[csC I

I (~)() ret tiuu

600

Lquuulibrisuuuu te umpeu’,uusuue
400

s’,uumulyst bed

20t)

()

1) 200 400 60)) SOt)

uemut trmmnust/am‘esl to emutmulyst bed1kW]

i’igturt’ 7.25: C’tult’un/ut ti tt’mnperu/urt’ profiles int’lnulhug time et
1

unili/mriuuun tt’/unperutmnre for tiut

refou’umuer i~ntine htu.sectm.se MC’J “ .svsreumn(see/ppendix 3)

lie b’.H-di’mgmmmmsm cmiii ungmonuhe useulto camumpire time lsmssesasmm nesuni athecut trummusfem mmmcl
cimemssicmml nemnetionms. mm this eumse, time bedreceiveshieumt fmamum twsm ssmnrces,the flume gas umnusl time
rctumnnflaw. Conncspsmmmdiugly two exergy/emmengynuntias arecaicunimuted1sir hue heatwimich is
sunpphieuh.I ‘ is tIme metunnmuflaw tenumpermutume.time exengy/enmergymumtisi Icim lbs heunt bI’smmmm ti
mctunmm flcmw is cqunmnl to:

II [I is time ruutio hetweemutIme imcmmt I mmmii time liune h-mis to time bedtimid hue isemut Imonmu time metumm f’hcmw
to time bed. thmenn time cfh’cetivcexengy/ enmergyrumticm ton time emmergyflcsws I~is equmml tss:

~‘
5

1~~u2 (I fI ) f
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eanncst iumctssr I I I exen’gy hiss hucunl trunmuster

0.6 exengyicmss

1
’Iu I’Im rel/innum mug

t).4

(1.2

1)
1) 200 400 600 800

huemut tnamuslem’necl1cm emutmnlystimesh I LW]

i”iguure 7.26 ,f;H tliugruuum far time reformer un the hu.se t’u,se MCFC .s ~‘steurnthis/in gui.s’hing tine
lossesus a res’ult of/meattreunsferunnd ems a re.sultof the refaruniung rt uctioun

Usin g this vunlunefcmn I, which is ‘u weightedmuvenmugesml theflume gums tumid returnsflsmw Cummmmcmt
factsmn. tIme III dimugrmumnshownir figure 7.26results. lime cxcmgyhsmssesas mu mesunit of the
chemidal nemmetionsmu time mefcmmmumenshsmwthe summume pmmttenn mis iii the smumeethrsmughnefsmrrncr.Al
theimulen sstthe ueuthemmmue cml remuctismmmis nsmw. As thenenpenmnuunreimucreumses,dieratessf
neumctisumm imucreumsesmis well. Dueto thelargedrivimsg fcsrce (thetennpenatureumppnoumeh).the
exergy lossesiii thechemicalneadticmnmmire hum ge.‘~‘lie equnilibmiummumtemsuper5mtunmemupproacisesthe
actual bedtemnperatureveryquickly (b’igune 7.25) mutud mis a result the hcmsses‘n the chemumical
neactismmshecsmmmms smnmmih, Hemut tramusfer lossesu me mmgmuinm distributed relatively evemuly iii

figunre7.26

can mat Immetor II I

exergy lcmss
(1.8

06

0: ~gyinen’emse asresumhicml ehemiealme~~minns
exergy inueremuseas n’esunht cml

___________________ ienuupermmtnreineremnse

1) 200 400 600 8O()

heattransferredtss eatumlyst bedILWI

Figure 7.27 fH-diugrumf/ar the ref/aruner in the hu.s’e caseSOFC’,s’v,stemthe total erergs’
lossesunntl time exergs’ iunt’reu.se of theproce.s’.s flout’
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shssmwnu. nuitiumlhy time nmmtecml rcmuctismmm is lcmw timid mull imeat suppliedtsm time cuntalystbed is umsed tsi
iscumt beprocessflssw, As the temumpermutumneincremmsestheneadtionmnmute inscremusesveryquickly
mmmd time lumrger pmmrt sit time exengyincreumseis slune tss thechmemumicmni rcuudtissmms.

7 6.4,Lossesin theconuubustor

1mm time ecmmuuhustamlsmsscsnccunr asmm resunitsit thecsmnmmhnstismnnemmdtismnm,I’nictismnu timid mniximmg (if
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CHAPTER8
ANALYSIS OF SOEC CONFIGURATIONS

8 1 INTRODUCTION

Analysis of theSOFCconfigurationin thepreviouschapterdemonstratedtheimportanceof
reducingth exergy lossesas aresultof heattransferin orderto increasetheefficiencyof the
~ystern.It alsoshowedthat, giventheconfigurationusedin thereferencecalculation,the
anountof heatwhich hasto he transferredis very large.This is themain reasonfor thelarge
contribution of exergylossesasa resultof heattransfer.Priority in optirnising thefuel cell
system thereforelies in reducingtheamountof’ heatwhich is transferred.Themain reasonbr
thehigh lossesas aresult of heattransferis thecell cooling concept.Given the limited
‘illowah]e temperatureincreaseof theprocessflows betweenthe inlet andoutletof the stack,
themassflow air is dictateddirectly by theamountof heatwhich hasto heremovedfrom the
stack.Giventhe temperaturesusedin thereferencecalculation,theamountof heatwhichhas
to be suppliedto theair to preheattheflow to theinhet temperatureof the fue cell stack is 5
to 6 timestheamountof heatthatcanbe removedfrom thestackby theair flow. In other
words,5 to 6 timesmoreheatis transferredin preheatingthe “coolant” thanjim theactual
cooling process.In this chapteroptionsfor reducingtheexergylossesin theSOEC systemas
aresultof heattransferarcconsidered,Fheefficiency and1osse~arecalculatedandanalysed
for differen configurations.

Section8.2 evaluatestheeffectof usingarecyclefor thecathodeoff gas
on theheattransferandperformanceof the system.AItF oughthis
increasestheamountof powerwhichcould potentiallyberecoveredin the
system,all this energyis convertedinto low temperaturcheat, In
Section8.3 thepressurisedsystemis consideredin which partof th’s heat
canbe convertedinto electricalpower.Insteadof utilising th heatrnorc
effectively, it is also possibleto decreasetheamountof heatwh’ch is
generatedin thefuel cell. ro achievethis thefuel utilisation canbe increased,‘1 his approach
is usedin Section8~4,Anotheroption to reducetheheatgenerationin the fuel cell is tF euse
of internalreforming.The internalreformingsystemis analysedin Section8.5. The
combinationof pressureandinternalreforrming ‘s consideredin Section8~6.

8~2SOECSYSTEMSUSING A CMHODE OFF GAS RECYCLE

&2, I Descriptionof systemand�~lculations

‘I’he mostcfl’ective solution is to recyclepart of hec’ithodegas.This Was suggestedfo’
MC~Csystemsby ERC in anearly systemsstudyfor EPRI (Pate!,1983].Ar extensive
systemsstudyfor theEU [Dicks,etal., 1990], demonstratedthis to he veryeffectivefor
SOFCsystemsaswell. The principleof a cathodeoff gas recycleis two-fold, Firstly, tft c ii
is now only partiallycooledby the freshair flow: partof thecooling is providedby the
cathoderecycleflow whichhasbeencooleddownfrom thefuel cell stackoutlet temperature
to theinlet temperature. As a result, the amount of air whichhasto hepreheatedis strongly
reduced,The secondbenefitof acathodeoff-gas recycleis that partof thepreheatingcan e
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preheater

L~

air

Pigitre 3.1 Proces~/1ou (1/agrainfor Iii LR-SOIC systemwith cathodeoff ga r ~ vcl (sri)

achicv~l~rnply by mixing th~hot recycleflow with th cüld air. I~hisreducesth h_at
exchangerareawhich is requiredconsiderably.Dependingon ftc temperatureat which t ~e
recycleblowerOperates,different typesof recyclesystemsarepossible.Appendix 10 gives
an Overviewof someof theseoptions.All recycleOptionsconsidLredhereareis basedon an
inlet temperatureof therecycleblowerof 450 C. Thtreforethe hot cathodeoff-gashasto he
cooledto this temperatureprior to the recycleblower.
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figure ~).2:Q,T-diagrwn /~rthe SOI~Csystem viith cathodega.~recycle

Themostbasicrecycleconfigurationis shownin figure 8.1. In this configurationpartof the
cathodeoff—gas (cog) recycle(stream8 1) is cooledandis mixedwith the incomingair
(stream21). Themixed flow passesthroughtherecycleblower. fo achievetherequiredinlet
temperatureof 450 C for therecycleblower(app. 25), therecycleflow hasto he cooled
downfrom 1000 C to 543 C prior to rn~xingwith t1ie freshair. As canhe seen n theQ,T
diagramfor this configurationin figure 8,2, thetemperaturedifferencebetweenthehot and
cold flow in theair preheateri i thesystemwith recycle(~pp. 81) is iruch lower thanin the
basecasesystem.Although thebenLfit is of coursethatexergylossesaresinai!, transferring
the heatwith a the small temperaturedifferencewill requirea large‘md costlyheat
exchanger.Air preheater(81) is critical as it transfersa largeamouit of heat(Q) at a small
(logarithmic) temperaturedifferenceAT~gThe heatexchangerareadependson theoverall
heattransfercoefilcientU, thetransferredhc~I Q andthelo~arithinictemperaurediffere~CC
ATli,, following theequation:

Q (6.1)

U A~

~hecathodegasmusthe preheatedto 85() C andthecathodeoff—gas flow hasa temperaturc
equalto the outlettemperatur of thefuel cell stack(1000 C). ~Ihe temperaturedifferenceat
the hot sideof heatexchanger(81) is thereforefully determinedby thefuci cell conditions

I 5() K). Becauseonly part of thecathodeoil-gas is recycled,the recycleis a smallerflow
than thecathodegasflow to thefuel cell. The smallurheatcapacityof therecycleflow
comparedto the cathodegasresultsin a temperaturedifferenceat thecoldendof the hc’m
exchangerof approximately 00 K. ~Ihis leadsto a largeheatexchanger.Theicforc other
configurationshavebeenco ~sidcredaswell. Increasingtheoperatingtemperatureof the
recycleblower andincreasingtheeemperatur~.differenceoverthe fue cell stackwill incr
theaveragetemperaturedifferencein theair preheater,hut this requiredifferent technologies
or iheblowur andfuel cell respectively.Two otherconfiguraions havebeenconsiderudin

which thetemperaturedifferencein theheatexchangerbecomeslarger.OneOption (sri,
figure8.3) is to extractheatfrom therecycleflow by usingthecathodeoff-gas.As shownin
Appendix 11, extractingheatfrom therecycleleadsto ahigherrecycleratio and
consequentlyto therequiredlargertemperaturedifference,In configurationsr2 this hashecn
achievedby usingheatfrom thecathodeoff-gasrecycleto preheattheFuel andsteamaswell
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F~’ure8,3: Proces,sj1o~’dia ~‘rarnfor theER-SOPC .sv.sternwith cooledcathodeoJj ~‘a
recycle(vr2)

as theincomingair In theotherconfigur~tion (sr3, figure 8.4) all thecathodeoff-gas is
supp1iet~tu Lh~pceheatcr.makingtherna’sflows ~ri both sk1t~of theair preheotec
approximately equal.To prevent that thetemperaturein thecombustorbecomestoo low, the
cathode off gas flOW to thecombustor is not cooleddowncompletely. [he air preheateris
split in two heat exchangers. ‘The heatcapacities on both sidesof theheatexchangerarenow
approximatelyequal leadingto a constant temperaturedifferencebetween both flows in heat

226

water air



figure 8,4: Procc~,stiow diagrwnftir theSO! C external re/~rming~y.st~,nwith cathode
ott gas split in the recycle(.srj)

exchanger81, ascan he seen in he QJ diagram(figure 8.5). In heatexchanger8! thc
cathodeoff-gas is cooleddown o 85() ~C.Subsequenly thecathoueoff-gas is split into ‘t
flow to the combustoranda flow to the secondair preheater(82). To achievetherequired
combustiontemperature.the valueselectedfor theintermediatetemperatureis 850 C. As the
Q,T-diagrarnfor this systemshows(figure 8.5), thetemperaturedifferenceat thecold endof
the preheaters(app.81 and82) is largerthan in configurationsri (cf. figure 8.2).
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air i~elieater(8 I)
air preheater(82)

!~igure 8,5: Q, 7’ tha,c’rwntor calculation sri (recycle and in1e~ra1edair preheater)

Usingequation(8.1) thutotal heatexchangerarea~requiredhasbeenestimated!br the three
syste~s with recycle(sri, sri sr3)relativeto the basecasecalculation(se). ‘l’he result is
shownin figure 8.6. l’he heatexchangerarearequiredfor theconfigurationwith recycleis
almost 50 ~ lower than for thereferenceconfiguration.But furtherrLduction ofthe heat
exchangerareais pos~ihleby rearrangingtheheatexchangersin thesystem(eg. in
conh~urationsr3).

H J H J

~rl

~r2~

() 20 40 60
total healexchangera~caI

80 100

Pigure 8.6 I’stInlat( (1101(11 requir ‘d heatc~chw~erareator the difJ rent conJi~uraiions
(relative to tfu /,a se case se) ca/cu! (lied UMfl~equation (8.1). f/eat Iran skr
coefticu’nts basedon 1K/app, 1980/.

&2,2 Energyanay.sis

Figure 8.7 showsthe net‘uid g os~electricalefficiencyandtotal ofhciencylbr the tour
con~i~urations.The specificdcfinitioii~of eachefficiency (grossvs. net,cluctrical vs. otal)
aregiven in Section7~3.I he graphclearlyshowsthedifferencebetweenthereferencu

heat cxchange~a~~.‘ain the efornier not inc ~uded 1 tI)e e~thale
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1 ,00()
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I’he 1ot~1 efficiency in the~ysternswith recycleis suhstantiaUyhigher. On theotherhandthe
electricalefficiencyis lower in all configurations with a cathodeoff~gasrecycle.Thegross
electrical eiflciencie~for thesesystemsarebetween1 .2 and 1 .9 (/ pt lower thanthe basecase
while the d ffei’ence in net electricalefficienciesrangesfrom 2.0 to 4.2Y(pt. Thedifferences
betweenthecalculatedefficiency for thecontigurationswith recycle(sri, sr2 andsr3) are
~mal1.‘I’hc key parameterin explainingthedifferencesbetweentheconfigurationsin
figure 8.7 k therecycleratio.

efficiency (/

heat

production

power

production

()

I~gare 8. 7: (‘a/cu/cited ¶icienciesfor II? v~tem~titIiout recycle (se)and dij~rent
arran~ementsof the heal e~c/7angers in the cathodeoff gasrc’c dc leof)
(sri ..~r3)

1 herecycicratioa (seeAppendix 11) is de nedas the ratiobetweentherecycleflow
(stream121 in figure 8.1) andthecathodeoff gasflow (st ‘earn81). In thebasicconf guraio
with recycle(sri) a is equalto 83Y, i. ~. only I 7Y of hu cathodeoif~ga~is ledto the
combustor.Only 1 5Y of the gasfed to the cathodeis freshair. However,theoxygen
utilisation perp~ts~age~is only I 8Y. I he resultng overall utilisation s equalto 58 ~. 1 he
high recycleratio doeshoweverlead o a muchlower averageoxygenconcentration.‘I he low
oxygenutilisati )fl in thereferencecaseleadsto anaverageconcentrationwhichis only little
below theconcentrationin the freshair (19.8Y vs. 20.8Y in the freshair). At i recyclerateo
83Y the averagcconcentrationd opsconsiderably o I 0.9 (/, This leads to ~tsmaller
reversibleor Nerustvoltagein thesystemwith recycle.‘1 hecalculaed cell voltage
consequentlydecreasesfroni 677 ii in thereferencesy~teil1(se) to 656 rnV for thL sy~tn
with recycle(sri).
Recyclingcathodeoff g~s prima ij~~influencestheair flow. If cathodeoff ~as is recyc ed, t~c
ccli is cooledpartiallyby recyclecathodeoff~gasandconsequentlythe fresh air floW ~
reduced.As a resultthu flue gasfloW s lower too. ‘Flie correspondings i~a11erflue gas~ac
lossesexplainthe ahighertotal efficiency in the~ysern’~with recycle. I’or theconfiguration
without recycle(s ) thema~flow catliod~gaswhichcoolsthefuel cell is equal to

I he oxidant ulil satOn pe~pa~sa~~r’~calculatedby compar~ p~n th~cathodeinlet ( ~trearn24 ~ur
8. ) to ~ n thecathod.outlet (stream I ) ). ‘I he overall Ut i~atiOrlconiparc~total ~p(~0 ‘~upplled to hc I
ccl (stream 21 ) to dischargeof the cathodeoil cycIc (sir earn I ~2).

80

electricalefficiency

total efficiency

40

20

se sr sr2 sr3 se sri sr2 sr3
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U. i i i Kg/s. I ne catnoueotigas is mixed with thecoinhustedanodeoflgas. I heretore the
flue gasflow is slightly higher (0.181 kgls). The cathodefloW in thesystemwith recycle is

higherthan in thereferencecasedue to theuseof the recycle(0.180 kg/s in sri v~.0.171 kg/s
in the referencesystem).But the flue gasflow is much lower (0,045 kg/s in sri). The lower
electricalefficiency shownin figure 8.7 for the systemswith recycleis due to two factors:
~ Thegrossefficiencydependson thecell voltage,which is lower for thesystemswith

r~cycledueto the lower averageoxygenconcentrationat thecathodeof thefuc cell stack.
The differencein grossefficiency betweenthedifferentconfigurationswith recycleare
sn all (from 51.2 to 51.9(/ )~
ihe blower in thecaseof thereferencesystemoperatesat environmenttemperature.If a
recycle is used,the bloweroperatesat higher temperature(45() C) and therefore the duty
is much largerthanf~rsimilar pressure ratios at low temperature~.1 he netefficiencies for
thL systems with recyclevary morethan thegrossefficiency, becauseof the larger
differences in auxiliarypower. ‘l’he highestnet electrical efficiency is foundfor
contigurationsri (43.00%) andthelowest for ~r2(41 .7 (/~,while the netefficiency of the
reference system is 45.1 ç1,

The differences in efficiency between the configurations with cathode offgas recycle(sri,
sr2 and sr3) are relatively small and are determinedmainly by therecycleratio u. 1 herecycle
ratio in the systemwith heat extraction fro i~therecycle(sr2) increasesonly slightly from
83 (/ to 850%. The limited increase is duc to the fact that the amount of heat which is
transferred to the fuel (app. 13) andthesteam(app. 92) is relativelysmallas canhe seenin
the Q,T-diagrarn (figure 8.2) compared to the heat transferred in the air preheater. If the
cathoce off gas is first cooled down before splitting the flow ~calcu1ationssr3). more heat
remains in the recycle flow andthereforetherecycle ratio decreases(Appendix 11). For sr3
(X equals 79~.

exergy loss 6()

V/ of input~
50 1 electrical

chemical

mixmg

3() friction

20 heattransfer

10

()
Sc sr2 ~r3

Figure 8.S: Calculated exerg Io.s~esper typeof e~ergvtossjor the sy,stemwith (sc)and
WithoUt rec~cIe(srl..,,sr3)

~1he pressureincreaseof the fresh a~rdelivered by the recycleblowur in the calculatedca~cAlthough the

compressorduty wi I be lower using a separatefresh air cornpr~or,the potentialreduction in au~Iiary

power i~i niitedclue to the low ratio (reshair / recycleI low
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8~2~3Exergyanalysis

I igure8.8 showstheexergylossesin the4 configurations.Usingthe approachdevelopedin
part I a di~tinctionis againmadebetweenthedifferent typesof losses.The lossesare
Lxpressedasfraction of theexergyinput.The figure showsconsiderablylower exergylosses
for the systemswith recycle(sri ... sr3).The exergylossesin figure 8.8 also include the
lossesflue gasstacklossesam!otherenergyflows to the environment.Thereforethe sumof
theexergyloss + exergyefficiency is equal 100Y ‘~helower exergylossesshownin
figure 8.8 for the systemswith recyclecorrespondto an increaseof exergyefficiency
(relative to thebasecaseSe)rangingfrom 4.5 (/ f~rsr2 to 5.9 Y( for sri.
Figure 8,8 showsthat differencesin exergylossesbetweenthe differentconfigurationsare
determinedby thedifferencesin lossesasa resultof heattransferandthelossesasa resultof
friction. Thc contributionof theothercausesis approximatelythesamefor all 4
configurations.The exergylossesasa resultof heattransferarelower for thesystemswith
cathodegasrecycle.However,theinfluenceis very limited, in particularcomparedwith ft L

amountoFheatproducedin thesystem(comparethetotal efficiencyin figure 8.7).
For further analysistheexergylossesfor thesubsystems(againexpressedasa fractionof the
exergyinput to thesystem)areshownin figure 8.9 for thereferencecalculation(se)andthe
basicconfigurationwith recycle(sri). In thefuel cell, the combustorandthe fuel
conditioningsubsystemincluding thereformer(thecomponentswherethe fuel is converted
theexergylossesarenot or hardlyinfluencedby thecathoderecycle.Thedifferencesoccur
theair preheater/cathodeoff gasrecycleandthewasteheatboiler(includingtheflue gas
stack).Thelossesin the air preheatersubsystemaremorethan l() (/ lower in thesystemwith
recycle.How ~ver,tie lower lossesn the air preheatersarepartially off setby higherlosses
in thewasteheatboiler.

[1 fuel cell L coinbw,tor [ I fuel conditioning

LI air prchcaters/ ~ wasteheatboiler
cogrecycle

Sc

sri

So 60

exergyloss [‘ of inputI

Figure 8.9: Coinpari.sonof the exergy lossesper .s ithsvstein j~rthe hace (USC (se) and (1

tern with recycle(sri)

In figure 8. 1() exergylossesasa resultof heattransferfor both systemscanhe comparedin
moredetail. In thevaluediagramtheareaenclosedbetweenthetwo curvesis equalto inc
exergylossesasaresultof heattransfer(seeSection7~5~1).In thisdiagramtheexternal
losses(for examplethesensibleandlatentheatin theflue gas)arenot included.Thelossesin
thehigh temperatureheatexchangersaresmall in both cases(seandsri) dueto thehigh
temperatureat whichthe heatis transferred.Largek)ssesoccur in thelow temperatureair
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preheaterin thesystemwithoutrecycle(se). In thesystemwith recycle(sri). preheatingthe
freshair OCCUrS with relativelyhigh lossesas well. This is dueto thehighly irreversible
processof mixing thehigh temperaturerecycleandthecold air. However,dueto therecycle,
theamountof air which hasto he preheatedis muchsmaller.As aresult, theexergyloss in
th mixing processis approximatelyhalfof theIos~in the first air prehealerin systemwithout
recycic(srI). In themediumandhigh teiliperatureair preheaters.the averageteniperature
differencein thesystemwith recycleis muchsmallerthan in thereferencesystem.But
hecaise theexergylossesasaresultof heattransferarealreadyrelatively small at high
temperature,this doesnot affectthe total exergylossesas aresultof heattransfer
COnS derably.
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I içure 8.10: Coinpari~onof exergvLosse~a.s are~uIt(thea! /ran~sterfor 1/u ha~as (~‘)
and (1 svsfr,n with recycle (~r I) usin ~ the ~‘a1uediagrwn.s

By comparingthetwo diagramsanotherimportant fact canhe le’irned. Themorecilicient
heattransici in thecathodeoff~gasrecycle~ibsystemin sri resultsin a h’ghertemp~raturcO~

the fluL gas. he 11w. gasis theref~resupplied to thewasteheatboilerwith ahigher
temperature(--- high exergyvalue). In thewasteheathoile’ theheatiS still usedto prod ic~
intermediatepressuresteamwhichhasa limited exergyvalue(f~_O.36).Consequently,t ~

lossesin thewasteheatboiler archigherif acathodeoff—gas recycleis uscd.
In Section 7~5the pinch—valuediagramwasusedto e~timatctheexergyof theheatwh’ch
could he extractedfromthe systemat a high temperature.I hc pinch—methoddetermines110W

much heatcanbe recoveredat high temperaturetaking into accountthe heatrequirudto
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preheattheproces’~flows. By usingcombimngthis with thevaluediagram,theexergyof this
heatis shown.I igure ~. II showsthepinch-valuediagramfor the SOFCsystemwith cathode
gasrecycle(sri). The lower curve(cold compositecurve), which representstheflows which
ah’,orhheat, is dominatedby theheatwhich is suppliedto thecathodegasin thecathodeoff—
gasrucyclc 470 C . 85() C). Correspondinglytheuppercurve,which representstheflows
which supplythe heat, is dominatedby thecoolingof thecathodeoff gasfrom 1000 C at
thcoutlet oil thefuel cell to the inlet temperatureof therecyclecompressor(450 C). Thu
shadedareaon theright againcorrespondsto theexergyof theheatwhich could herecovered
at high temperature.
1~hecorrespondingdiagramfor thereferencesystemis shownin figure 8.14. If all the surplus
heatwhich is availablein thesystemis convertedinto power without exergy losses
(theoretically),apotential increaseof the powerproducedby 33()kW wasestimatedfor the
basecase(se). In thesystemwith recycle(sri) the exergyof the surplusheat, i.e. the area
indicated a figure 8.11, is 540 kW, that is evenhigher. Lower lossesas a resultof heat
ransferoccurin thesystemwith recyclebecauselessheatis transferred.But the

correspondingdecreasein exergylossesin preheatingtheair doesnot leadto a strong
increasein exergyefficie Icy. becauseno useis madeof theexergyin the flue gas.exceptto
producestc~lmat 1 80 C. 10 improvetheexergyefficiencyof thesystemit is thereforenot
enoughto locatethelos~csasa resultof heattransfer. It is alsonecessaryto determinehow
theheatwh~chis/becomesavailablecan he used.Thu analysisshowsthatexergyof theheat
which couldpotentiallyhe recoveredat high temperatureis higherfor the systemswith
recycle. A configurationwhich makesbeteruseol theavailableheatwill heconsideredin
thenext section.

carnol [~tcto- I 450 C < 000 C

470 C -> 85() C

0.2

0 1 ~)00 2,000 3,000 5 00()

huatlr~i stirred 1kW I

Figure 8. Ii: Pi,uh-~’aIuc£Iiaçrafll j~ra SOEC(‘onfiguraiwn with (athodegas rec~c/c

8~3INFLUENCE OI~THE OPEl A INC I R~SSU~L

8~3ADescription f thesystemandcakuat~ons

I he analysisof thereferuncesystemindicatesthat to increasethL efficiencyof theSO C
system, it is importantto reducetheexergylossesasaresultof heat ransfer,Howev r,
comparisonof the systemswith andwithout recycleshows,that to achievethis, it is
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important to utilise the heatwhich is availablefor somethingelsethantheproductionof
intermediatepressure steam.Oneway to achievethis is by pressurisingthe system. If thefuel
cell operatesunderpressure,theheatwhich is generatedin the fuel cell can hepartially
convertedin o powerin anexpander.~1oassessthepotential of pressurisation,calculations
havebeencarriedout for a systemoperating at 6 bar.
‘1 hep ‘ocessflow diagramof thesystemis shownin figure 8. 12. Theconfigurationis based
on configurauonsr3 (spill air preheaterin the cathodeoff—gas recycle)in theprevioussection.
An ‘hr compressorandaflue gasexpanderhavebeenaddedto the scheme.Theair is
pre~~surisedin theair compressor(app. 22), For thecalculation,compressorandexpanderare
consideredto operateon a single-shaft.asthey would in manygasturbine designs.Both
componentsareassumedto operateat an isentropicefficiencyof 75 o3~, After compressionthe
air is mixed with the cathodeoff-gas recycle(stream84), preheatedin theair preheaters(app.
81 and82) andsuppliedto thefuel cell at 6 har”~,After thefuel cell, the cathodeoff-gas
passesthroughair preheater(8!) andis subsequentlysplit into two parts.The partof thu
cathodeoH—gaswhich is not recycled,is mixedwith the anodeoff gasin thecombustor,The
heatin the flue gasis usedin thereformer(app. 14). theexpander(app. 32), thefuel
preheater(app. 13) andthewasteheatboilerrespectively.
Thepower deliveredby theexpanderincreaseswith theinlet temperature.By placing the
expanderafter thereformer,theduty of the expanderis lower thanif the flue gasis expanded
beforethereformer.However,by expandingtheflue gasafterthereformeri is easierto
achievetherequiredtemperaturediffèrencubetweenflue gasandcatalystbed. ‘I his
configurationis also preferablebecauseit allowsintegrationof combustorandruforinerand
limits thepressuredifferencebetweenflue gasandcatalystbed. Thepressurekmsesusedin
thecalculationsvaryproportionallyto theoperatingpressure.ihis assumptions basedon the
fact thatthe pressurelossratio (Ap/p), ratherthan the ahsolutcvalueof thepressureloss,
determinestheauxiliarypowerrequiredto overcomethepressureloss.

8.3~2Energyanaysis

Ii figure 8.13 thecalculatedefficienciesfor theatmosphericsy’.~tern(sr3) andthesystcrn
operatingat 6 bar(sep)are shown.Therearetwo largediffercncesin efficiuncy hetwuenthe
atmosphericandthe pressurisedsystem.F’irstly. the calculatedelectricalefficiencyfor the
externalreformingSO~Csystemis considerablyhigherfor thesystemoperatingat higher
pressure.Secondlyheatproductionin thepressurisedsystemis muchlower. ~Ihe second
effect is so strong.that a substantiallylower total efficiency(heat+power) results(set
figure 8.13).

Electrical efticiencv
‘1 henet electricalefficier cy is 40.5(/ for theatmosphericand5 1 .7Y( for thepressurised
system.The largeincreasein efficiencyis dueto threefactors:
1. ~1’heefficiencyof thefuel cell increases.Expressedasafractionof thefuel input to the

system.thefuel cell efficiency increases!‘rom 5J,9(/ to 56.! ~. ~1’hisis dueto thehighur
Ncrnstvoltage(seeSectioll4~3~1)at higherpressureresulting in asubstantiallyhighei C
voltage:662 my (atm.)and715 rnV (at 6 bar) respectively.Thehighercell voltagu
directly leadsto ahigherefficiencyof the fuel cell.

2. Partof theheatin thepressurisedsystemis usedto generatepowerin the

the operating pressure’ i equal 10 the pressureat the mict o~the fuel cell

theinfluence of the pressure iscon,iderecl in other SeCtiofl~.Sec Section8.6.9.6.
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compressor/expandercombination equals5.1 Y( of the energy supplied to the systemwith
the fuel. The grosssystemefficiency increasescorrespondingly.

3 The amountof heat which is generated in the fuel cell dependson the efficiency of the fuel
cell. If the efficiency is higher. lessheatis generated.Therefore, the amount of heat
generatedin the pressurised stack is lower thanin the atmospheric stack. In the calculated
cases,the heat which is generated in the stack is 1025 kW for the atmosphericand871 kW
for thepressurisedsystem. Consequentlylesscathodegasis requiredto cool the cell in the
pressurised system.The reducedduty of the recycleblower in thepressurised system
contributes to another1 .9 (/ increase in the electrical efficiency of thesystem.

efficiency V/] ~O grosselectrical total efficiency
efficiency

60 heat
production
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Pigure 8.13: Lompari.sonof the efticienciesfhrthe at~no.spheric(sr3) and pre.ssurised

external (sep)re~~rrni17gSOEC,~vstem

lotal efficiency
The amountof heatwhich is producedin thepressurisedsystemis nuch lower than in he
atmosphericcase.In theatmosphericsystemall heatis usedto producestean. In the
pressurisedsystempart of theheatis usedto produccpowerin theCUC
(compressor/expandercombination).Thereforea lower productionof heatis expecedin the
pressurisedsystem.However, the heatproducedin the pressurisedsystemcorrespondsis only
onethird of theco’~respondmgvalut. f~rthea inusphericsy~ten1(30,4~~ 11 ~ u’~tte fuel
input). Exti actionof heatto producepower by the CECalonccannotexplainthe considerable
decreasein heatprodUctionof thesystemshownin figure 8.13.
In figurL 8.14 theQJ’—diagramsfor both the atniosphericandthepressurisedsystemare
shown. Indicatedin thediagramis thedecreasein temperaturLof the flue gasover thewaste
heat boiler. Evidently the temperaturedropof th~flue gasin the wasteheatboiler is much
largerii theatmosphericsystenith~n in thepressurisedsystem.botha~a resultof he lower
inlet temperature(outlet temperaturereformer/ expander)andthe higheroutlet temperature
of theflue gas(flue gasstacktemperature).The differencein inlet temperaturche~weenthe
atmosphericandthepressurisedsystemis due to theexpander.~1heexpanderextractspart of
the heatfrom theflue gasflow. As aresult, thetemperatureof theflue gasat theinlet ( f the
wasteheatboilerdec~easesfr~rn735 C for theatmosphericsystem(sr3) to 4% C l-r the
pressurisedsystem(sep).
The highertemperatureof theflue gasat the outletof wasteheatboiler is mainly dut to a
higher recycleratio u in thepressurised‘~ystern. o estimatethe cathodeoff gasrecycle ratio
a the following equationwasderivedin Section8A:

fuel
cell

sr3 sep
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I he relevai t temperaturesarethe temperatureof the freshair (T ), the temperatureat the
inlet of thecathode(F~) andthetemperatureof the cathodeoff gasat thecathodeoutlet
(~I~~)• (1 is calculatedas theratio betweenthetemperatureincreaserequired t~rhe fresh air

(1 a ~ ) andthetemperature difference betweenthe recycleflow and the fresh air prior to
mixing (1 1 ) . ~Ihe temperature of the fresh air (Ta) in the atmospheric systemis equal
to the ambienttemperature (seefigure 8.14). In thepressurised system.however,the air is
~preheated’by the compressor.If T in the equation for u becomeslarger.theritio between

I he ternper~lure cli tTerencesi ~lower aiid a lower valuefor (~is found.
Given the pressureratio (6) and an Isentropic efficiency of the conipressor(75 (/ )~the
calculatedtemperatureat theoutletof thecompressoris 27 1 C. Dueto the increasein the
teniperature at which the air is supplied to the cathodeoff gasrecycle, the recycleratio a
decreasesIrom 80’/( in the atmosphericsystemto 7() ~/ in thesystemoperating at 6 bar.‘1 he
etfect of preheatingtheair on the recycleratio can beunderstoodby considering theencrgy

hc~t iran~fcrredI kVV
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bala~ceof the recycleioop. All heatgeneratedin the fuel cell is removedfrom therecycleby
the cathodeoff~gasflow to the conihustor. ~Ihisflow becomeslargeras lessgasis recycled.

1 erefore if lessgasis recycled. lessheat is removed from the recycle. In thepressurised
syse ri heat is supplied to thecathodeoff gasrecycle not only by the fuel cell hut also by the
compressor.To restore theheat balanceof therecycleloop, moreheathasto bere110VCd

toii the recycle.This is achievedby reducing the recycleratio, i.e.supplyingmorefreshair
andremovingmore (hot) cathodeoff~gasfrom therecycle.
[he flue gastemperature after the wasteheat boiler (i.e. the flue gasstacktemperature)is
influenced by theamount of air which is supplied to thcsystem: if more air is supplied to th
system. theflue gasfloW becomeslarger. Comparedto the atmospheric system. the air/fuel
ratio ]kg/kg~in the pressurised system27Y higher dueto thelower recyclerate i, In the
pinchdiagrams in figure 8.15the higherflue gasflow in thepre.~surisedsystemresultsin a
smaller slopeof theflue gascurve.
A secondreasonfor the higher flue gasstack temperatureis thelower huatdemaK! a~low
temperaturein thepressurisedsystem.In the‘itmospheric system,the cold curveat
temperaturebelow400 C consistSof thesuperimposedcurvesfor thesteamproductionand
for air pre-heating Below 180 C, theevaporationtemperaturefor the I () bar steam, he
heat is mainly usedfor air preheating.Consequentlythehot curve(flue gas)andcold curvu
(mainly air) haveapproximatelythL sameslope In thepressurisedsystem,theair is
~prcheated’to 27 1 C by thu comprussor.Below thepinch temperatureof I 80 C. the ‘imount
of heatwhich is recovereds small.Consequentlybelow 180 C, thetemperatureof the steam
in thewasteheatholler, only a small partof the heatin thu flu gassesis used.

400

30

200

100

00 ~00 400 600 800 Q [kW I

Figur 8. 1 ~: Pinch cIiu~rwnvfor theatmospheric(srJ) andpr ~suriseI externalr ‘/ r,nin ~
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I hete npe~turu decreaseof thefluc gasin thew~St heat h I r (aid ti ‘refore thu nountof
heat transfurred)is larger hu LtnlosphercsystcI than in t ~cpiussuris~dsystem./ s sh wn
above,this is dueto:
• ~I ~atuxtractionby th~expaiuer:
• A lowcr recyc c ~atein thecath)derccyc1c~

In the~y~temhat tr~nsfcrto the I lcomingair taLesplaceby nix no I he hot and cold Uow~but b tl or he
pinch dia~rani’bolh heatingand COOl Hg cu~yeshaveb&cn included ii the respeeivecoinpoitc c v~.S.
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[he lower amoUntof heatrequired for air preheating.
heQ,~Idiagramin Ilgure 8.14shoWsthatthe amountof heat transferred in the wasteheat

boiler in the pressurised systemis approximately half of theheat transferred in the
atmosphericsystem.However, even a stronger decreaseof the heatproduction in the system
is found by comparingthe efficienciesin figure 8.13. 1 he difference canhe explained by
consideringtheenergybalancesfor thetotal systemand for the wasteheatboiler
(Figure 8.16).

he first two bars in figure 8.16 represent thetotal energy suppliedto the systemwith the
fuel’ . [his energyis converted into electricityor into heatin the fuel cell system,Theheatis
partly recovered in the form of processsteam,while theremainderi’~lost, mainly through the
flue gas -,taek. ~1he first two bars confirm the large difference in theproduction of process
heat in the wasteheat boiler: theprcssurised systemproduces approximately 1/3 of theprocess
steamproduced in the atmospheric system.The apparentefficiency of huatrecoverycanhe
definedas:

heatproduced by the systemheatrecovery efficiency
heatgeneratedin the system

In theatmosphericsystemtheheatrecoveryefficiency is approximately50Y (halfof theheat
produced is recoveredin the form of processsteam).Theapparentefficiencyof heatrecovery
in thepressurisedsystem,basedon thetotal energybalancefor thesystem.dropsto

approximately20Y( in figure 8.16.

F, Q IKWI
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Figure 8. 16: Ener~vba/anc~s for the total vstern (mdfor the wa~IC healboiler J~rthe
atmospheric(at/n.) and thepressurised.sys/em(p=ó)

‘1 his sharpdecreaseiii ~tpparenteffic’ency of heatrecoverycan he explaine by considcrii~z
the secondsetof bars,which representtheheatbalanceof thewasicheatboiler. ihetotal
lengthrepresentsthe heat supplied to thewasteheatboilerby the flue gas.Partof the he’it ~
lost a~,flue gas stackloss, while theremainingpart is recovered, either asprocessste~imor as
rel~orinersteam.Lvidcntly theamountof heatproduced by the system(— processsteam) and

Due tot the highe~fuel cell eific ency ofthe pressurizedstack.th~total energyin I igwe ~. 6 is lowu for Ii
pressurized ~y~tern: thepOWer generatedby I he fuel ccli is thesamein all calcuiation~( MW)

stacktoss

sr3 sep
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thu N ~allossesappearboth in theenergybalanceof thewhole ~ysteni(the first setof har~)
aid theenergybalancefor thewasteheatboiler(theSecondsetof bars).However, the heat
r~quiredfor thereformersteamappearsin th~.energybalanceof thewa~eheatboileronly.
Becaise this heat is recycled, this heatdoesnot appearin thetotal unergybalance.1 he
amountof heatrequiredfor producingthereformingsteamis approximatelythe samein the
~tmosphcricandthepressurisedsystem.As aresult, the UIIOUIII of P1’OcCSsstcanidecruasu~
i ~ticF strongerthanthe total amountof heattransferredto U e wasteheatboiler. n othe
w rds, thu efficiencyof’ heat recovery doesnot dropas sharplyas thuenergybalanceto - the
Iota system(thefirst to barsin figure 8.16) suggest.
The ‘malysis in the secion showsthat theexplaiation ol a rel~itivelysimplechangei
perf rrnanceof the systeni (the lower heatproduction ii the prcssuri~edsystem)already
requres an extensiveanalysis.Therelativesharpdecreasein thurmalefficiencyof the system
is influencedby the cathodeoif~gas‘ecycleratio, heatextractionin thL expander.thep ‘e
heatingeffect of compressorandthechangingratio betweenrek)rmtrstuamandsteam
production.

8~3~3Exergyanalysis

n figure 8.17 theuxergylossesbr theatmosphericandthe p e~suisedsystemareshown
Theexergylossesarcclassifiedaccordingto lie typu of loss identified n Section 12. ~1he
total ossesaresgnificantlysmallerfor theprussurisedsystem.As can heseenin thefigure,
this canbe attributed2 linost fully to thelower lossusas aresultof heattransfer. [he other
categories.w’ft theexceptiom of the friction losses,arc i o otably influenced.The friction

lossesincreaseasa resultof ii c h rgcr f”ctio i ossesI tie rotatingequipi tent in ti ~
press~rise system.

huattransfer frjctjo i chumica!

mixing electrical

si3
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exer~yloss [(/~of nputI

Eigur 8.17: Lker~’VLos se~per tvpetor the uit~nospheric(sr3) andpressurised~vste;n(sep)

‘I he heat r islet loss s, asshowi in Section3~2,dependon tWO lactors: theaver’i~u
temperatureof heattrinsferandthe temperaturedifferenceat which theheatis ra isf~ired.
lo dccre~su exergy lossesas a result of heat transfer, temperaturedifferenceat whic ic heat
is tr~nsfei’red should heininirnised.Comparingthe valuediagramsfor both prussurisedand
atmosphericsystems(figure 8.18)shows hatthetwo points in thesystemwherethu strongest
reductionof the exergylossesOCCUrS arethe air/cathodeoff gasrecyclemixci andth
evaporator.I he eUectof prcssurisationis a strongreductionof theheattransferLosses
(~1O.4Y pt).
The penalty for thehigheroperatingpressureis higher lossesasa resultof friction
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(+3.9 Y( pt). Comparinggainandpenalty,a further increasein pressureseemseffective.
However,closeranalysisof thevaluediagramfor the atmosphericandthepressurisedsystem
(figu ~e8.1$) leadsto a differentconcIu~ion.
~1he ma~jorheattransfer lossesoccur in 4 components.the reformer,thecathodeoff—gas
rec~cIemixer, theair preheatersand thewasteheat boiler,

‘The lossesin thereformerarcmainly influencedby theamountof fuel which hasto he
-eformed. In orderto limit theheatexchangerareathetemperaturedifferencecan not he
reducedconsiderablywithout resultingin a strongincreaseof thecostof thereformer;
The lossesin therecycleasa resultof mixing the cathodeoff gasandthefreshair are
largeat atmosphericoperation.However,theselossesarealreadyso stronglyi’educed
(from 123 kW to 21 kW) by operatingthe systemat 6 bar thatfurther reductionof the
losseswill bemuchsmaller;
In the~iirpreheatersthe samelimit is reachedwith regardto thetemperaturedifferenceand
requiredheatexchangerarea,If the pressureis increasedfurtheradifferent layoutof the
heatexchangersis required(seeSection&2) to limit heatexchangercosts,
‘I’herefore increasingtheoperatingpressurecanonly reducethelossesas aresultof heal
transferin thewasteheatboiler. The lossesasa resultof heattransferin thewasteheat
boilerare274kW in theatmosphericsystemandin thepressurisedsyst~rn172 kW.
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I yenthoughthe lossesarestill substantialin the wasteheathoiler, only a small fractionot
theseexergylossescouldheconvertedinto work by increasingtheoperatingpressure.‘1 he
operatingprinciple of a gasturbine is the differencein temperaturebetweencompressionand
~xpansion.Therefore,the outlet temperature of thecompressormustalwayshehigherthan
thc utlet temperatureof theexpander(otherwisethelaststageof theexpansionoccursat a
lower temperaturethan the last stageof thecompression).As can heseenin thevalue
diagram,thelargestpartof theexergylossesin thewasteheatboilerasa resultof hea
ransfer, however,occurbelowthecompressoroutlet temperature.‘I’hese lossescan not he

icducedby increasingtheoperatingpressure.Not indicatedin thevaluediagram iru th~
lossesin theflue gasstack,whichconstitut~approximatelynearlyhalfof theexergylossas ‘i

resultof heattransferin thewasteheatboiler(82kW). As theseexergylossesoccurat a
emperaturesubstantiallylower thanthecompressoroutlettemperature,the partof the losses
which couldhedecreasedby increasingtheoperatingpressure.is evensmallerthan thc value
diagram for thcpressurisedsystemin !‘igure 8.18 suggests.Furthermoretheamountof he~
gencratedin thefuel cell will also helower at higheroperatingpressurureducingthe
potentialheatrecoveryin theGEE’ evenfurther. Given thelow efficiency of the
cornpression/expansonprocessa further increasein operatingpressurecan oniy leadto a
very limited increasein electricalefficiency (aswill he shownSections8~6and9~6)
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Figure 8. 19: Comparisonof theJ)iflCh ~a1uethagramfor 1/ic atmospheric(.sr ~)and the
pressun ~ed .s vvtern (cep)

The ‘esu Es arcconfirrnd by thL analysisbasedon the pinch—valuediag‘ani (sci.Sec i m 7 5).
In thepinch-valuediagraim in figure 8.19againtIe shadedarearepresentshow iiuch exergy
could herecoveredby ex ractingheat.Again theexergyis determinedby deterninining both
the amountof heatwhich could heextractedfrom thesys emandthehighest temp~ratr~at
which it could he madeavailablein thesystem,taking into accountthenuedto preheatair,
fuel andproducesteamfor thereformingprocess.Theexergyof the heatwhichcould
potentiallyheconvertedinto electricalpowerin theatmnosphcricsystemaccordingto figure
8.19 is roughly480kW. The correspondingamount for theprcssuri~edsystemis nuch lower:
approximately160 kW.

242



I,~tluenceo~i/ic efficiencyof rotating equipment
‘l’he amountof electricalpowerwhich is produccdby theCEC in thepressurised system is
99 kW. i.e. mnuch smallerthan thedifferencein potential (480—160=320kW). Evidently the
(‘IC doesnot converttheavailableheat veryefficiently into electricalpower.~1’1iisis dLLe to
the low efficiemicyof thcrotatingequipment.
for thec~culationsanisentropicefficiencyof themain rotatingequipment(air compressors.
recycleblower,expander)of 75 (/ hasbeenassumed.Componentswith higherefficiencies
arc available,althoughthe cost will he higher. ~I~oassesstheinfluenceof theefficiencyof the
rotatingcquipmndnt.calculationshavebeencarriedout for different valuesof the efficiency
for theair compressorandexpander:8O~, 85Y and9ft I igure 8.2() showstheeffectof the
efficiency of therotatingequipmenton thesystemefficiency. Most importantis theincrease
in net electrical efficiency from 53.6 (/ i~61.6 (%~The increasein system efficiency is
proportional o theisentropicefficiency: between75 (/~and9() (/ every5 ~-pt increasein
efficiencyof the rotatingequipment.leadsto an increaseof 2,7 ‘~ptincreaseof the net
elLctrical efficiencyof thesystem. an iseutropicefficiencyof 90Y is assumedbr the
componentsof theCEC.the powerproducedby the(‘EC becomes244kW. This CO ‘responds
well with themaximumof 32() kW estimatedfor the systemfrom thepinch—valuediagram
(whichcorrespondsto a CECoperatingreversibly, i.e. with 1 OO~isentropicefficiency).

efficiency V/ 3

Figure 8.20: Gross electrical and total eficienc br the Juel (eli ~ysIcIi1br ditJerenl values
of the isentropic cttlcie~vJ~rthe oinpre ~or and e~pandcr (iJ~rence
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1~igure8.21 showstie exergylosscsfor different valuesof therotatingequipmentefficiency.
1hetotal exergylossescan beseento decreasesubstantiaHy.As before, adisti ~tiOn is nade
betweenthe differcm [typesof the exergylosses,The lossesof heattransferdecreaseslightly
becauseless1 eat is producedin thesystemif the rotatingComponentbecomemoreefficient,
But only the lossesasa resultof friction areinfluencedsignificantly by theefficiency.1 he
lossesconsistof the f ‘iction lossescausedby pressurelossesin thepipesandcomponentsa
thelossesin thetwo componentsof theCEC,The first typeof friction lossesareindependent
of thecompressorandexpanderefficiency, while thelossesn theCECevidentlydo dcpend
on theefficiencies.Thetwo typesof friction lossesareshownseparatelyin figure 8,21, ‘I he
figure confirmsthattheexergylossesasaresultof pressurelossesarc almost i ideperidet of

8() grossci. efficiency total efficiency

electfcal

80’
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thcefficiency of theCFC, l’he friction lossesin theCLC clearly decreases with increasing
iscntropic cfficiency. ~heselossesareapproximatelyproportionalto I ~ where i~is (lie
i~cntropic efficiencyof therotatingequipment.ftc calculationof theu ergylossesasa
resultof friction thereforepredcts theinfluenceo~the isenhl’opiccff’ce icy of therotating
Lquipme~t well.

1 l~cenurgyandexergya~alysis in this section shows.that pressurisingthcsystemreducesthe
loss~s as a resultof heattransfer~onsiderah1y.both hecau~etheexpanderutiliscshigh
temp ~ratureheatandbecausethefuel cell operalusmore efficiently. Howevei,theefficiency
of thcro ating equipmentlimits the effectivity of thu heatutilisation.As a result, the decrease
in exergylossesas a result of heattransfe’is pa‘tly ‘conipensatcd~by theI ~c‘easein exergy

as are~ul1of friction Theex ~rgy na1y~ispr~lwt~a~mal1inc’~~a~cin ~fficcncy l~ th
systemis operatedathigherpressureaid alsoclearly s ‘ows theinfluenceof thu isentropic
efficienciesof thecompressorandexpander.Furthermorethe c ~crgyanalysisalso showsthe
flue ~,asstack loss~sincreasestronglybecause‘ecycleratio becomessmal erwhe th~
systemis pressuriscd.

exel’gy lossus Y~-of input]
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8~4~1Descri ti i o systewandcakulatious

The ~iainc~uscof ~xcrgy Io~ss in th exkrn~ilrefoimi ~gSQl C sys cm s hc’it t ~i~!~i.() it
approachwhcli am s at rethcing theselos~cs,‘S to makcuseo the ~ig1te nperat~re I c~
whici s availablein thesystum.By operatingthu systemundu pressurep~rt of thehcat
which is generatedin the systemis recovered.As shownin tht precedingsection,the heatis
notrecoveredveryeffectively. Anotherapproachis to ruluce ossesasaresul of ~cat
transferby reducingthe amountof heatgeneratedin thefur] cell system.In theconibustor
cheniicaenergy is convertedfully into heat. in thefuel cell chemcal nergy is coi vur ed I o
both heatandelectricalpower. In orderto minimise thetotal amountof heatwhici is
generatedin the system,the fuel utilisation in thefuel cell shouldbelugh to mini niseheat
production.I or both systemsdiscussedin the precedingsection,the atmosphcricsys cm (sr3)



and thepre~urisecIsystem (sep). theperformancehasbeencalculatedusingdifferent values
ot the fuel UI ilisation. lor theatmo~phei’icsystemthe fuel utilisation wasvaried from 77.5Y
to 87.~~. ‘1 he performanceof the pressurisedsystemwascalculatedwas~.orvaluesfrom
77.~/to ~5(( ((or highervaluesof theutilisation to little high temperatureheatis available
to preheat~tl the air/cathodegas).

eE’l’icieucy ]Y

total cUicicncy

clccVical eiI’~ie~cy r heat

auxiliary production

~ } cie~cai j ~pi~uctio

77.5~ 85~ 77.5Y 85~

Ii~’ure8,22: ~vstein ej/iciencie.s to,’ the atmo.spheric~‘,s1em(,sr3)at t~vovaluesof thet~ieI
uiili,sation (U

1
— 77.5Y und (J~—87.5Y~,

8~4~2Ener~,yanalysis

atmospheric~ stem
In figure 8.22 the systeilleflicicticies areshownbr IWO valuesof thu fue utilp~atioii.‘Ilk.
first two barsrepresentthe electricalcfficiencies,‘Thu total lung Ii of thebarcorrespondsto
thegrossefficiency: generatedpowci’ asa !ractio of the fuel energyinput. I he ~fuclcell
e~fIciency k defineda.sthe ratio betweenthu powergeneratedin theI uci cell andthe fuel
suppliedto thesystem~.At 77,5~utihisation, thefuel cell efficiencyis equalto 48.2~,‘! his
iiicreases to 53.(Y/ at 87.5 (/~fuel utilisation. ~1he clectrochemicalefficiency of hefuel cell
is the ratio betweenthepower generatedby the fuel cell andtheenergywhich iS COfl~v rted ill

th fuel cell. 1 his value indicateshow efficient theelectrochemicalprocessoccurswi hin ft
fuel cell. If theelectrochemicaleft’ciencyret iains constant,thefuci cell efficiency
(P /LHV ~)is proportional to the fuel utilisation, Assuminga constantclectrochemica
effIciency, ft e fuel cell efficiency would he54,4(( at 87.5~fuel util sation,‘ftc difk tice
heiweenthe ‘ictual (53.0~~) andpredicted(54.4Y) fuel cell effic’ency, showsthat the
clccti’ochemicalefficiencybecomeslower at higherfuel utilisation. ~Ihe cell voltage,which is
a measurefor the electrochemicalefficiency (Section4~3~1).dropsiro in 674 niV at 77.5 (/ to
657 mV at 87.5 (/, As discussedin Section6,4, the decreaseof thecell voltage is dueto the
lower reversiblevoltageor Nernst voltageat higherutilisatio~s. f thefuel tilisation is
higher. a largerpartof theenergysuppliedto the systdnlis convertedin the fuel cell. On thu
otherhandtheconversionin the fuel ccli becomeslessefficientat h glier valuesof th t~iel
utilisation, Within therangeof fi ci utilisationsconsideredhere,thenet resultof incieasing

In theati ophunc ,y~tenitlu~ rre~jondsto tli~gro~ cit iciency (~ceSection7.3 tot the dci ini1~onof
effictence~)



thefuel utilisation is positive: theglosselectricalefficiencyincreases.If the fuel utilisation
i ~creasesfrom 77.5to 87.5~this correspondsto a I 3(/ increaseof the fuel ulilisation and
lead’~to a2.5Y decreaseof thecell voltage.
However, thereis also anincreaseof theauxiliary power requirementsat higherfuel
utilisation.As a result, the increasein netelectricalefficiencyof the systemis limitted, ‘1 he
calculatedefficiency increasesfrom 39.3~to 42.8Y (+2.57pt). This increasein net
efficiencyis considerablylowei’ than theincreasein the grossefficiency (+4.8~pt). At high
fuel Litilisation the largeramountof heatis generatedin the fuel cell. Consequentlya higher
massflow cathodegasis requiredto cool thecell. The correspondinghigherduty for heair
andthe recycleblower limits theincreasein net efficiency.‘~heincreasesin net effickncy
correspondsto approximatelyonethird of the increasewhich would resultif the
electrochemicalefficiencyandauxiliary powerwould remainconstant.
[he fuel which is not convertedinto electricalpower in thefuel cell is convertedinto heal. It
seemsefficient to convertas muchfuel as poss~blein the fuel cell stack.Assumingan
approximatelyconstantefficiencyof heatrecovery(heatproduced/heatgenerated:sue
Sectioll 8~3),maximis’ngelectricityproductionin the fuel cell also leadsto ahighertotal
efficiency (electricity+ heat).However,figure 8.22 indicatesthat the total efficiency is

considerablylower at high fuel utilisations. I hereasonfor the lower total efficiencylies iii

the cathodeflow which is requiredto cool thestack.
Assuminganconstantvoltage,the amountof’ heatwhichhasto heremovedfrom the stackis
proportional theamountof fuel conycrtedin the fuel cell (i.e. not the amountof fuel supplied
to thefuel cell). At ahigh fuel utilisation a largerfractiono~the fuel is converted in thefuel
cell. ‘I’herefore, for agiven input of fuel to the system,thecathodeflow is proportional to the
fuel z tilisatioii. If the efThc of the lower cell voltageis takenilitO account.the required
cathodeflow increastsmore than proportionalwith the fuel utilisation.
The conihustorusesboth the anodeoff-gasandthecathodeoff gas.‘I’he air/fuelratio ill the
combustoris thereforedetermineddirectly by the air/fuel ratio of the fuel cell (cathode
inlet/anoduinlet). ‘ftc highercathodegasflow at higherfuel utilisation resultsin ahigher
air/fuel ratio for thecombustoras well. At 77,5Y fuel utilisation the amountof oxygenin the
cathodeoff ~gasis slightly lessthan2 Ii riesthe amountrequiredto combusttheanodeoff—
gas.At 87.5 ~ fuel utihisationthe stochiometryincreasesto 2.6. 1 heresulting1ar~erflue gas
stack losses is the main reasontor the lowertotal efficiency of the system shoWnin
figure 8,22.

pre.ssurised~svstein
In thepressurisedsystem.the efficiency s not only determinedby theperformanceof the fuel
cell, but also by theperformanceof the compressor—expandercombination(CLC). If thefuel
utilisation increasesfrom 77.5 ~ to 85 (4, thefuel cell efficiencyincreasesfrom 52.2~ to
56. 1 (j~ (figure 8.23). 1 lowever, theincreasein fuel utilisation simultaneouslyreducestile
amountof heatgeneratedin thecombustor.As a result, theduty of theCI3C is lower at high
utilesation.As afractionof the fuel ‘nput, the(~I3Ccontributiondecreasesfrom 7.4 ~ to
5.5 ~ for the~arnechangein fuel utilisation.Theincreasein thegrosselectricalefficiency is
theretore2.1 ~ pt: halfof what is gainedin thefuel cell is lost in theCLC. 1 heauxiliary
power is determinedby thecathoderecycleblower. Dueto the incftaseof thecathodeflow
as aresultot thehighercooling requirements(which were toundfor theatmosphericsystem
a’, well), the increasein net electricalefficiency is evensmaller: I . 1 (/ pt.
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Comparisonof theseresultsto thecorrespondingdatafor theatmosphericsystem,confirms
thattheefficiency increasesless in the pressurised system. Theincreasein fuel cell efficiency
in thepressurised systemcorrespondsclosely to the increaseof the fuel cell efficiencyin the
atmosphericsystem:if thefuel utilisation increasesfrom 77.5Y to 85~%,this leadsto an
increasein theefficiencyof +3,7 Ypt for the atmosphericand+3.9 ~%ptfor the pressurised
system.However, in thepressurisedsystemthu CECduty at higherfuel utilisation is lower
andthe increasein grossefficiencyis muchsmallerfor thepressurisedsystem(+2.1 Ypt)
than for theat nosphericsystem(+3.7 ~pt). Ii’ theauxiliary powerconsumptionis takeninto
account,eh differenceis evenlarger.‘~heincreaseof thenetelectricalefficiency ‘s +2.6 ~/pt
vs. 1 .1 (/ pt for atmospheric andthe pressurisedsystemrespectively.

8~4~3Exergya~a1ysis

In I’igurc 8.24 theexergy1o~sesin theatmospheric~yseem(sr3) persubsyst n arcshowi for
the sametwo valuesof thefuel utilisation: 77.5Y md 87.5 (/(, ‘1 he exergylossesincrease
with utilisation in ftc fuel cell andin thecathodeoff gasrecycle. I ‘ower lossesat a higher
fuel utilisation occurin theother subsystems hut mainly in thewasteheatboiler.

fuel cell lie! cond. waste healho’ler

:~ ~:
comhu~tor cog recycle

() I () 2() 3() 4() 50 6()

exergy1o~s[(/ of input

I’igure 8.24: Comparisonof the exergv1os~e.sper,sLth.svsIernf~rthe atinosplieric s V stern(~r~)
at tvt’o wiluesof the fuel utili wition
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In thefuel cell theincreasein exergylossesis dueto two factors.
Niore fuel is convertedin thefuel cell at higherfuel utilisation;.
‘1 () achievethe samepowerdensity at thelower Nernstvoltage(lower averagehydrogen
concentrationat theanode)thecell voltagewill he lower. A lower cell voltageresultsin a

wer electrochemicalefficiency.
In thecombustor,lessfuel is convertedat higherfuel utilisation andtheexergy lossesare
lower.Exergy lossesin thecombustoraremainly causedby the chemicalreactionsanda~a
resultof mixing air andfuel. If the fuel utilisation increasestrom 77.5 to 87.5 </~the chemical
Iosscsin thecombustordecreaseas aresultof the lowerconversionin thecomhu~tor:from
3.0~to I .8Y . TheIo~scsasa resultof mixing aredeterminedprimarily by thecathodeoff
gasflow. As shown,air/fuel ratio incrca~csstrongly with thefuel utilisation. A~a result the
mixing lossesincrease from 3.2Y( (at tJ~77.5) to 3.4Y (at UF 87.5 ~A).Note that thesumof
theexergy lossesin fuel cell andcombustor(figure 8.24) is hardlyaffectedby a changein
utili Sation.
In thefuel conditioningsubsystemtheexergylossesdecreaseat higherfuel uti!isation
accordingto figure 8.24.The lower heatingvalueof theanodeoff ga~at higherfuel
utilisation, results in a lower temperatureat theoutletof theconihustor.As a resultthe
temperature difference at which theheatis transferredin thereformer is lower. ‘I’his can be
seenby comparingt ~e lossesin the reformeriii thevalue—diagramsin figure 8.25.
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I~igiire8.25: Comparison o/ e~ergvlossesas (1 re~ulto/ heat tran.s!er in the iitinosj,h ~ric
s~stein (~r3)/or 1~t’ovalue oJ the/uel utili SI1TIOII

‘I he exergylossesin thecathodeoff~gasrecycleincreaseaccordi~gto figure 8.24. The
exergylossesas a result of heat transfer in thecathodeoff gasrecycleinc easesa~a traction
of the fuel input (figure 8.24) althoughtheabsolutevalueof theexergy lossesis

2 I~



approximatelyequal~(seethevaluediagrammn Ligure~.25).~1~hcreasonthe absolutelosses
arenot eUcctedby the lower fuel flow is thatthecathodeflow (andthereforethe lossesin the
cathodeoff gasrecycle)is mainly determinedby thepowergeneratedin thefuel cell (which
remainsconstant).
Finally in thewasteheatboiler thelossesaresmallerat high fuel utilisation. Again, asfor
the fuel conditioningsubsystem,this is dueto thelower combustiontemperature(i.e. lower
fluega~temperature),hut mainly becauselessheatis transferredin thewasteheatboiler.
I~iguie8.26 showstheexergylossesper type at two valuesof thefuel utilisation, Evidently
theexergy lossesasaresultof heattransterasa wholedecreasewith fuel utilisation.The
reductionof theexergylosseswhich is achievedhoweveris limited. The lossesdownstream
of thecombustordecrease,a~expected.Howeverthedecreaseof theselossesin therestof
thesystemis largelycancelledout by the increaseot theexergylossesasaresultof heat
transferin the cathodeolLgasrecycle.Theselossesarerelatively higherat high utilisation
dueto the largeramountof heatgeneratedin thefuel cell stack.

heattrans[er friction chemical
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Ei~’ure8.26: CoinJ)ari,sono~i/u ~xergv los, es per typeof 1o~sfor the ai,no~
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TIIC atmosphericsy~ i~~pectcd to h~n~f1m)st from r~duci~gdie heatprodu~t~c~tby

increasingthe fuel utilisation. In theprevioussection(8~2)th~pinch—valuediagramI )f ii L

atmosphericsystemandbr thepressurisedsystemwerecompared(seefigure 8.19). 1 he
amountof exergyof thelìeat whichcould potentially recoveredis muchsmaller in the

pressurisedsystem thanin theatniosphericsystem.I urtherniorcfigure 8.19 alreadyshowcd
the strongreductionin exergylossesas aresultof heattransferin thepressurisedsystem.
I hesetwo [actorsindicatethatreducingtheamountof heatwhich is geieratedwill h more
~tThctivein theatmospheric~ysteuithanin thepressurisedsystemto produceelectrical
power.
In the atmosphericsystem. increasingthefuLl utilisatiomi, leadsto a Ii iiited increasein cx ~rgy
efficiency.As figure 8.27 ~liows, if thetuel utilisation increasesftom 77.5Y to 85Y he

~rgyefficiency increaseslessthaa 1 ((p( (from49.3~to 5O.2~). I or the pressurisec~
systemtheexergyefficiency decreases.I or the correspondingincreaseof fuel utili~ationhc

I he dectrical power(I MW) br th~~uci cell ~the ~amein all caculation’~.I lik luad~10 a Iowe~lue~Input

in thecalcLII1tIon~at higher tie! utih~atioii
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indicatesthat if morefuel is convertedin the fuel cell (a highly efficient component)the
exergy efficiency of thetotal systemdecreases.In figure 8.28theexergy lossesin the
atmospheric and pressurised systemarecompared.Thechangesin exergylossesin the first
threesubsystemsin thegraph(fuel cell, combustorandfuel conditioning) arc similar br both
the atmosphericand the pressurisedsystem.Both in theatmospheric andin thepressurised
system, an increasein fuel utilisation leadsto:

Higher tossesin thefuel cell as aresultof the largeramountof fuel convertedin tlit fuel
cell andthelower cell voltage:

~ Lower lossesin thecombustordueto thelower fractionof luel convertedin this
component:

~ Lower lossesin therefor~ner(fuel ~onditi~ning ~uhsy.~tem)duetu the 1~)wertc~nperaurc of
theflue gasenteringthe reformerdueto the lowerheatingvalueof theanodeoff—gas.

excrg)cii iciency ~]
56

p ~C5~UtISCd ~y~tdni
54

52
atmosicric~y~teni

5()

48
0.75 0.85

~ucluu1i~ati~n

Figur ~.27: E\erg\ e!/i iencr for theat#no.~pIieru(,~r~)and i/u pres,suris~d sv,siein(sep)as a
function of Ihe fuel utilisation

Diffcrence~hctwcentheatmosphericandthepressurisedsystemocc~r Ui thecxergy lossesin
the lastthreesuhsys~ems:thecathod’ o~iga~rcc~cIc,tl~ewastehca~boilerand(in the
pre~surisedsystem) in theCEC. In the systemOperatingat atmosphericcondition the losses
in thecathodeoft—gasrecycle subsystemincreasedueto thehigheramountof heat which is
generatedin thefuel ccli stack. In thL wasteheatboiler thelossesare lower dueto thehigher
fractionof fuel that is conve~teddirectly into electrcalenergyin thefuel cell stack.resulting
in a lower amountof heatsuppliedto thewasteheathailer.
In thepressursud systemthe sameeffectsoccurs. Ho~evcr,dLft. to thehigherpressurethe
heatgeneratedin thefuel cell stack is alreadylower andcorrespondinglytherole of the
recycle is of less importance.C onsequentlytheincreaseof lossesin thecathodeoff-gas
recycle systemis snialler as w ~l1.Similarly theeffectof utilisation on the lossesin the waste
heat boiler is weakeras well for the pressurised system. Becausethe (ThC usespartof the
heat to produce power u thepr~ssuriseds~st~ni,thelossesii~thewastehe~hOih~r~t
already lower. I~urthermorethe decreaseof the electrical power generatedin the CEC
partially compensatesthe lower heatproductionin the system.As a result, the excr~yosses
in the wasteheat boiler arc lesssensitiveto thefuel utilisation at higher pressurL.
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1hc main reasonwhy theexergy lossesincreasewith fuel utilisation in the systemoperating
at elevatedpressureis the increasein lossesin the CEC. In figure 8.29 the specific power
(power/massflow) andtht speciticexergylosses(exergyloss/massflow) of the compressor
and expander areshownas a functionof theutilisation.Thespecificexergylossesin both
componentsareconstant.However, the specific power of theexpandcr.which dependson the
temperatureat which the expanderoperates.decreases.As thefuel utihisation increas~sfrom
77.5~ to 85 (/, theaveragetemperaturein theexpander(theaverageof in andoutlet
temperature)decreasesfrom 687 C to 615 C. This is dueto thehigherair/fuel ratio in the
combustor.~Iheefficie icy of thcCEC dependson thL differencein averagetemperatuleof
compressionandexpansion.Becausctheaveragetemperat~rein the compressordoesnot
changethedifferencehtcornes~rnallerandtheefficiencyof theheatrecoveryby the C L(
decreasesstrongly at higherutilisation.
~Iheneteffectof increasinghe fuel utilisation in both the atmosphericandthe pressurised
systemis limited. Although theconversionproce~sis moreefficient in thefuel cell than
combustor(seeSection7~6),inc ~easingthefuel utilisation doesnot improvethe exergy

~peciiicpower [kJ/kgl specificexergy loss [kJ/kgl
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dl u~ldncy01 uiesystemconslueranly.I flis is partly uue to tile lower eIectroclicm~ca!
efficiencyof the fuel cell at higherfuel utilisation.Notethatthesumof theexergylossesin
fuci cell andcombustor(in figure 8.24) is hardlyaffectedby a changein utilisation.
Correspondingly.as shownfor theatmosphericsystemin tigure~.26, the sum of electrical
(i.e electrochemical)andchemical lossesis almost unchanged.
Ontheotherhand,lossesin the system.for exampletheflue gasstack lossesandtheexergy
lossesasa resultof heattransferin thecathodeoff-.gas recycle(figure 8.26) increasebecause
moreheathasto heremovedfrom thefuel cell anda largercathodegasflow therelorei~
required.In thepres~urisedsystemtheexergylossesin theCECevenincreasebecauseof the
lower combustiontemperature.Although in principle theclectrochemicalreactionis
thermodynamicallymoreadvantageousthan thecombustionreaction(primaryeffect), the
aria ysis showsthat a changein fuel utilisation thereareanumber01 secondaryeffects”,
which leadto an increasein other losses,

8~5ANALYSIS OF AN INTERNAL REFORMING SYSTEM

8~5.1 Descriptionof thesystemandcalculations

l’he exergylossesasa resultof heattransferaredominantin the fuel cell system.‘Ihe main
reasonis the methodof cooling the cell. Air, which is preheatedto averyhigh temperalure,is
usedto removethe heatwhich is generatedin theelectrochernicalreactionfrom thecell, The
most efficientmannerin which the heatgenerationin thefuel cell can bereduced,is to
integratethereformingreactionin the fuel cell. Theendotherma!reformingreaction,in
whichmethaneis collvertLd i ~tohydrogen,usesa significantpartof theheatgeneratedin the
cell, strongly reducingtheamountof heatwhichhasto he removedftom thecell. To analyse
the influenceof internal reformingon the performanceandlossesin theSOl C systeni.a
configurationbasedon aninternal rcformingSOI~Cstackhasbeenmodelled.Thecell voltage
andother relev’int parametersfor the internalreformingSOFCcell havebeendeicrinined
u~,ingtht detailedmodel (seeS ~ction5~4)usingthe input compositionsfrom hesystem
calculation
The (low sheett~rthL (direct) internal reformingsystemis shownin figure 8.30. In orderto
decreasethe rateof thereformingreaction,in particularat the inlet of thefuel cell, the fuel
suppliedto the fuel cell nasa relativelylow concentrationCH1 anuhigh concurnrationsH~
andCO ‘l’his is achievedin two ways: thefuel is pre ref~rmedandpartof theanod&.off gas
is recycled.As a resultof both prc~reformingandrecycle,the methaneconcentrationatthe
inlet of the anodeis 1 0~/~andthehydrogenconcentration25Y . This inlet compositionhas
heeiiused for thecalculationswith thedetailedfuel cell model (seepart H).
Ihe anodeoft gasrecycledoesnot only serveto increasetheconcentrationsFl andCo at the
inlet of the fuel cell, but is usedto supply heatto theadiabaticprc~reformer.Naturalgasis
mixedwith steamandanodeof ~gasprior to the pre-ref~rrner.To preventcarbondeposition,
moresteamis mixedwith the fuel thaii requiredfor the reformingreaction.br the
calculations,a steam/carbonrationof 3 at theinlet of thefuel cell is used. )ueto thc igh
concentrationFLO in theanodeoff gas,only partof theH,() requiredhasto hesuppliedby
thewastehearboiler in thetorm of steam.Theanodeoff gasrecycleflOW IS determinedby
thetcmperaturewhich is requiredat thepre reformeroutlet. ‘To achievesufficicntconversion
o~methaneanequilibrium temperatureof 450 C hasbeenused.As a conservativeest’mate,
the sametemperatureapproachusedin theexternalreformeris used(50K), whichleadsto an
outlet temperatureof’ thepre~reformerof 500 C.
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S 5~3Exergyanalysis

In figure 8,33theprocesseswhichcausethe exergylossesfor theexternalreformingandthe
i iternal reformingarecompared.Evidently thegreatestdifferencelies in themuchlower
lossesas aresultof heattransferin the internalrel’orrning system.‘1 his is dime mainly to the
fact thatno heatis transferredfrom the processgasto thereformerbed. In theexternal
‘donning systemtheexergyloss asaresultof heattransferin thereformeris equalto 3.1) H
of theexergy input to thesystem.Thedifferencein exergylossesas aresultof heattransfer
betweentheexternalandtheinternalreformingsystemis 4.2 H p1. Thereforetheelimination
of the reformer explainsthe largestpartof thedifference.‘I’he restis mainly causedby the
lowe ‘ air flow in the internalreformingsystem.

tical lran’,lei friction diem cal

mix tug electrical

sr3

t) it) 20 3t) 40 50 60

b’igu re 8.33: (‘ainpari son of lie exergv lo,snet p’r type of io,s,s in the eriernal refariniimg Cr3)
anti internal reforming SOLE si’s/em (si)

For m’nost othercausestheexergylossesin the internalreformingconfigurationare lower thi n
in the externalreforniing conliguration(figure 8.33).Both lossesas aresultof mixing
0,9 H pt) andl’riction ( 1 .4 Ept) arecloselyrelatedto theair andflue ea~flow arid
correspomldimlgly arelower in the caseof internalrefornumig.
The electrical lossesare lower ( 0.3 H p1) asaresuliof the highercell voltagewhichin tormi is
due to thehighereffectivetemperature in the fuel cell stack.Theonly losseswhicharehigher
for internal reforniing arethelossesas a result of chemicalreactions. As shown in
Section3~4,a high temperaturefor the (endothermal)reforniing reactionleadsto lugher
exergylosses.If thereformingreactionoccursiii the f’uel cell, the processtakes placeat a
higheraveragetemperature( 900 C’) than if it occi rs in theexternalreformer(400 C’ to
850 (3. Consequentlytheexergylossesarehigherin the internal reforn’iing systenl.‘I lie
exergylossesa~a resultof thereformingreactionhi theexternalreformercorrespomidto I .

3
’~

of the exergy input to thesystemandin theimternal reforniing comifigurationthe exergylosses
a~aresult of the relbrmningreactiomiare2.2’,.
TheQ, I diagram for the imiternal reforming systeni is shownin l’igure 8.34. As cii hc seenby
comparing the Q,’t’—diagramu to thecorrespondingdiagramfor theexternalrefornnngsystem
(figure 8.5), thetemperaturedifferemice at which the heatis transferred in the cathodegas
recycle (air preheaters82 amid 83) is smaaller, ‘this is dueto the fact that the temperature
difference betweenthe iro and outlet of the cathodegas is only 11)1) K in the internal
reforming comifigimratiomi compared to 151) K imi the extenmial reforming system. higimre 8.34
also showsthe high temperatureat which the flue gas is supplied to thewasteheattimaler.
‘FIbs leadsto an increasein exergylosses115 a resm.mlt of heat transfer in the wasteheatboiler in

exergy loss I ‘ of inputI
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the ‘mitermial reformingconfigurationcomparedto (lie extenmial refonmrming system. ‘l’he value
diagram in figure 8,35 showsthis effect.
Figure 8.36 showsthe exengy lossesclassified according to the suhsystemiiin which the losses
occur. l)iI’t’erences in exergy losseshetweemithe extenmial amid the intenmlal ref’ormiming system
occur in everysumhsystema.‘l’he lossesin thefuel cell arehigher for imitermial reforming fuel

800 air preheater (82)

600

400

200

1) —‘—‘~— ___________________________________
1) 1,000

heattramisferredQ [kWJ
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muchas expected.On theotherhand,it should beeasierto reducethelossesif theyoccurin
thewasteheatboiler This is confirmedby thepinch-valuediagramin figure840. If the
correspondingdiagramsfor the externalreformingsystem(sr3)andthe internalreforming
systemare compared.theheatwhich canbe recoveredat high temperatureis slightly higher
for theinternalreformingsystem.Taking into accountthehigherexergyefficiencyof the
internal reformingsystem,this indicatesthat theinternal reformingsystemwill havea higher
efficieicy than theexternalreformingaswell if theheatis utilisedeffectively However,this
is not thecasein the systemconsideredin this section.

8,6 INFLUENCE OF PRESSUREON THE INTERNAL REFORMING SYSTEM

8~6dDescriptionof thepressurisedinternal reformingsystem

Even though internalreforming limits theamountof heatwhichhasto he removedfrom the
fuel cell, it doesnotchangethenetamountof heatwhich is generatedin thesysteneAs a
result, as analysisof thereferenceinternalreformingsystemshciws,heattransferlossesare
still considerablein theinternal reformingsystem.Oneway in which part of theheatin the
fuel cell systemcan beusedto producepower, is by operatingthesystemcinderpressureand
usingan expander.‘~‘hereforecalculationshavebeencarriedout for a pressurised
configuraticinof the internal reformingSOi’C systemas well. The presscirehasbeenvaried
i’rorn 2 to 8 bar.
Figure8.39 showstheflow sheet for thepressurisedinternalreformingsystem.I herearetwo
main differencesbetweentheatmosphericandthepressurisedsystem.‘t’he first is of course
theadditionof a compressor(app. 22) andanexpander(app. 33). For both componentsaga a
a75Ff isentrcipicefficiencyanda singleshaftwereassumed.Theseconddiffereicehetwe a
the two sysemsis adifferent arrangementof theheatexchangers.In thepre.ssurisedinternal
reformingsystem,figu ‘e 8.39, he final step in preheatingthecathodegasis achievedusing
hot flue gasinsteadof cathodeoff gas.This is necessaryhecaciseusingthe cathodeoff gas
for preheatingthecathodegasleadsto very small temperaturedifference(‘it higherpressure
evento crossover),dueto theinfluenceof thepressureon the massflows andtemperatcres
in thecathodeoff gasrecycle. Flue anodegas,which is preheatedfrom theoutlet temperature
of thepre—reformerto the requiredanodeinlet temperature,is heatedusngheatfrom the flue
gasafter thecombustoras well. ‘To maximisethepoweroutput. theexpandershouldoperatc
at thehighestpossibletemperature.In theinternalreformingsystem,theexpanderis
thereforeplacedbetweentheIii al preheaters(app. 17 andapp. 83) and thewc steheatboiler

efficiency I ~I

5 7

fuel cell piesscureIhari

Pigure 8.40: Gro,s.sefficiencyof the internal refOrming Intern 0.1 function of jire.ssur
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80 C’ (temperatureof thesteam)by preheatandevaporatingwciten in thewcustehecutbcaien
cmi cI prehecutthenaturalgcis. Becausethehecutrequiredfor this purposeis cunly small, the ficie
gasis ccioled to 101 C instecidof 60 C (2 hum)-

8,6~3Exergyanalysis

~ergy losses’per .s’ub,syste,n
‘I lie calculatedexergylossesin thedifferent subsystemsof theinterncul nefcinnang
ccaifiguraticinarecomparedin figure 8.43 for twci vculuesof thepressure:2 hum cinch 8 hcun. - ‘he
otal exengylossesdecreasefrom 37.3 U cit 2 hanto 35.7 Si cut 8 ban.

The exergylossesin thefuel cell stackaresmcullenat higherpressure,which is dcme in pcurt tci
thehigherNerastvoltage.However, it tcmnns cicmt that ci more sgnificcunteffect is thenedcuced
exergyloss in theintennculnefcinmingnecuct’on,TIns will hediscussedin nionedetail fcmntbuen
oh-

‘l’hc lossesin thecombnstorarehighercut h’ghi presscmre.ibis is thcdirectncscult of the higher
A/F ratio. In thecomhcmstcirlossesocccuncus ci resultof mixing, chernicculnccuctionscund friction.
Thehigherair flow ccuusesan increaseof cull three ypescif Icisses,culthcicughthe increasein
fricticin lcissesis verysmruall.The mixing lossesincreaseIncim 2.1 U to 2,4 U of theexengy
input to the system.
1 lie i’nain lossesin thecathodeofLgasrecyclesubsystemcure theexengylossescus cm nescultof
heattrcunsfer,which correspondto ~ cif the lossesin this subsystem.

LI h’uel cell LI combustorLI cogrecyclc
LI C EC [II] fuel ccind, [Li w’ustc heatbmalen

~hicu

8 hcun

0 40

Figure 5, /3’ Lfscigs’ /ossesper sub,sv,st~mfor flue internal refOrming S’OJ’( s’yst on dl 2 bar /
8 bar

To und’-rstcuadtheexcrgylossesiii thcccuthiodeoff gusi’ecycle thevculcme dicmgrcuuii ‘s cuscd
(l’igure 8.44).As ccua lie seenfro a thevculcmedicugncumtherearetwo necusciaswhy e I issesin
the ccuthodeciff-gcus recyclecure ower cut bagherpressunc:
• 2helcungestlossescus cm resultof heattncunsi’er in theccuthiodegcusrecyclecut 2 hcun cipencti ug

presscuneoccurwhentheiaccimiagcci d cuin is nuixedwith hot ccutliodeol’f—gcms. a lie system
opecutiiug cut 8 hun, thecompressicimincutio fo - the cur compncssonis 4 times cus Icing cuuicl
consequentlythetemperaturecif thecur at theocutletcif theconupnessoiis niuchhigh —r. Ii cm
sense,theccimpresscinehimniuuatesthericed to pnehecmtlnouui 2t) to 200 C. As cm result
traisferniuig heatcut low tempercmtuncs,which is discudvcuntcugeousfncim the poiuit cif vicw of
exergyefficiency,is avciided;

• Thereducedcooling 1-enhcuinemeuitsf’on thefuel cell lucid tci lower cuiuuotuatof hccmtw i.ich hcms
to he tncunsfer’nedin theccmthcidegcms recyclecumid scmbscc~cuentlytci Iciwen exengyloss ‘s.

CX” ‘gy lc,,n [t, ~i ~ ~
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h lie lossesin thecompressor/expandercombination CEC increaseconsiderably.The
increase in theselosses,ccuuscdby friction, is evenIcingen than the decnccmseof the lossesin
the ccithcidc cff—gcms recycle scibsystem.At 8 hicun the bcith the powerccinsumedby the
cciuapncssoncund the power genencutedby the expcunden is considencubly higher thcmn cut 2 hcun. BciI
the iuet pcwen delivered by the (‘BC’, i.e. thedifference betweenthe delivered pciwen
(cxpcmnden)cund neqcuned power (ccnnpncsscir), is lower, ‘~his is chcuc to tIme decnecmsiu’mg
ef’ficieacy cU tIm CEC cus the difference betweenthe cuvencugetempencutcireof compressionand
expcmnsioabecomessmcullen. The effect is illcmstncmtecl in figure 8.45. In tIns figcmne the length cif
the hcus rep -eseats1mw mcmchu the exengychcuageof due process flows through the compnesscir
cuad expcuiudendecrecuses,‘~lieexengychcmnge in the processis cqcmcuh to the sumof actcmcul the
net dcmty of the CEC cund the exergy losses(seeChapter 2), ‘Ibis vcmlcie reflect s hciw large the
dcity in the CEC would he if the processwoculd he reversible, ‘I he exergy lossesindiccute how
the (‘BC du y could incnecusc’ if notcmting eqciip neat with ci higher efficiency were to he cmsed,
As figcinc 8.45 shows, the rcutic hetwccui lossescmnd duty heccimesmore disadvantcugeousat
lagherpnesscire.Twci couiclusionsccua he drcuwn, ‘I be first is that thie systemefficiency ccmn he
improved ccaisidencuhly by improving the efficiency cif the notating ccimpcinents.‘Ibis hums been
shown for the cxtenncul reforming pressuniscd systemin Section8~3,Secondly,the figLmne culsci
shows that theciptimal pressurewill depend on the efficiency of the rotcuti ig ccimpciaents~he
duty of theCEC doesnot increasefurther if the pressure increcusesfron’u 6 o 8 han, 1 he gncmph
showsthat tIns is duetci the higher losses,If theeff’iciency cif the rotating ecluipmeit

increasesthe duty becomesIcurger cuiid the lossessmculler. n that ccmsethe step fncim 6 to 8 bcmr
mcmy lecud to cm significcunt increcuseof CEC pciwer.

fl-I (1.8

°~ cur prehuecuters- ‘

~/cathiode 5” wcustc
(1.2 recycle p = 2 han / hecut

~~xer ‘ ________ boiler

o Sot) t 000 1,5(1(1 2,000 2,50(1 3,000

fl-I (1.8

(1.6 82 83 ~l7

0.4 24

p=8har /

o soo 1 000 1,500 2,000 2,500 3,000
hccmt trcmnsfenred 1kW 1

1’igurc 8,44: Vciluc c/iagrcimn.sfOr the intc’rnal reffIrming SO1’(’ sy,s’/ernat 2 bar cincl (It /1 bar
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fcucl cell pncssuul’eIhcunl

I’ig ore 8,49: Fre-refbrmimug ratio a,s junction o/’prcxsore for the internal refOrming SOJ’C
.sy.stc’mu

the lossescus a result of chenacalnecuctionsdecreasefrom “,() to 1.7 U
The lower lossesin thepne-refonmnercure dcme to cm differentniethcmnecciiivensicinin the pre-
reformerat 2 hanandat 8 hcmn, - hefracticin of the mcthicmncwhich is ccaivcrted in pre—relfinmcn
can heindiccutedcis thepre refonniiagrcmtio, I lie pne—refcinmniagncutio is determinedby the
eqcmihibnicini comnpcisitioncut theoutletcii’ mepne—nehfinuiienof themaethcmncrefonuuangi’ccmct ion
(seeSection8~4):

CII4 ±17,0 3 H + CC)

Due to the laghenu timberof molesoi the night handsideof the neactici i. higherpncsscmrewill
reduce theconversioncif metlicine,In figure 8,49theprc—ncformiuig rcmtio is given cus cm fcmctioui
of pressure.At 2 hum cipcrcilng pressure23Ff of them id icmae is converted‘a thepre nef’cirmen
cind a 8 hcur this rcutio hcmsclecrecmsedto 7Ff. Conversely the cmiaount of laethcu eccinvertedin
the fcuel cell incrccmsesfnraii 77 Si to 93Ff (fcill coavcrsiciaof methaneis cmch’evecl in the fcmel
cell stcmck), / lthcicigh the ccunvensiciii increcuses,the exergylossescms cm rescultcif thereffinhiliiig
recucticai in the fcmel cell decrecuse.nsgcuiui thecf/ct cif pressurecia therefonn’iing recucica is
respcinsihle.At highe pressurethenef’cirming recucticiais closerto equilibrium in tii’ fumel cell,
In other words,theeqcalihnicimteiapencmtune(seeChapteu3) is clcisento (lie cmctual
tempercuture.
‘l’hese cmacmlysisin thi’s scct’caushowscm largeincrecusein electricalefficieiucy if the systca s
opercuted cit higherpresscmne(cml 4 hum dueefficiemicy is mcir ‘ thicmiu 12 U pt highertlicmn tfc
efficienc’y of the cutmosphenic systemn).‘(‘his is cia evenlcmrger increcisein ef’ficicacy tlucma (lie
externcml reformiuig systeni. ‘I heeffect of pncssuniscmticiais the scmmne cus in thesystelawit ‘u
exten icml ncf’onmiiug (cia increcuse in electricalef’ficiency cif the fciel cell more power d el’verecl
by theCLC cund lesspower neciuinedfor (lie recyclebhciwen), )iffencncesbetweenthe effects
of pressuniscmtionin the intenncul cmd extenacmlnefonm’ag systemarefocmnd cms well:
• In the internal reforming system, part cif thencmtuncml gcus is reformed in the tine re’ ir ncr.

Beccicmselessmaethcmne is pre reformed cut higherpresscmrc. the cooling effectof tb
nefonmimig necucticai is strohigen cut higher pressuire;

• ‘I he imifluenceof the pressuretin (heefficiency cif (lie fcmel cell is stronger than in I c
extenncml reforming ccmse.
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CHAPTER 9
ANALYSIS OF MCFC CONFIGURATIONS

9A lNIROl)UCTION

Exengy cmi cuhysis cif (lie hcmsecciseMCFC system in Chapter7, clecmnly shows(lie i npon(cmnce
cif he iuecmt (rcmash’en Icisses.IlcuIf of the exergy Icissesin (lie hcmseccuseMCI—’C systeni cmne dime (o
hecuttncmnsfcr (seeSectiomu7~4).‘I’hie mcuin necuson for (lie Icunge iciss lies in (he hcunge cmn’uount cif
high tempcrcmt,cmne hecut which is gcnencmteclin (he systeni, i.e. in (lie fcmel cell amid in (lie
comabcmstom. Pcmn of this hiecm is utihised within the systeni. Another pcmnt of the hecut is cised tci

pnuidcmce intenniechicute presscmnestecini cut 18(1 C’ in (lie wcmste heat hciilen, Pnciducing thesteam,
or nenioving the becmt fromii the sysemiithrough (lie cooling water on flue gus stcmck occurscut ci
temapercutcin’niuchlower tlicni the temp-rcmturccut which (lie bed is genemcited (>600..1200 Ci.
This headsto largeexengylosses,

herecure wci obvious methods (ci redcmcctheselosses:
cm. Recoveringheatcut cm highertem’npercutcmre thcumi (lie processstecim (empercu(une

‘I lie two ccimpomientswhich citihise hugh (emperakmnehecmt in the MCFC systcmncure (he
reformer cmiud in theexpamuchen.‘l’he cmnuiount cif hecut wInch is used in the reformercami not lie
influenced (it is detennamicdby huefcmel flow). ‘I henefoneincnecmsingthecimoumit of heat(cif
high tempenculure)which is cused in (lie expcaidenseenisthe most fumvounahlcoption to
decreasethe ‘hecut sunplcms’ in theMCI-C systcai. a(he first pantcif (hi,s chciptenseveral
ways of - ncnecusiagthe powergeamuted by hue -caiipnessor/cxpamiclencomb’ uation (CEC)
areevaluated.

h. Reducingthecmi iocmui cif hecit which is tncmmisf’erncd ‘a (lie systemii.
In the fuel cell systemci schs(amiticul cumnciuai(cif hecit is tncunsferned in he nefonme cmm d ii (he
ccu(hodeoff gc s ‘ecychete prehecut(lie ccuthodegas.By using‘ma intenmicul reformningfuel cell
stcick, heat tncmnsf ‘n to (henefcinmaeris ehimn’ncm(edcund heat ncunsfentci ccmthiodegasis stro ugly
nedcmced. lntenncul nef’ornnig is (hethereforeci veryeffectivemethodfcin n ‘ducing (h
cmmnount of hccmt which is tncunsferred in (lie system.

Reducingthe (exengy)lossescms a rescml(of iea transferis (hemain focus

of this chapter.In Section9,2 recoveringhecmt in thecunocheciff-gcms recycle
‘s comisidered cus a way in reducethelosses.Section9,3 discussesthe
effectof prehecmong(heair beforethe ccmthodle off-gcmsrecycle.Direct
recyclingof anodeoff-gas is ccinsidenedin Section9,4. Thebenefitsof
ii creasingtheduty of theexpcunderby userif steaminjection arcevaluated
,in Section9~5,Increcusing thepressurena(io miven theexpanderis another
way of recoveringmncine energywith theexpander.Section9~6discussestheinfluemmecof I e

pressure. The second part of thechcuptenis devotedto theanculysisof two imiternal nefcinm aug
ccaufigunation. Section9,7 cmnalysesa hcmseccusesysteni amic Sectiouu9~8ancmlyses(lie ‘afluencc
cif the fuel utilisaticai omm the perfonmnamice cif amid (he lossesin (he internal re firmiiing system
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9~2S STEM WITH HEAT RECOVERY IN THE ANODE OFF~GASRECYCLE

9 2,1 l)escriptiomuof thesysteir andcalculations

Ia Chial ter 7 theexengyIcissescms ci resultcif hecut tncum’usl’en in (lie MCI’C systemhicuve heen
deteriiiaed. ‘l’be vculciedicmgncunfor (lie basecasesysteni (figcine7.16) shows(hint lcmngeexergy
lossesoccurin (lie cumiocle gcmsrecycle.‘I lie cmiicudeof’f gasis cooleddownto remnoveci large
pcuntof thewcmten cmnd (hems reheatedbeforeit is cuseclin thereformer.Bcusedcai (he Icungeexengy
lossesin lie processcii cciohimig cuadnehecutimig(lie cunocleoff guts, foundin (lie cmaculysisof (lie
hcuscccuscsystem.animprovedsystemsis consideredin (hassection.I i theimaprcivcchsystems
pcurt cif (be edt which is relecmsedby cciciling dciwn thecuncicle off—gcus. is ci.sed to produce
processstec iii In cull other cmspects,(be systeniccinnespciadsin thehcuseccusesystemsdiscussed
in Chapter7. ‘hlie flow shiee for (lie systeniwith hiecmt recoveryiii (lie cunocleciff-gums recycle
(inch) is showniii figure 9.1 - In (lie cunoderecycle1oop,(lie ancideoff gcusflow is split i ito
two pcurcullel flows: cinc flow in providebccmt to thecumiodecitf-gaswhich ‘s rebecmtedin (lie
gemiencm(oncundoneflow which is used for pneliec9iag(lie iLmel (cmpp.57) cmnd scmperhecm(ingthe
reformerst.eam’n(cmpp.58). ‘fbc miucussflows hcuvebeei cculculumtedii such cm ncumauerthcmt the
temaperumtuncof hcithi ilciws cure thescumiie cut (heocihe of respectively(lie superheatercmnd (he
negeaenuutor.‘~heniixech flow pdussesthrough(lie cvcuporatnn(cupp. 52)cund ther ehecuten
(cupp. 53). ‘Else pnesscuneof (lie reformersteamis nit 11) hcmn, cus in the wcmstehecut boiler, hut S
hcmr. ‘I’hi,s cul ows icunthencooliuig of theummicicle off gcus cus (lie scm(uncmtion empencmta-mnecii (lie
stecmniin theevapora~indecreumsesin 147°C(vs. I 80 C in he wcus(ehecut boile ‘). ‘I becmniouuit
cii hecutin the‘mnode oil’ gums is io scmi’fic’ent to gemiencutecull (henequmired efonniumugstccuni.(~me

‘emncuindcro the ‘efclnmilig stecumamumst hegeici atedin the w mste hecmt boiler,

9~2.2Energyanalysis

Ia figure 9.2 (lie cf’f’iciencics i/i’ lie hcusec-uscextenmiculref’onm sing MCFC systemscund for the
system with the ‘m ipnovcdanodeoff gums recyclecmne shosami,All v’ulues. except(lie b ‘ci
producticia‘mud the totcml efficiemicy. cure (lie Sc ac iii hcithi systenis By aiak’nguseof pcmrt of
(lie hiecutof thecooling cmnodeoff gcmstci ge icncmtc sin-mmin the recycle cm smuihlenI’ncmctiomi of ue
stecuniproducediii he w’ise hiccm boiler is cmscd iii thenefonniercmndaicircstecmmccai he
expcinted.This m’esults in an increumseor the iecm pnciducticin f’rcaui 7.9Ff (ci 19. 1Ff cii theci c‘icy
imipco ci the syst iii Correspondingly(lie intel cf’ficicncy increcmsesf’romii 55.6Ff tci 66.75 -

ef’ficiency [U I

totcul efficiency

~ grosscificiemicy becut
prodcmcticin

4()

power

20 pnodcmctiom

1)

1”ig nrc 9.2: (‘oinpa rj,s cm of the c’ffic-ienc’ic,s’ of thebasecase,sas’fc’m (me) amid the s’s ,stc’nu vsit/u
heatrcc’ou’er%- in tIle (imiOc/e off-gas’ rec’w’le (md)

inc mel aid inc 1
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I’’gu -e 9.3 shows(lie wo compositeccmrvestOn the system. lhe cold curve clecurly shows (lie
wc~separcutepressurescut which stecumis genercutedin (lie refeneuucesystem: S hcuu’/ 15(1 C’ in

the cmm’icide gums recycleloop umncl 1(1 hcur/18(1 C’ in (lie wcmstnhecuthcaler. l-’umnthenuiiom’c hiecu( is
requmireclfor prehecuting(lie processflows (15 C’ - 600 C) cund Ion (lie refOrming process
(400 C’ - 800 C’). ‘l’he smcull slope(dQ/cI’I’) iii huetempencmtunercungefronu 400 C ci 600 C’
indicciteshicut niost huecut is rddluined in thIs tempercuummercunge.‘~liehot curves(cmrts cit 12(1(1 C,
which is theoutlet(empenuu(unefor (he comhcmston,‘~liehiecut wInch is genercmtecl in the f’cuel cell
is relecusedmcuinhy in thecathodegcusrecycle,i.e. between700 C’ umacl 600 C’, with cudditiomiuml
hiecu gemienatechbetween700 C cund 715 C hy (lie recyclehlciwer,
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1 ,200

I ,000

800

600

400

200

0
0

u~uuilet comm,bumsltun

null 1c ref om’aicn
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Figure 9.3: (‘old and lute c’ommi/)ositcc’uiru as /cmr thc’ S v.5/emil mu-if/i luccut rc’c’ou’c’rs’ ui f/ic’ cunocle
of~ga.srccs’cic (mmmcl)

teaupe‘cutcmnc I ( I
1,21)1)

1,000

800

600

:1,0(1

200

Ii
1) 500 1,000 1.501) 2.000 2,500 3,000

(ruins f’em’m ccl hccm( I kW I

I’iguirc 9,4: Pimmc’lu cliagrammu/ortlu’ referc’mic’c .s’s’.stcmn c’.sc’lumc/imug flue luccut tc tluc cocci/mug I’d/cr
amId tluc’ pm’ocesm 5 fcdummu and tIme hc’duf frcmmu,s’ff’rrc’c/ imm the rc/ca-muucr

ocihetMC’b-(’

amioclc off gasrecycle
aule( Ii mel cell

i aId ncf’onaien

‘,ueuuu u u w’uu’,Le I uemum huileu

tnaasf’crcclI ccm( I kW I

Idle ccli (uui

rceycleblower ouui

cuuumleu e p’mui(tel
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ha (huepimichu chiumgnuum’n in figure 9.3 cull (tecut flows iii (lie systemcure inclcuded.However, to
detcnnamuehow mcuchi hecut coculchhe recciveneclcut high ocnipercmhxure. riot cull hieuu flows dire
rehevumation huepiuucli cunumlysis. Only thebeuu cusedin genercute(lie neforunerstecumimi he wuuste
luccm hciilcr shouldhe akeuu into uuccouau(.‘Ihie heuut wInch is cusecl to pnochcuceprocessstecuniccun
potenticullyhecmscd in oIlier wcmys (cuthigher (enupeu’cm(cmne).h hue hecm whichis trcunusf’ernedto the
cocihiagwcm(endoesnot hicuve to he (cukeuu into cmccocmuut,ums (his hecut is not requiredicir (lie
processin (he iumcl cell systems.hinuilly (lie hiecu wInch is exchuuunged in (heu’efonaien is not
included.Bccuuuseof (lie uussumnmptioa (hicu( (he refornien (bed) reqcanescm flume gums inlet
tenipcncm(urecii 12(1(1 C, dieflue gums in cull configumrcuocausccausideredin (his thesiswill first
pcuss through (lie reioma’men. ‘I’berefcire, for hue umuiculysis only thehieum in (he flume gcus after the
rc’f7urmeris i’m’levcuuut, ‘I’he pinch chicugrcum exolumhimugthe liecmt (a (he cooling wcmic’n. ibm’ hecmi used
to proclcucc processstecunu cuad (lie huecut trummisierred in the reformer is shown in figcure 9.4. 1 hue
dicugrcuni iuudiccutes (lie cmmcuumnt cuf huecut which pci(entiuuhhy could he recovered cut cm higher
innipercu(un’c. (‘ompcmnedto thehcmseccusesysteni,this cuniocai imucreumsesby uupproxim’numinly
StY r. lo Sdd how this nclumtcs in (lie cificiemicy of thesystems.(lie exergycii (hue hecuthums in he
(cukeui into cuccoumut,

9~2~3Exergyanalysis

‘~heexergy lossesin thesystemscme shown iii figua’e 9.5. In conspumnisomu wihi (he exengyIcisses
uI (hue humse cumsesysi,ems(figure 7.8) caily the lossesin (lie cumuocle chi—gums (umog) recyclecure
lower. Fleuu( I r’umusicn hisseshuowt’ven nemaiuudominucunic

exergy (155 c of imipul I
14 ~ electrical

12 LII ehuemmaccul
~ mnixiuig

10 ‘.,, F I friction

8 U heat(naast’e’

~ii
cucig m’ecycle

l’cueh cell el’cirnien wcms(elue’m( hcdl

figurc 9.5: Esc’m-gm’ /os.sc.s imu flit sm s’tcmmu mu’ith imnprou’c’cl ammo/c’ off gasre act’ (mnc’l) for c’cic’lu

s ubsm’s tern cund tspe ofc crgs’ los’s

lii (lie systenuwihu imspncivcd recycle,partof (lie huecut in (lie cuaodeoif’-gcus is usedicir

producingsteam,leading(ci (huehighertolcul efticieacyshownin figure 9.2. Ilowevem, hcccuumsc
hiehueuu is puoducedcic msumehubagluer(enupercu(cmne,the hiecut is no( uutiliscch with ci high e ergy
efficiency. ‘1(1 cxcmnuiiuue (hepcu(enticul useof (his hiecut (lie hnndhu—dhidmgrummin figure 9.4 ccua he
cusech.If (lie mmnpencuta-mneon the Y—uuxis in (Ins chicugnumna is neplumeed by the C’arnot fcmetonof hue
hecut, theexergycif this hecut is visucmhiscd.This chiumgrcmmu’m is sbowmu for hohu (hue humseccuse
systems(Chapter 7) cumicl (huesystem with hueum( recovery in (he cunoule off-gcis recyclein
figumre 9.6. ‘(‘lie humcheduureuuomu theright indiccutesrepresents(lie exergycU (lie beumt salachccai

conihuston ecigrecycle
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herecciveredcut high tempencutumre.In the systemswith imu’mproved cmnuodeoff-gums (cucig) recycle
(his is cupproxiuuucutelyeqcucul to 300kW. This correspondsto 15 U cii the exergysuppliedto
die system with (hue fuel and is culso substantiumlhy higher thummi in he baseeasesysieni.1’Iue
graphthereforeshows(humt decreasing(lie lossescus cm result cii heumt (rumasien ecun thieref’orc
sumhsi.cumutially inenecmse(heexergyefficiency of thesystems.It is howeveressentialto umtihise (lie
heui which is (or heccumes)cmvailuuhle. Usimug (he liecut to produce sincumn cut 18(1 C
(correspomiding to ci Canmucit fuueinr f~=0.34)himai(s (lie efficiency oi the (otcul process.As (lie
pimich value diumgrann in figure 9.6 shows, the efficiemicywith which die hecutecun lie recovered
is a( best not more (hum cupproximately 50Ff ii (hebecut is used to produce stecuni (umssumning hue
systemsprodumeed 10 liar stecum). The actuicul iuu’uprovemiuenut in exergyefficiemieyof thesystems
(fronn 48.1U fcir the baseeumsesysteai (ci 5 1.4Ff ion the improved systems)correspomids well
with this am’uuulysis.

(i.8

(7,6

L0,4()i
0 500

‘eeovenuuhleiii whuh -.-c,,,,,,,,

1,000 1.5(7(7 2.000 2,5(X)

systems
with imp ‘oveul

umog recycle

Figure 9.6 Pimmc’/u u’cmlue clicugrammu fOr f/ic’ JIR-M(’I’ I’ m’,s/cmn uu’itlu imnjmrou ccl cumuoc/c o/f ga~s’
(ao,g) recycle

9.3 USINC AIR PREHIIATING To REI)UC C 111731 TRANSFERLOSSES

9.3.1 Descriptionof thesysteaandc’ilculatiouis

Using high tempera(umreheat to prciclumee processsicicus inuevil.cmhly hecmcbs to exergyloss-s. ‘l’o
imicmecusetheefficiencyof (he systems,it is betterto use(heheatin produce electricity imi the
CCC (ecimapressor/expuunderecusbina(icau).Omie wuuy iii wInch themue power genercut-d iii (lie
CCC euma lie imuenecusedis by increasing (lie nuuass flow which puissesthrciugh (lie comiupressor

0.8

06’

0,4

0.2

0,.~

humse ecuse
Systems

‘,SOO 2,000 2,500500 1,006

hica tramisiennech[kWI

eanmic<f’ae(cin f I - I
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much the cxpuuuuden. Ibis cuin he cuelsevedhiy pneh’uecutimug (hue cur which is scmpphiecl to (lie ccuthiodle
cuff-gas recycleloop. ‘I lie cumleumlatiomusfor (huepressumnisedsys(emssiii chucupten8. showed(hucut
t.emuipercutumne cii (lie cur hums ci eommsichcncuhleimuflumence omm (lie nicuss flow thirouighu (hue (‘PC. Ia (his
sechomithe effect of prehecutimug oui (lie duity of (hueC’I C’ cumud omu (hueef’f’icicacy cumud (be lossesof
(lie (citcul systemswill hecomusiderecl,
- lie mscussIlciw thrccmgh the expummider is cm munxcmrc of Iwo flows, ‘I lie fins flow is (hue flume gcus
f’noms huecomshicistiomi(if thecunodeciii gas.‘I lie seecaichflow is (lie can fimuw, ‘l’hicsc flows cu-c
mixedbefore(lie f’ueh cell iii which cm frumctiomu of (lie C), is rcmcivecl irmums (lie flow. 1 hecur
ficiw exceeds(lie icuel flow by cmii cinder of msuugmui(cmche(seeSection7.3). - lie flow (hunocmghhue
o I/C (i.e. thecomspressciramid expamiden)is therefOremuuainly de(enmuiinccbby hue amsouimui cii
fresh cur supphieulto (hesy.stemui.
I he low through thecathodesideof thef’umel cell is deternuimuedpnimui’mnily by (he cuniciuai of
liea wInch isums he remsoved(0 cool the s(cuck, In (lie nelS‘emucc systems(figure 9.1) the caris
preb‘cited by miuiximug huecold umin with recycledlimit ccmthoclcciii gums. ‘Ci tins each 75Ff of (hue
ccmthodegums is recycled.As cm comusedlumemuce(lie mesh cur flow, ,umuch tbuereicneculsohue ilcow
through(he(‘CC’, is cupprciximncu(ely4 times cis smsuull cus it wocId he wiihouit n ‘cychimig ccutbcicle
oif-gcus. Duemscthcid(0 im crecuse(lie flow (brocughu(lie xpcuader‘s tlienef’one(mi rcduuee(lie
recycleruu(io.
Anculysis oi thenecych- ncmtici in theSCM-C systcmiu (Sectiomu8.2) showed thicti lie recyclencm(io
is detenuiuinedby (lie emiergyhumlumaceoi (lie ccmth’ucicle ciii—gcus recycleloop. [lie energyhcmlcm ice
is detcnnniedby (he(espencu(unesof (lie flcows which cure scmpphicdin cuncl exit f’m’omuu lie
recycle1001). ‘~lierelevummit temsperum(umnesimu (lie necychcIcicihi conrespcaucto iii cumid outlet cii (hue
fuel cell stcmck ummid cciii thereforemuot hechoscmuineely. lot (lie cnupercutumrccut which (hue l’rcshi
air is sumpphicd o huerecycleloop cci u he valed by pre ccmfmug (hue ni. f (hueni is preluecuted
beforeit is munxeclwihi cathicideof’f gums. (be cmmouai(cii ccmhuodeoft gcms (hicm misc sI henccyclccl
to cuchievc’ thercdhui ed ‘nlct (cup‘nduuacIon (lie f’umel c ‘11 will deemecuse,
lhe flow sheetion the sysinmu wihi car pnehueatiug is shicusa in f’igune 9.7 cmnd connespomds to
(hereicncmice systemiu.hut for tIme cmduh(icai cdcau cur p ‘elm -c en.lhuc c u percmum‘c cic (hue ocmtlct cii
the uuir ccaspr so’ (cmpp. 22) is equcul to 204 C’ cus cm ‘csult of cud’ cuhcut’c cum uprcssiou. I is
temspencmtuureis f’um -tier imicreumsedto 300 C iii (i’ can pr-hi cuter (‘upp, 27)amid subsedhuielily
nnxedwith (hue ho ecuhuodeof’i gcus ummud (bec ii huustec cimioclc iii gcus in necuch tIme ncdluinedl
inlet mmuipc‘cm umneof /00 C ‘~lieflume gcmsflow cml (hueocmtlet o ‘(Ii - expcauden(1 500 C) is
split in o two flows’ ‘I lie inst is umscdto sumperbecu(1 c ref’o ‘mule ‘ s(ccm u cumud (lie secomuclf’low is
umsed to preluccut (lie cur.

9.3.2 i ‘rg m ‘ hysis

‘(lie eific’eac’esI’on t ec’mlc cm(io us u ‘1 (ref rem ccsy (cmi) ‘.mnd u ue2, (huesystcausal air
preheatercm’’ shownin figumne9.8, ‘ lie first two h-ins ii I c grumpl re~‘escn (be grossclcctniccml
cifiecmucy ion hotl (lie ccuhccmlcm(icumus - ‘ becoispresso/cxpcumuclemclu iy imucrecusesfrom u 2.6 U to
35 (4 of hi - f’uel iapum( omu I,FlV hums’ - ha spudcii thu - 1cm-ecu comi(nihumt’omucii (lie
conipncsson/expuuacl‘r to (lie geuc ‘cited power.(begr iSs f’f”cicmucy is si’ghuhy lowe c ‘ tic
sys e ii with cur inehuecuimug nue2 (S 7,4U) cumuipcum’cclin 53,5 U icum II neicreice systcmu maeI,
l’huis ‘s dIce t i (lie lower powergcmuencm(edby (hue fuel cell, 1 pressed‘.ms cm fm’ac(iciuu of di

II Iucai cxetuuumu”em”, 21 ,ummcl 92 liEu’ placed uI seUi,,,’,, ‘1111) m ,utuure C,uua o’, Cu OCI, mum’, mu ilic dnwnsi ‘(‘/1 uu Iu ~i

e\ciu/mmugeu’

t tie ucunssma-a-’ luulpuui I a ilue -~ysieuuuis ~kIiuuecIii’, ito i)lIa-d r” uuem’aui,cI iuu uiui, lool ,‘ei! SI’ cl, ( ( I/na-’ u’r)
pima ito nci [unweu dc Ii’,erud by itue clumuuiumessmur/dspuuteem’ comuut~iu iiuumu (Ct Cl
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emuengyi upum( 1(1 thesyslemiu. (lie eheetnicculpower geumencm(ddiii (lie h’uel cell decnecuscsfrom

5Qc; 1/ ~ 49.9 U (figure 9.8). As will lie shiowmi below, thedifferemice in perfonmuicumuceis dume

to hue iiuf umencecii necmc(cumit conccnlncm(iomusimi therecyclelcicip (C) cmmicl (‘0,).

efficiency LU
80 u totuul efficiency

grosseh’ficiem’mcy

~~CEC

mie electrical
fumel cell

mel miue2 iuie nie2

I”igmire 9.8: (‘duk’milduf ccl e/fic’iemmc’ics for f/ic rcf/re,mc’c’ ,si’.sfemrm (tue1) and f/ic ,s’m’,stem smith dir
oreheci/er(mnmc

2
)

1lie acmxihiumnypower nedluaredis deteriuimued macmi ily by (lie ccuthoclecuf’f gasrecyclehlcuwer
(cupp. 1(71). (‘hue lower recyclerumtio - u (hue secomudcomil’igumruu(iomi (nie2) lecudhs (ci cm sh’ghuhy lower
cmcmxihiumrypciwernequiremsemut. hue inf oenceciii (huemidt efficiencyis verysmuua 1(47.6 f’on the
neferemicesystemsvs. 47.8Ff f/n thesyseauwihu air prelueate3.11 c amui iun( of stecu m (lint is
produmeediii lie w,ustc I ca hciileu is owen - (be system witlu cmi prehiec en. his nescilts i
suhstcuntiuulhylcw n iotcul ef’iiciemicy (ne ehce(nic~I pciwen + liecut) of S8.2 U s.66.7 Ff for (lie
referencesysteiui. o explumimi theseresultsfirst dieeif’eetof (lie ieeyclc cai (lie reumctuun(
ccimicenraticiu cau tie cathodeside will he discuussed.Su iscquatmi(hytlic cxc gy Icisseswill he
cmmualysed.

Influemuc’c- of f/ic rcc’yc’l ‘ edit io Oil f/ic’ recic’tdimmf c’cnuc’cmmfm’citicmmm
I huecell vol cugc cumud en isequemutly tI e efticici cy of the icucl c’Il dcp mid omm the necc(cmmu(

ccimicenutrcutiois cut icihu umnodecund ccuhiocle.l’inst y the Nenns vohuugcdepemudsomu thereuuccmi
comicemitrum(iomus(Sectuomi4.3). Mor’ imuipontcmmihy (cut lccms(with respectto thesecculcuulu icimus),
diereactantcomicemitnumliomisimuf huemice(lie cell nesistcumuc-, hi Ap emah’x4 ci correlcuti iii is
selectedfor thecell nesistcmmccwhichassummes(lie cell resist-nice(ci ic propin iou al Icu:

I hog (1 p0 -p~0

I hue differemi vcmhu -s oft uc f’u ci cell eff’ic’cm cy (SO,) U I’o’ the ef ‘relied systdmu cmad ).9 C
in (he systemumwihi cur preIue~mi cciii he explcmi ccl ion a ums cm ‘cscmhcif thedifi ‘ncmuce in the
Nenas(voltcuge‘a hohu ccuses,‘ he n ‘muucuimiimug pcmr (2/) of (lie chicungcimu ‘cud c ‘11 eil’icie ucy ‘s
clume (ci chiffereice imu cell rcsisicmcc-us cm nescml( uui chucu uges im ~c~mc(cat co ucemutrumtkaiscut (I c
cuuhicdeside for ho Ii ccmhcuuhcm(icaus,I’ci (hue ref’eremicesys e ii Ilie ccmlculcmtedconccnutncmlicim C C)
ct (lie inlet of thi~ f’umcl -~lludlu’dihs 7Y --1ud due 0, coeccmidcmu ii~ 1 2.t, C - 0” inc ays(u~-
cur hineheum(umigtheC’O comicent‘cmfcau decrecusesto 6.4 ~‘u umad(lie 0~comuuemutrcutiomuimicrc~uscs(0
14.7 U, l’hue hoeen(‘0, conceaacmlcimuf’or (lie sccommcl cculccilcmtiommhums cm Icirger iaflcmencecm d
lccmds in cm lower vcmlume of the cell voltagefor (lie systeniwith cur pnehuecm((706 isV) thuami ion (Ii’
‘ef’eremueesysinmum (720muuV). ‘I Ins is muuuuinhy dume to (lie lower ccuhcumlcutednesisicaucein (hue Icut cm
c~se (I .00 ohmi ems’ cmmicl 1.02 ohmuu cmuitm respectively)
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fresh cur

~

~lcemh

+ 0.8
(‘0 ~tnamusierreformer

+ 1.0

sLick
2.5

CO7 balance ~2 bcmtcimuee

h’igmi rc 9.9: lIla/c lmcilditmd’c s toeCD, coal 0 fOr flue refi’rc’nc’c externcu/ refOrming MCF(’
system(mel)

‘l’ci understcmmidwhy (be (‘0, ecimucentrationis lower thumnu for the neieremuce systems amid hciw the

eomiceuutrumtiomiscif the recuctcumits can he iiucreuused,mole halcunces (di mnohe/s) love heemi
deterisiaedfcc these(wci eomspcimemu(s fcir therefereacesystemiu.lhe flcws of (heeomsponen(s
eami he seenin h’igure 9.9.
‘~o supplyCD, Ici (he ccmthodle, (lie mesh cur (which con(uumusvin(umcmlly mio CD,) is usixedwith
recycled cumicideoff gdus cuncl ccuthodeoff—gcms ‘I hue totuml mole ficuw CD, cut theinlet cii the
ecithodeis 18.2 niche/s. h’he anuodeciff-gcusrecyclecomu(uuins 10.1 mole CD,/s (figure 9.9).1 he

CD, in (hueummiode ciii gums o -igimicutes frcssf/cur different sources.
• The Icurgesthicmrt of (he CD, (7.5 nnole/s)is (ruunsfernechfrom theecuthochesidein (hue amuodc

flow imi the fuel cell. l’his is the(‘0, salich is trcunsportedthnoumgh the e ectrohy c in the
fou-mui of (‘0 iomus:

• In (hue reformer mnethicunc is conve- ccl i its 11, umad CC) iii the neicirunimug reaction cinch
subsequuemihypumr cii theCO is cixidisedumuin CD, iii sbnft reaction.This prodcuc—s 1.0 mole
C0,/s:

• In the icuel cell hiydncigem is comisummsedcund ccumisequcndyCO is com’mver(edinto U in the
shift necuetiomuproducim’ug 0.8 mole/s CC),:

• F’imiculhy the ecimuihumstiomucii COiii due cunicudecuff—gumscomshus(on lecudsin cmi auldititac I
producbcatof (7.8 nuole/s.

lhie hcirges socuneeof CD, cut iii (heeumthoulegums is CD, which is recycledfrona(he cut hcide
ciuthe( (8.1 msole/s).
l’he fresh cur fhciw sumpphies0, in the systems.Morethanl/~of (hueoxygensuppliedin I e fuel
cell comesdirectly from the mesh cur. ‘~herem iaindercii (he 02 comsesfrcinu thecathodeoff-
gcusrecycle.0, is omuly sumpphiedin mueghigihle quaui(ity lmomn (he cumiouleside: the flue gasfromn

i~”,.

+ 0.8 produced1 niche/sI
0.8 enmisummneclI mole/s
9.3 flow I mole/s I

mesh cur
10.6

1ecmthicude

off gas
10.6

fumel cell
- 3.8

cathode
off gas

recycle stack
5.7
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(hue cmncude gc s ccimshumston coatamimis (1.6 U 0,.

1hue dii ‘rences heween CC), cmnd C), bahamucecmre cleumr. The flcw 0, mu the car sumpphiedin the
systemedlua(s10.6 mole/s. ‘I’his is eou’usidercuhlyhigher(hucumi (he CD, pnciduet.iomi(intal
2.5 auole/s)cuid scubsequmemidyit is miiuehi easie- in achnevehighercouucemiinatiomisC), cut the dii
cuncl ocmdc ol lie ecuduode.‘I hedifferenceis culso (huumt the uuir flciw suupphies due 0, (0 (liecell.
whale the C0, supplied in die cell comesfrom different sourcescmnd relies snomuglyomi (he

recycles. 1 a thermuuone the na(ic heweemi the CD, pnodcucecl dii (hesystems(refonmiuen+ cmmiocle +

co uihcmsinr—2.Smcile/s) cumid theCD requmiredto emuabledueelee(ncicheniiccuhrecuction
(7.5 aiole/s) is nci( icuvocurable.
One cii the macmimi puurcmmse(ers which de(ernnmues the CD, comicen(rcu(ioui is the recycle rcm(io. If
lessccuth’ucide off gcus is recycled, lie freshcmir flow becomeshanger.C’onsequmendy,cm low
ccuthcideoff—gcusrecyclercmtio hecudsin cm low CD, eomueemitncu(iciuicut (lie cumthode.l’he effectof
therecyclec mu (hue0, is (he cippcisi(e. Lowenimig (he recycle will lecud in cm higher ficiw cif fresh
can ummud cus cm result in ci higherimipuui. of 0, in die sys(emn. The miet rescml( of prehecm(ing (he air is
ci Icuwenrecyclerabcu. ‘(‘hue sys(en with umir pnehecmterthereforehums both a lower CC), amid cm
higher 0, conccmi(rcutiomicut (lie ecuthiode.Becumumse(hecell nesistummuce is mnciresensitiveto the
CD, (mscmdiily heccuuuse(his recmetammi is uuvculuulibc dii lowerconeen(rcutiouis)(hue cell voh(cuge
clecrecmsesfcimui 720msV di thcreferencesystems(mel) in 706isV ‘a thesystemswith car
preheater (mi’me2).

16 • eheetnica

14 ‘ LI ehemsiccul

a -c-~’~-~ F isixirg
F II inictiomi

hO .,. ,‘I~:~ LI heu t (ransfer

am odegums nec. eomshumstor cathi idegums u,ec.

f/el cell ref ornuen wcms(e hiecu( boiler

Figure 9. / 0: 1Ffer,gy lot se,s imm flue ,cuhs’ys’tern.s c-ldu,s,sified/ accord/augto flue au sc’ c/f flue cc ‘rgm’
tos’s jOr flue .s y sfemru ~u’itlucur /mre/uedmtcr(mnme2)

9.3.3 Exem’gy analys’s

i figure 9. 1 0 (he ccautnihmm(io is in d - exergy lossesfor (h’ systemi widi cmi - preheatcmre shown
Ion eumehi sumhsystem u -m id f tin each scpcurumte cuuumsc cm ud dii iigcmre 9. II (hue cxengy Icisses ion (hi’
diiiereufl ccmcmsescure comnpamedI/n (he nel/rencc systems (use 1) ummid (he systeni with can

prehea(en(mi’ue2). The lossescus ci resultof nsxing,chemicalmeaeticimisamid (hueelectniccu cusses
ne approxiisumtehy the summne iii hcithi ecuses.‘~heshighi diucmecmseof elec(n’eumhIcissesis dcme o cm

smnculh imiereciseof (he liohumniscuuomu,clue Cu die deerecuse of rccuetcmn(ccimicen(rcm(iomucit the c umthode
side. l’he differenceiii exergylossesdii both systemuisis mnadiu y dbume (0 cm higher loss asc nescul
cii inieticin cinch uu lower loss ums cm resub cuf hecut trumnsfer i ‘u the ecuse with cur preh’uecm(ing.
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flu refdremic’c .sm’,stcmnmdunmd flit’ ,sm’.sfcmn suit/i air /)rdlucdufcr
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1-’i,gm mc 9,12: (‘ommmpcuri.scnm of f/ic muefposu’cr c/e/iu’crc’cl hi f/mec’ommmprc’.ssor/c’spcuncler
c’ommuhimmduf/on dimld/ f/ic cxc’rgm- lo,sse,s mm it.s c’omnu/uomucmuf,s

fr/ct iomu
Ii (lie umir us hirehiccu ed, (lie lossesums ~i nesuml oi f’nicticumi imucrecmsefroiuu 8.6 U to 11.4 U f time
exergyimipuit (cu (lie sys(dms.3 las is clcuc (ci (huediicnecmseof (lie exergylossesdii (hue espamiclen
cund (huecommipresson.l’huc expcmmudcrgcaercmtesSOS.9 kW cmmud (lie ecimnpnessonconsomues
436.3 kW. ‘I hue dif’iercmice ‘s (huenet genercutedpci’ser cund edhuculto 69.6 kW. F or (hue
conupressordueexengy Icussedhuuumhs22 d% cii (lie pcwendiupuut to the eomnpresscur,Ion hue
expcumudendueexergyIciss cdhuuculs 13 U of (he generated power I (oweven, if (lie exergy losses
dii die co spressicimi/expumsiomuprocesscure comspumned(ci lie net power gemuerum(ed by the
expamiderummid (he compressor, (he resul is difl’eremit. l’his is sluown in figcmrc 9.12wbeue the
mie power cumud exergy lossesf/n (hue(‘~cC’ cure comnpcmu’ed.Imu due nef’crciicesystemsthe u t pcuw ‘n
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gemiercu ‘c is equuculto 51 - I kWcund the losses tcituih 112.6kW, i.e. moretbcmn twice cus Icurgeums
(he muc pcuwengenercuted.
F-or the systemswith carprehiecuten,both (he flows (hiroumgh die compressoramid expamiderdine
Inghier thami iii due ref’ereuicesysteni. Ccimnpumniuughodi ecusesit cci i he seeui(butt if the cur is
prehucumindthe uie pcuwengeaercCediii (he expcuiider/eomspressor coushimucutiomi iuicnecmses with
18S kWhint (lie exergy lossesimueneumsewith 40.9 kW. This diuchiccutes cm rclcu(ivcly how
‘eiiiciemucy’ ii theccasprcssiomi/expcuuusionprcicess.

luccut trcmn,sfOr
‘I he losses s cm result of hecut Ccumusl’en cmre expected Is decreumse if thecur is prehecutedhcmsedciii
(wci ecinsiderciticais.As shiowmu iii Sectioui7.5 (lie rnadiu recuson fcir heluigh lossescus cm nesumlt of
heattramusierdii (lie referemicesystes is (hehigh teunperumtumreof (hecuvuahablehecuL lithe can is
prehccu ‘d, (lie flow dirouughutheexpcmndenimucreumsescimud herefcircnuorehecu is used to
producep iwen ‘ii (lie expcuuiden.The su rplums cii high temnperum(ureheat(beret/redecreases
Sceomudlly xc higbes Icussescus cm resumhtof heuta trumnusieriii the efereuccsyscmii occurwhemi (hue
freshair is s’uixcd with duehot ecuthodecuff—gas recycleficuw duein (huehngh’u temperature
differencehewecuiboth flc’mws. /i’efeahuugthecur flow cleenecuseshue tcuiuperu urediffcneuuce
andthe(lie -eforetheexergylossescus cm resultof huecuttraui.sfer.
1’Iue deercumseof (heexergyloss‘s u s ci ‘escult of heattrcunsferii he umin is prehiecinch is much
snuallen(ham expectedcia hcusiso ‘theseco isidercu di is. Why (hedeer cmseof tie exengylosses

ill 24

“a—’ sacusteheculboiler —‘——~-

06 J 23

recyclemini en 65

83 [~rciccsystemuu~muicl~62

0 200 400 60(1 800 - 1,000 .200
Q [kWI

92
wcus( - hccu hmalen

23 recycle unxc’
65

(14 cur I~ehiecI r ‘

02~mmtwiicuinim~ter~2~

62
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Q IkWI

/ ugure 9. 13: culum c/ucugrcumn.s for the ,‘c/crc’muc’c I’ll MCI’ C’ ,s s’,sfc mn(uncI) tumid flue ,s~‘,s’f‘mu ui-i/-
cu/c/srclucdufung(mnme2) (omml~’su’cms/ehc’cif ho//cr cummc/ t o~ rcc’~’c’/cs/ucam’mu)
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is s sculle’ tbcunexpectedcciii heseenby comnpardig(lie vumlue dicugnummssfor (hereference
sys ‘us ‘umucl duesystemwith carpnel’mecmtlngdii figure9.13. Thedicugncnnshowsthcut (he
teniper-utumnediffercuicehewecuithemnedicm is smuicmlheriii theecuseof car prehecuting.rescuhuag‘a
s scullerlossesperkW of hecut tncmnsfcncd. Buu this effect is necunly ecimuupletelycummicellech oum
by theim ‘nccmsc of (lie cmmnouautcii huccm which is trcmmusierrech.The hecutwhich is suppliedin die
cmi’ in hue rcferencesystemmu(diiclcudumig the eomnhcmsticumicur pnehecu(er)is equculto 596kW, If (lie
cur is prehecuted,the umn’mcuuntcuf uccut which is umsed in hecmt(hecur increcuses(cu 886 kW. l’here
dine wo m’ecmscumis fcn tins imierease.Firstly (hue cuuu’uouai(cii freshcur wInch hums tc) hepreheated
imucreaseshecacusccii thelower recyclerate.Seccimudhya Icurgerflow of can is necesscuryin ccuoh
(he cell hecucisc moreheatis generatedii (he fumel cell stack.The net resul of preheat,ingthe
cuir is a rcduuchtuu of thecxergy lossescus a resultof heattruuuisien. II edeerecmsehciwevcris
only smuicull duein iheinuerecmsedii theamnouau of hiecutwhich mucustheCcmmisferredh.
Agcmdii (hecmnculysusiii thus sectiomi showsbcuw chicmnugdiugcuuue sdiuglc cmspec of the syst,euiu(iii (Ins
ecuseumdcldiig cmii cuin prehiccuten).ne.suuhs dii c seriesof chuunges(reactsit cciuiccntruuUomis,recych”
‘c (ios, etc.). Jiucherstumiddiig dieclif’l”eccmice hctweemu hue com figurcmtiomis -equinesummuderstand(h
dif’iereuit niechcunisnus.

9,4 EXTERNAL REFORMING ~‘YSTEM WI [H STEAM INJE(’TION

9,4,1 Descripton oI’ t ie systenmandcahcula(ions

In lie systeunumuiculysed ‘ii (lie pnev’duusseeicin. (hueduuy of (I e xoummiderwcms increasedhy
incnccmsimigth - flow hi ucmghi theexpander.‘~hiswascuehievedby neuluucim’ugtherecycleratio (iy
p ‘ehecmtingthecan, Hciwevcr, 1 e i ucrecs ‘ ‘a iiiciency iht,cuiaedby h resul(irg i ercumsemu
the flcuw cii f’reshi -tin o becc ((mode gums recyclehoop ci ud do nespomiddiigflue gums flow hunouugh

the expamuder‘s e ‘y hi si ccl. This is uuuadiily cluc in 1 igherco nprcss’oalosses‘inch duereduced
efficiency0f the fuel cell. I huercfor cunotl’uer ueduodof ‘mud ‘ecisimug he low (hnciughdue
expanderhcusheenuimivesOgaed,
‘he osseswhichoccursab- i a ihuad is co spress-d an mncmchu ‘anger if h’ foich s in thc gcts

phucmsc(heuuwhen it ‘s ii ii e l’quid ihase.Ii steamsis imijeclsd iii (h gums floe bet/re he
expuumiden,(lie di y of this ccimsponeui(will iuucrecms - ‘ hue hccmtvhichi is ‘mvailcmhle dii due sys eni
is usedto evcmponcute(hi ‘ wcutencinch is puurdycomuver(cchimuto powerdii theexpander.I lowever.
hiecaumsethe steummuis inessurisedimi die f/rum cii liquid sacten, (hemiressuncimicre,mseis achiesed
efficiently. Eu theru ore, becausethe ss’cm(cris injecteddowmusmicuumsof he fuel cell, tht
reactantecinc-entraticumuis muo imuihuenced,‘I ucnciorethetwo causescii additio ual Icissesii i -

systemswith ‘un preheatiuigareehiunincuted,
‘‘lie flow sheetfor (Insconfiguruhon(usd3)is showmu ‘mu figure 9. 4. 1 he water i eumsi ‘csscd
cunud evapcurcitechdii thesadistsheatboiler. No steaii is expcir —d mu thins cci ufigu cmtaonheecmuseall
hestecums is injectedbeforedi’ expumider amid theste ma inessureis dctcnmnimiedby the iressue
~mthe imilet a‘the reiourmer.‘b’hcncfonethe steanupressumneiii thesadistshecm hoi en dii thus
comul’iguurcu(iomu is lower (4.Sbar) (mcmi dii (lie pnev’oumsconf’iguurum73aiswhere10 hanproc-ss
stecmunis prcducecl- ‘~huesteummu which is useddii (lie nefonnieris supchcu ted(ci 400 C dii (I e
refOrmerstemat superhuecuter(u pp. )2). hue remucuindlenof (hue stecumsis hecmted o 6S0 C cugc iuus(
therecycled cathodetiff-guts dii theecmthcichcgas eeyeleloci i (app. 292),To preventci
temuupenumtcuredeerecusecut theexpcmnderdiilet ascm nescukof (huestecmuninjeetmomi(he steamuuis
i mrthenheuutedin 700 C umgumdiist thecomnhusinrexit fhcuw. ‘I’he cur dii (his comufigunation‘s
pnehuccmtedto 300 C beforenuixdiig thecur widi recycledecudiodecifi—gas (ci comspcuuscc for
hehecutwhich is usedin superhueuu (hue steumusin (lieecuthoderecycleloop.
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stc’duumi in/d’d’tiOmi (me,
1

)

9,4.2 Energyanalysis

In figcune9.15 (lie ccmlccmhumt,edefiieieuiciesfor (huesystem whIt siccumsimujecticimu cure comuupuunedto
theefficiencieseculculcutedfor therel’crenccsytecis.1 lie grcussefficiemucycii the systems
inuereasesfrom u S3.SU in SS.4U, 1 Ins is duein dueimicrecuseof (he pciwengcuierulledhy lie
expumnuderf’rums 3S0 kW hon thereferemicesystemsin 411 kW f/n thesysteuuuwidi steumnu
injee(ion.‘I’lns lecuds o cm diucrecusedii gncusseiiicicmieyof 2.5 Up.
To achievetie reqo’redinlet ten peru(cureat the net/minerof 200 C thcuutihisumticim is lower
dicai mu thenefe‘ence sysi,cmuicus cm resultcii (Ime hiecutwInch is sed ci hiecm( (he st,cuu u (ci 700 C,
As cm result,the fumel cell elf’iciemicy (hcusedciii (lie fummel imupum to (huesystems)thierel/ncclcercumses
by 0.6 U hecmvimig cm miet imicreaseof duegrosssysemnefficiemucyof 1 .9 UpL
‘I’hie lotaul efficiency bulls shicmrply f’ncimui 66.8U to 49.5 Ff. Tb’ mud elec(miccu efficiemucy
imienec sesf’cimuu 47.6to 49.5U. As mici steanuis exportedi the sys eni with s cuuusdiijec(i au,
the toi,cml eil’icieuucy is equal in duenetdeericcul ei’ficiency.

im ictmouu ehueumuiccil

l’ueai im cmmusler uuumximug electrical

incI _______

uue3 I ~

0 hi) 20 ‘ 30 40 50 60

c xergy loss V cil excm’gy i upc (I

1’ igur’ 9.16: Eccrgs lo.ssc,s imm flue rcf2r ‘act’ si’s f cmn(mncI) amid in the .s~‘.stcmEl a’if Ii sfcammu
imi/cc’fiomm (mu ‘3)
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9.4,3 Lx ‘rgy ummuahysis

I cur lie nel’e -emicc systemsdiii exergyefficiemicy of 5 1 .4 U wasccthcuuluued.[‘cur (lie systeniwith
s c-usiajccuomudueeculcumhcutedexcngycificiemucy is 47.613, Correspondingly(hue otcul exergy
lossesin due u’ef’crcuiee systemscorrespomidhin 48.6 U ummid iii thesysi,euuuwith steamsdiijcetiomi to
52,7d~of dieexergyimupumt icu the systems.I lie diicneuusecii (hueexengylosseswidu 3.8 U p1
coispum‘ccl Ia diereferencesystemdiucliccutesthumt (lie hicumt is umsed uuiore efficiemithy to prodcuce
h eprcuccssstecmus(i.e. the reicremicesystems)tliuu u in pncidumcepowerdii theexpamiderby
iii jcctimmug (hue steuumndii (lie flume gums.
1 igcmre 9. 16 shuuws theconutnihiuutiomusof (lie chiil’cneuit ecicusescif cxcrgy lossesion hothi systems.

lie decnecmseof (lie cxengyIcussescus a resumlt of hiecut tnuumusfcn is evident.‘I’hns is cuehuievedby
pncuducdiugstecunitO cm higherqucihity cuud sumhscqumemithyumuhisdig the umvcmilcmhle heatnuonc
eI’iiciemutly. I—lciweven, (lie f’iguunc cuhscu showsIlicut imijectimig diestecandii theflume gums, imuerecuses
(lie lossescmx cm nesumitcii (isothicraucul)aaxdiig cinch ums ci resultof fnictiomu.
I hue imicnecmsecii the exergylossescuccuns iii (sac scuhsysi,cmuis:theccmthcudcgums recycleloop cumud
thic wumst,ehecut hicaiher.ha (lie odor suhsys(euuus(he exergylossescure cupproxiuncutehy(he sumuse
Ion hodi ccmses.‘Ihuc lossescmeccirding(ci ccmumsedii (hetwo nelcvcmmutscuhsystemnsi/r (lie refOneuuce
systcaucumud (lie systeniwith slccuusimijecticimu cure shiciwa ii f’igumre 9,17.

exengyloss

LU of ‘mipumtl

ISI

I)

s(ecmus/ecug

ai’ / ‘ecyches

extcnu ml loss

diutenmucm loss

LI nuxdiig
[)f’nici,iomu
[]hmecm iacu usfen

‘i9uirc 9.17: 1 ommupcuris’omm of f/id d cc rgs los,sc mm f/u ,suula,ssC ‘ins c’cutluo,/t’ gcus r ‘cycle cumutl

uydu,s’tc huccuf lao//er

‘cit/i dtic’ off gcu,s ri’c’s’c ‘lc’
(lid lossesiii due ccmthuodegums m’ecychc cure chcme in becut (amuster, Ii’ictiomu umadanxdiug. ‘I hue I issa.

cm rescultof liecut tact uslhndii (hueccuthicidegums rccyel imicr -discsfycim u 3,8 Ff (ums cm t’nac(icauof (lie
iotcml exengyimipumt cii thesysiems)ion (huereic‘em ccsystemi to 4.4 U f/n (lie systemswith stecmit

imijectiomu. In (lie vcmbuechiagnanuit l’igumre 9. 18 (hue cxergy hcisscsums cm nesumhtof hiccut trcuasf’erii
(lie ecuthuodegums recyclecamul duewumstebca hoile ‘-ad shownf/n thesystemuuwith stecmms
imijecticumi. ‘I hue lossesdii (lie ecuthucudegasrecyclecure the losses~is cm nesuml of prelueumting(lie -mn
(cuphi. 23, 24 cimucl 2S) cm id sumpenhiccutimugthe stecumswhich is uunxcclwith (lie flume gums (cupp. 292
caich293). ‘flue hcmrgetemupcrcmtamrcchificremuceimu (hesteumussumpenhuecuter(292) nesuh(siii high
exergylossesdii tins cdimuupouueateounpcuneclto due othcrconupomuemutsin (heecudicudegums
recycle.

S

cciii idecuf’i gums recycle wcmsehuccut huiheu

28S



cathodecuff-gums recycle wastehuecut hcuilcn
il-I ‘b 25 292 / 293 92

0.6 23 24

0.4 65

0.2

62

() SOO 1.000 1,500

I ruinsI’cuxccl huecut I kW I

[“igumre 9. 1/1: Vdm/uc clicmgranm fOr f lie c-cut/modegas recycle/00/a cummcl f/me su’co,s’tc heat hoi/c’rf car
the ,sy,s’tc’mmu suit/u ,s’tedum infection (mnc3)

As cciii heseenfrom figure 9.17, theexergyIcusscus cm resumlt of lnictiom’u ‘s (he most dinpontamit
cumuseof lossesdii (lie ecutliocleoff’—gcms recycleloop, which ‘ncluches (hueexhiumuideruuud
compressor.‘(‘lie exergylosscus cm rcsumh( cii fniet’cuuu is 0.8 d~p(Inghuer thummi iii thenefeu’emiec
systemui.‘~Insis dume to theiuuerecmseof (hue mncmssflow liurocugh(he dxhicmuider.The nnxdiig 05.5 us

I .8 df pt highercus cm resultof mixing cii sueummuucuadccuthodcoff-guts t’s(euumui/ccug’ dii I’igcure ‘). 1 7j
hefcirc(lie expummuden.This Icurge diucrecuseis dume(ci he dccrecmsecuf thepanmicul pressureof (lie
steani- ‘flue stecumsis sumpphieulal 3.9 hum Ins ecirnespcaudsduct scmtumnumticuui ten perutunecii
143 C’ umad (hienef/rc(heevaporatiomuhuecutsa ic i. 0 geuiercmte(huesteumr, nus(hesumpplicd

msinimcmhhy cut 143 C. After (hue nnxdiugprocess(bepartial pressurecii (huestecui dii the gums
nnxi,c reis 0.72hum cornespcaichinigIci cm scutumnummicimi(emiupercutumnecif 90 C - ‘Fhicrefcii’e (he hecmt
which wcmsscipphieclin (he steamcmi cm (emuiperatumnelngher(hummu 143 “C’ euma hereeciveredcit cm
tempe‘cuo,urc which lies helcuw 90 C’,

ms’cm.ste/ucaf boiler
In thew-ustehiccut hcalerthe exergy iss ‘ncreumsesfm’omn 7.5 U of (hueexergydiupu (ci (huc sys ems
(d) 8.9 U. 1his is cctumsedlmy (hic imieu’easeclexengymuss cia u’ resultcuf hueau uramuisi1’r. 3 lie exegy
losses‘us cm resumlt of hecu rumnsfcnccma he split iuitcu wci fonmuus cuf exergyiciss:
• lntenmucul exengyIcisses‘us cm rescultof hiecmt trummisier ciccur whenhecm is trcunsferm’ec moms timid

fluuid in ummuothensaithuinu the systeni.Theseleasesecai heshiciwmu itt (lie vcmlue dicmgrcmms.
• Extenmiabhcisscsasa resumh of heattrcmmisienoccursaluemi (lie flume gasis dischargedfm u (lie

system.‘I’he flue gums still eon(cmimis ci centcuim’mamscicuntcii (hermuicul cmucngycut a (euspercm(um’c
which ‘s higher hucmui (he envircimuuudmu temuperumtumnc.

‘~heimitemncml cinch extemnuml losseshumvehieemi imucliccutechscpcmncutehydii figcmre9.17.
In (herefenemucesystenithesteanupressureis 10 hum. In the systemswith stecaninjectici u io
steuumnis expcurtedsci thepressureof (he stecmmn dii duewcmste hecutbusIerumsed dii Isis -culcumlaticimi
is detenmutimiedby (lie pressurecut (lie imulet ot theexpcuncler.l’his resultsiii apressureof 4.5 han
in (lie dvumpsurainramid cm ccunne~pciadimigcvcuporauiom’ iemnpcdcutuudcof 14S “C. ‘~‘herefuura-tmie 1’ ‘cut
iii thewumsteheum boiler is absorbedby (hewater/steamsficuw at alower avercugetenspencucure.
The avercugetempercutamnecut whnchthehecut is ramisfenredincas theflume guts is Iciwen due(ci (he
fact thattheflume gums is first cot/edin (he air prehecuter.‘~lie uct resumlt is an diucreasecii (he
intenuicul exengyIcissescus cm rescultof hecm trumnsferof (1.2 U -
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‘I lie hum ‘gcs pcun cii due diicneaseof (lie bussescus cm resumlt of hieumt taauusf’enis dume (ci theextenmicul
losseswhich f’cur (lie referencesystemsequmal 1 .0 U tO (lie exergydiiput amid ion (lie systemswith
stecmmuu imujec ‘om’m 2,3 U. I’luis is dume in (lie high wuutercouutentcii the flue gctssesimu (heseecund
ccusc( 86 U vs. 7.4 U bun (lie ncfOnemicesystems).Aldioumghu(lie temuipercutumnecut which (lie
cci udemuscuticmu becu(couldherecovered is Icuw, theummticiuuu tufheatis very Icurge.1he hisses
wInch nesumhth’rouui disehicungimug(lie wcmten dii the flume gcusdii thegums phicuseion (lie systeuuuwith
s(cuum imujec(ioui cure edlcucul to 2. 1 c/~

‘l’hie uuicmlysis showsthucut injectimig stecmunis macit cm effectivemscthicid of imiereumsiu’mg(heehectniccul
eif”ciemicy of (lie systeni.l’hic imicreumsein efficiencyis limited cuncl thelcissescus cm nescubof
stecumsdiijccticiui (muiximug stecimswith ecuthcidcciff-gums, flume gums losses,etc.)dire suh,stcuntiuul.

) 5 MCI’C SYSTEMWITH DIRECT RECYCLE OF ANODE O}~GAS

9,5,1 I)escriptiouiof the s,stem cmuud cahcumlcutiouts

ii (lie referencesystenuwcmteris remucuvedfrcimiu thecimucide gums recycleion severculreasouus:
Firstly, il’ thewater is nci( rem uovcdincus (hueamiocleoff gas. he cudiuuhcmticcomiuhustiomu
teutipercutumnewill lie lower.~(oumehieve(lie sumuse teunpcrcuflmrccit (lie ciude(cii (heconibumsinn,
thehuecumingvaluecii he fuel will hcmvein he increcusedby hcuwerdiig (he(ueh utilisumilomu iui (lie
f’cmel cell (seeSectiomu7,3).
Wcuter ccii lie comusiderecicus cmii diiert speciesiii he cathoderecyclehoop I’hierefore, the
recuetummutcouucem’mt,mcmticsis(0, andCC),) cut (lie cutthoc(ecire hngherif wcmter ‘s renuoved.Higher
recueLmuit ‘omiceamiamicinsIccud to Inghuensystemseific-iency (seeSect’ouu9 3)

heamiahysismu tuep ‘eviousseetiomuhu s showi tucu (I e presenceof ci coasidercuhh- dunioun of
saciterdii the flue gums cit (lie dile of lie cxpcunden‘mucreases(huepowe genercuedby (hue
ccauupnessor/cxpcmndcrccashdiicutiomu(C’EC ) sigmuf’iecmmidy. ha thepncvdiusseemiomu(lie high wcmter
contentimi thef uc gums flow (humoughi (lie expamidenwascmehuicvcchby i ujeet.imig stecimimi (heflue
gums, whichwcus shuowmuin rcsumh iii largeexergy hcisses.1 heseIcissescure duemscumily to the
usiximug processcii steanucm id ecuthuoclcoff gascm id cms cm ‘csumbtof di hut gc stacklosses.Its (I’ is
sectionanaltermuahv- nsethoccii imuemeasiuug(he mcuistcm ‘c com cmi of (hue flcuc gums flow throumghu
(lie expcmndenwill heecunsiclemed,Instecudcuf - uject’mig steumu u in (lie flue gums, (lie eomnhuustecl
cumicudecuff—gums is recycled clirecdy ‘.e without scpcircmtdiigwaterf ‘cams the gums flow iii the
umnuocle recycle ocip.
‘~lie systemswith directcumioc - miff gums recycleis sluciwui ii iigumre 9 19 1he amiocheoff gums
(streummu51) is supplieddirectly (huecounhustorof thereformer,‘l’hie fuel util’satiomi dii (lie fuel
cell is deter united by tb erequiredtemu pencutumr oft u ‘ dci g-ms cml the oumde cii daiscca husinr.
I-or thesecuilculcumicaisc msimumuoiseoushuusiicimu(eunpe‘um(u ‘e of 1200 C is mssumued(see
Section7.2). ‘l’hue comuihiusticumi tenspenaixuneis s ncumugly mdcenccclby (huercutic he(wecmutlu
ccimhusmihleecinupomuemuta(H,, (‘0) codimiert eomspcimu~mi(s(N,, An. C’O, amid H,O). l’hic imieg
ctuunponcnio,limuuil duectuushcms(icuuitcmspcncuinneums (cm cciuusidcmahhe)partcii th ‘ heattO ‘ecuctiomi
‘s umsed in huecut thesecomnpcincata.l’he amiodecil’i gasis cm lciw cuilcunic fuel. ‘I hencf’one,saheicr
or mite partcii duewuiter is remimovedfmouui (lie amiodec/f-gumswill largelyinuflumemice (lie
ccumshustiontemuipencmt,cmre.
In thereh’ereice syskmuu,di’ fuel ut,ihisatdiumu us c dluml to 76.1 t/c, ‘I’huis resumitsdii ci mole ic cdiii
ccimshuustihleccumiupciruemits(H, + CD) mi the ancidec if-gasat (lie oudetof thef’uel cell ‘dc cml lo

~. By mcmii ivimug (lie lumrges pcmn tO (lie sacuteri’rcuma (hue amuodeoh gums, (lie frcmctiomi
comiuhustihheconnpcaicmitsiaerecmscsto 15Ff - f tins ficiw is ecashuusted,(he (cusperatuneat the
ciumthetof thecomu’mhcmsinnis equmuml in 1200 C. Iii (lie systemuiwidi directcmmiode gums recycle, the
sacuterdii the cumiode off gums is mucut i-ems oved. ‘ o etumupemisatef/in the diucreumseii the num the’ of
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moles imuer speciesiii thecumuodeoff gas, (lie fumel uu(ihisuuticsndii (he f’cuel cell mucust clecrecuse
moms 76, 1 ~1Ics 7 1 .3 1% its cuehiievethesuiuruecounhushc’uuitemiuperumtcmrc.As in (lie mef’crence
systemsi,tIme flume gums cuter he reicinmseris mixed with cathcidegums to scupplyCD, to (he fumel
cell. ‘l’luc ccuthioclesiclctsi (lie flciw sheetis (lie sanieums iii (he reh’erencesystems.l’hie cunly
chi’icremuccis tlicm( cull stecumuis gcmuerumtcdiii (lie wumsk lieuu hcsherumnd noneiii (hue ummiocle tiff—gums
recycle.

9,5,2 Enem’gy amualysis

‘1 lie ccmleuuhcmt,edeh’ficiemieies1cm thenef’ereacesystemsumuich fcur (hesysteusuwith directcumiodeciii
guts recyclecure shicswniii figure 9.20. ‘l’hc grossef’i’ieiemuey is apprtsximnuutelythescmmne f/in both
systems:S3.SU f/in (lie refenemiecsystemscumud S3.3 U fcsr (lie systeniwith directaucude off-gums
recycle.However, dii (lie ecuseof (lie neicremicesystem,(lie eouitnihumtiomi cii (heexpunider(ci (hue
gemuencutedpoweris sunumll: (hemidt ptuwercii thecomuprcssor/expcuuuderecimuhinuuticsieonrespcumids
10 2.6 U cii heemuergyimupumt (ci (lie systems(LHV). Ii ammcsdetiff-gas ‘s recycleddi eedy,das
diicneuusesin 6.5 1/1, Simuuuultummieoumshy(lie pcuwerdeliveredby f’cuel cell decreumsesf-titus 50.9U cii
(lie emiergy i spot (ci (lie systeni f’csn (hc referencesystemmuin 46.8d~f/sr thesystemswidu direct
recycle.
‘I lie cmumxihicmrypcswenncdluarenudmu(scure Inghueriii hc systemsiwith directrecycle.The cumioclegas
recyclehlcuwcndii (liesystemuuwidu direct recycle(app. 14) operumtescut ci higher(em ipenatunc
(humus iii (he refenemucesystemis. umnthue uncsm’c.hecaumse(lie wutter is midst renuitivedincusthe amucsde
ciii gas, (lie fI uss thrcicmghi (lie recyclehhcswcn is Icurgen. C snsequcnstly(hepowernequmiredby
(lie ccsmspressonis suuhs(cuui(icmllylnghcr Iccudi ig to au elec(niecuhefiieicmucyof di - systemswith
direct ceyclecii 46.8 U ccumrpum‘ccl (ci 47.6 U fcsr thereferemiecsystems.
Idhucul incmctiomisc i (lie emuengydispu s (hue systemscmrecisc icurgediris s (bc system t ums usef’um
heatiii (he I/Is ‘ us of processs cciii - Is both cuses lie aunciumit cii hieumt gemicrum ccl by thesystem
comrcspomidsto 19, I U of (lie eiergy i pu to (lie systeni.

cf’f’icmeacy 11% I

grosse‘f’ic’emscy oLmI e ‘fucicacy

fl L ~ C ~luecmt

20 , mue elecniccI

F u,ucl - ‘1
0~

mite I misc I- tueI nie4

I iguirc 9.20: C’cammm~icurisam of f/u’ cff/c’ic’muc’i ‘,s fOr f/mt ref‘remur - ~ssstein (mn ‘ ) amucl f/ut s ,sf mu
us/f/u t/ircc’t dumuc+/c off fi dii recycle(mtic-4)

Pouu’c’r gcmuercufc’d/ imu f/me fmic’l c’c’Il ,sfcuc’k
C cumuipumnech o duerci/rcmucesystems,die p0 vc’ gemse‘cm cd iii ihue f’um I cell stcmck is coasiclermhly
lower. Iii theneiOm’emsccsystemsS0.9 U cii (hueemuengyinput to (lie systemsis en ivertechc in ctly
imuin (AC) elcctnicuulposacr. or (lie system with directamuocle ofl’-gcus recyclc(Insclcc”ccmsesto
46.8 (/~ App oximsiumtcly hiumhi cii die decrecse dii pciwergemuencutechby (lie f’cucl cell ut due seccaicl
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cumseus cucuetcs true icuwem (cud uutulmscm(mcumi. thereunummdercsh (hedm11eremiceus cumumsedlay (lie
lower recme(cmms(ccsuicen(nuu(icunscut (heccuducsuleiii (lie systeaiwith direct recycle. [hc
ccsmucemutrcmticsmiCD, cut the inlet cii thecuudiusdedii (hemel’ercmieesystemsis equmal(ci 7.9 U. (mu the
systeitiwith directrecycle(Ins ecsmieeuitrumhcsmiis ccsmisidemahlylower: 6.6 C. ‘~hem-ccure severuml

‘cuscsuusf/sr (lie diiiemeu’uceiii C’D, ccsmiceuut,ncu(ioms.
• ‘(he mscsstiunpcsn(an(necmscauis (he C’C), ecsuieemi(rumticsndii (lie flume gums whuch is scupphiechto (lie

cci linde gasmccyehehcucup. In therefenemucesystems.(lie flume gums incusthe -mmucsde csff’-gums
couuuhums(csrecsuisislsIcurgehycsiCD, (S3.SU). Bcecmcmscmica sacutemis rcmncsvecliii thesystem
w’th directcuuicsdegums recycle.dieccsnccmii,rcuticsmuC’D, iii the flume gums dii (Ins ecuseis m icuchi
lower (32.9U).

• Ancstheriuuctcsmwhich imiflumencestheCD, ccuuicemitraticsmiis (lie emuengyhumlummicecsf the
cuuthcsdecsfl’—gcus recycle.‘~hegaswhich is suupphiedin the eumthciubeis ci mixturecii three
flows: (he uum’ucsdeciii gums recycle. theccmthcsdecuff-gas recycleumnud (he freshaim. ‘l’he (cs(cul
flcsw is determinedby (lie uuuuicsumitcii hecutwhich is generatediii thel’ummeh cell, whalethe ratio
hetweemuthemesh camcumid therecycleficiws is determinedby heenergyhalumnecoverdie
recyclelcscsp. If mistime l’mcshi cur is sumppliedto (lie cumthcsclc.(he C’D, ccsmiecmitmatiouicml (he
cathscudewill decrecuse(seeSection9.3). Imu he syslcunwidi direct recycle.hicsth theflcsw
uumuch (hue temnpemum(curecut salnehu(heccummihuusteulancsdecalf guts is supplied in the cumthodegums
recyclehocsparclnghuem(hum iii (hereferencecase.Ccumisequmemitlylessccudicudeciii gums is
themefcsmemiecded(ci cmehieve(lie medhumimedhinlet temnpemdutuumefoam (lie fumel cell s(cuck cund mistime
freshair is supplied.

On thetither licunucl, (lie lcusae- fumel uutiliscuUcuui heumc(sin cm decmecuscof thecuuncsuui cii hucuu
generuttediii the fuel cell s(cuck ummud ecamisequmenthyto cm uleerecuseof (hue intuml cmunusumn oh’ ecmthcsclc
guts miecessary(cm ccscsl (lie cell. huis methucesthe freshdim flcsw wi houm cuffeetdig(he recycle
mumtics in (hue ccuhucsdccuff-guts mec)clcummuth berefcsmeimscmeumsesdie C C), ccumiceatrcuticunscml (hue
cuuthicaclc.
‘1 lie m et mesumlt of (lie chiummuges‘a mucussfltsws ummid ecumicemtm,u(i imus iii the flows ii heccmhioche
recyclehcucup. is ci decreumseof (heC C) ccsmicentmaicums imudiccutec cuhove.while (lie D~
ecsuicemshcuticsmuis thcsummmie iii hcstli ctuuifigumrcmticins. ‘I lie lcuwc’ effectivemeumetams(ccsmueems(mutioi
leads(ci cu i incme’usc ii duc pcslamiscmticunmesist,uumucecumid ci decreuuscs ‘(lie Nemmis vcshcuge(se’
Section9.3) - C’cimnpuurcci1cm the referetee systemsu.ILe chicumugesiii ccumsipcisiticsu lecucl ii cm
deere’msccii d e cell vcshLmge fmcsmsi0,720 for themefememucesystemui in 0,707 vcshtton thesystemi
with direct umacudeof’i gums recycle.

Poui’cr flc’mucrdufc’d/ iii f/ic’ ec~acuumdcr
‘I’he ne pcswendeliveredby theccsmsipresscsm/cpamucen ecsnuhimuai.icsmuiii (he mcf’ercmscc sys(a

equuals5 1 .1 kW. h-cur (lie systemswidi directcunodeciii gusrecycle(lie uue pcswemimicreumsesin
139.6 kV - ‘I lie uscss imuiportummit caumseicum (his i icrecuseis (lie imiereumsecuf (lie msiuussflow himcsumghi
the expummuclerums cm resumlt cii (lie lumrgem uumicsdecuf’i gums recycleiltsw, Thewater, whuebii lime
systeni with dined recycleis midst ncnicivedfrcsmnthe umnodecuff gums uuud ccsmitnihucmtes(ci (hue
geuieruutedpcuwcm iii (lieexpummitbem. A seccumudcaumsecuf theimicrecusedmiet pcuwergcnuerumteclby the
expandem-/ccumspmesscsrccsmuihiuuahomiis (hehcswemrecyclematicu mu (heecuthodemecycl hcscup(see
umbove)wInch lecuchs Lu cmii diicmeumsccuf theuscussficuw cur supplied in the eumthcsdegasrecycle
kucup. ‘b’hue iu’mcrcumsecii thecam flcsw mescultsmi dint increasecii (henuet ccumpresscur/expummmderpcswem
cii apprcuximuiumtely1 5 kW’. “hue remusaimidemcii theimucrecuse~74kW) is aume (us the largerfcsw of
amuodecuff—gaswhuich passesthircsuugh(lie expander.

dais esmimmuaie is hsuscct mimi the rum cu at’ the flow ihm’uuugtu mIme sumr co muium’esscum’ lumutt ihe acm powem Icur uluc ref ‘ ‘mice
sysid mum
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I igumme9,2( shicuws(humt (hegrcusselectnicumlefiieieuieyis cmppmcuxdinuutely(be sumuruefcur (lie
nefememucesystemsamid icum (lie systeniwith directrecycle.‘~heC’EC’ dlehivemsuscamepcswem amid
themu I cell less mu (lie luthersystems.‘~lie muet electricalefficiency i/n (lie system with dimee
cuncude uif’-g’ms recyclehucuweveris ((.9 /I lcawen.l’his is tlume in the higherdcmty cuf theancudegums
recyclehlcuwen. (he imicreumseis duc pcmmthy hecumusecii the Icurgen fhcuw thmcscmghi (hueccumnpmesscsr
cumud (lie uglier cspemcutiuugtemuupemum(cmme.

),5,3Exergyanalysis

(he cuhjechvccuf mecychimig (lie umnucudecsii gasdirectly (imistecudcii meuscuvinugthewumtem imcumu (he
cuncudecuff guts) is in imicreuuse(he cumiucuuumit tuf hecutwInch is ccumiverechimitus pcuwemiii (lie
expuumudem.Its tins wumy pcum cuf (huehigh (empemcu(cureheatwhiebu is civumilumble iii (he s~steaiis
cusech to prcuchueepcuwem imistecudcuf reluthvelyIcuw qumahity heaLCtsmisequemitlythe exergyIcusses
us a resultcii beat ncuisfcnshcuumhdlie cuwem(hanin (heccummcspcundingIcussesmu themeiemeuiee
system.This is ccumifinmsecbby iiguure 9.21, which shcuws(he exergyIcussesfor htudi systems
gmcuupeclacccumdingtcs typecii exengyIcuss. M the sumuncdunedirectrecycleheads(ci au incmecusc
cii theexergylcsssesuts cm nesumh(cii fmicticuui ummud uus cm resultcuf muiximig. 1 lie notresult is thum (he
exemgyIcussesareIsghemiii duesystemswith directrecycle

hiecm( (nummisfem munxiuug dlce(r’cal

Irieticumu eh’ucusiccul

usie I III]

uusc4 ‘~ j,, fl 1 [

0 20 30 40 50

excmgy hiss [t/
1

cii cxemgyumihium(I

‘igmure 9.21: Ccuuu sc’s’ c/f c ccrfo- /ca,s’seain the rcf/Ircimc-e ui-steel (inc I) and f/u ‘ ,s’v.s’tem us’if/u

direct cmmuoclcc/ft gcm s recycle(mmue4)

1 he imucreas- cii dieexengyIcussescms cm ‘esumlt cuf fniet’cumu is dumc in he lughemflcaws(hmciumghi lie
cur eomspresscsr.(lie expummuderamid thecuncudcrecycleblower which wered’seumsseddii the
previcuussechmsmi,l’he increcusccii theexengyIcass ums a resultcaf nsximugcan lie cu(trihuted(ci (lie
usuxing usi amicuchecalf-gaswith hecathucuclerecyclefhcaw (in app. 24 iii figure 9.19).hi
Section9.4 it wuis shcswn(butt the pmcseessof muixinug stecmms’m uund a guus nnx(umrehecuds(ci
ecumusidemumbleicass‘s. ‘I he Icassescure dumeto (lie differenceiii Isartucul pressureiii the H,C) h ku-c
amuul aftermsiximig. In (lie systemsuwith directrecyclc it is midst cm purestecumsflcuw whichis mixed
with agasusixtumme, Iu’mstcadcm H,C) rich umuid a H,C) pcacummsixttmrecure mixed.l’he diffencseedii
partial pressurehcioumcummich al’ten msiximig is sntuahhemiii (his caseummud (hemei’cumetheexergy Icuss
smsallem.licawevem,due(ci hcath(lie imuemeuusecaf(bewuuterecsnuteuu amid themucuhe flow cii (he
recycledarcadeciii gums, theexengyIcasscmi ummesultcii unixdiig iii theeathcuclegums recyclehcucu~
increasesscubstaunfally incus 6.2Ff ims the refememucesystems~ 8.3 Ut four (lie systemnwith chirec
recycle.
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I’igumrc’ 9.22: Esergvlossesin the ,sulasy,s’tcmmu,sfOr f/ic refi’re,mc’c’ sa’,s’tcmmu cummcl f/ic’ ,sy,sfc’mn ui-it/i
direct rc’c’s’c’le

Ihie exengyIcussesiii (hue umnodeot’f~gasrecycleIcucup evidemitly cure muchsmsumller ins the systemmu
with dined1recyclethcmni fcam herefememucesystemsi(figcmre9.22).The luurgeexergy cssscsmi (Ins
sumhsysteunicun (lie reiememuc-esysteni cure cuuuscdlay (he ecucahimugcuncl meheuuhuugcaf(hue cumucade
cafi—gumsficuw which is cumuuitcddii (huesystemssathdined1 recycle.
‘l’hue - micreumsetuf theexengyIcussesiii (huereformeris dumeto the imiemecused(cunhiencutumme
difieremucecml which thehiecut is tmcunusiemmed,In (lie referencesystems(lie flue gums,which cut (lie
imilem cuf (lie mefcunmscmmucus ci omnpemuuuuumccii 1200 “C. is ccuculedcitusami uca a16 “C In duesystemmi
with din -ct recycledue imuhet temsipcmuutummeis thesaute.Htuweven, (lie flume guts flcuw is uscuch
lcmmgemhuecumumsemiii wutter hasheemuremitcavech1/Icamut theutmucuclc ciii guts. nesumitim g in cut cuchi higher
tcmiupcrcmtumrccii (lie flume gums ,mt thecucutletni the ref/amnier (752“C). ‘Ihie exengyIcassesums cm nesumhi
caf hecmttnamisf’emdii (hue reicumuuucm(lieu-el/ireimuerease.
1he exengyIcuss in (liecoumubustorscmhsystemsiuscm’eumsesby 0.9 ~%- lie ccumuihumsttas mhsysteuss
incluudes (lie cur pmchtccmt(umpp. 83 dii 9. 19), iii wInch (heexergy cassincreaseshecumumsecaf due
Ingluen(cusssercmi.umrecii theflume gums cit (lie cuude cii (lie medium miser. hi’ rcnuaiuidercii thedie ‘eumse
is cumuusedby (lie haghuerIcassesums cm mesumlt cal muiximug (hecuuumsccii (lie InghenH,C) cci utemut cii (lie
cumucadecuff—guts),
l’hie iuicrccmsecuf duc Icusses‘mm (lie cathode f ‘~gasrecycleIcucup ‘s emihm’cly due(ci ihic imicreumse
cuf thefnicuicumi Icusses‘mud the uniximig mosses.t’miciicum Icussesimiencumseums ci resumlucii (lie ucirger
ummucadetiff-guts umuid cur ficuw. I_cussescus cm mesumlt cii nniximug cure bagh m cus cm mesumll cii (liehi’ghen
wateretumutemutcuf Ihsecumicsdccuff gasflcuw.
I diium~ly (heexemgyIcussesdii (huc wasteheatboiler shucuw(hue l~muges(imiemeumse:+ 3.S~ (he
imiemeumseis emulimely dume in (he Icussesums cm mescultcii becm( muuasiOm,As wcus dcumsc ‘mu SecIL m 9,3,
theseItussesccitt he split utIca diediitemntah amid (lie extenmuculIcusses.[mu (huemefememseesystemspcmrt
caf(lie rei/uramemstecumusis gemuencuteddii (heumuicadegums recycleIcucup. In thesystemssaidi c i ec(
recycleall mediumsensteuuuuiis gcmuemuutcdiii (lie wcmsleIsecuthcailen.‘fins cumumsescmii iuscrcumsecaf(Ii’
diiter icul Icussesby 1 .S 1/c. 1he extemmiculbussesimuemecuseby 2.0 (4 dueLu due hugh ecu ucemutecuticumi
[I,() dii (he flume gums.
Anculysis csi duesysteutuwidu direct cumicudecult—gums mecycleshucuws dot (heehuumnugeiii

hidnicanmncmmicecii the systemsis dumeucu cm mucumiuhencuf seccuuicmamyeffects. ‘m’bue nueducudus’dca led
exergycmumculysis mak‘s it pcsssihlein detcrusnmuewhuiehi ebamigescueccumby amuabysimigsaluc e
Icussesehiamigecinch wInch type taf Icussescure diifluemseedhay duechuamigedii (lie flcusa s ted dcsigmu.

29’~



f’/ 12 /3 92
0.6 23

()4 ‘ 62 F 65

— F _________________

() Sf0 1.000 1 .S00 2,000 2,S00 3,000

truumisfcredhuccul 1kW I
[“igure 9.23: Value dicugrammifOr f/ic’ ss’stemnuu’ith d/irc’c’f cumucc/e rcc’s’c’lc’ (mume4)

9,6 INFLUENCE OF THEPRESSUREON THE EXTERNAL REFORMING
SYSTEM

9.6.1 Descriptionof’ thesystemandcahculatiouus

As theanalysisshcaws,cm summplcmscif high teunperatcureheatis cmvailcuhledii (hue system.
Imucreasingtheflow thrcsughtheexpumnuderhasbeende cubjeetivecafthedifferent systems
ccant’igumuutiusnsevumlcucutedin (hepmevucacusseemcans.‘Ihus is mamsewayto umuemecuse(lie amuucuuun(cuf
becutumhhiseddii theexpumuden. Amicuther wuuy tuf imiemecusimigtheummscsunl cii hccut cusediii the
expuundemis ci inereumse(hepressureruhcu overtheexpamidem.
Tcu imuvestigatetheinfluemicecafthe p essureciii hepenfuanusummucecunul icusses‘n (he systeni,
ccheulumticummshaveheemieummniedtuu( fcar the meferemucesysteuu(figure 9. 1. Sectiomu9.2) cusimug
different operatimigpressummesf/sr theiumel cell (p — 2, 3, 4. 5 ~mnud6 hum), h-cur thesecumleuuluuticuns
theimipu dc~uu(specifiedteusupemuitures,ccumuup‘esscumefficiencies,etc.)arethescumneas i/un (hue

j referencesysteuuiwith (sacsexcepticumis.

• Firstly thepressureIcasseswhich cure specifiedicur (hueecamspcumicmis dii thesysteunbumv - heemi
uncadified. TheexergyIcussescund Icastwcurk (seeSection6.4) dci nci dependcan the pressure

IcussAp hut cant duerumults hetssccii thepressummeIcusscuith (heabscalutepressure.At cm higher
pmessuurethemetcurecm hnghierpressureIcussis utecepLuhlc.1 cur theseealccml~tucsmu.s (lie pressuume
lcassesir the usmumimu ecumtupcunemituhcmvc heemuneguirdechasum fruicticumi cuf (heuuhscslutepressumme.

• Secusmidlythetemuuper’mnurccii (huecmncsdecuff guts cut (lie cucuthetcii (he uucuis(uumesepuirdutcarin (lie
auuuadegums recyclewasuultcmedas he systemspressummechiummuges. ii (hemncuis(curesepumnumtcum
(cupp. 72 iii figure 9.1) thecuncaclecuff guts is ecucuhed(ci ecumichensepantusi (hewuuter. ‘I hue puuntiuml
pressurecuf thewcuter iii (hue cuff—gums cut (huecuudetcaf thesepcmmcmtusmis equmuml (ca (huesculuumcuticua
pressummecat wumter/stecmmtucut he cuudettcmspemuuture.[‘cur themeferemicesystemsu(his echumihibmicumsu
assun’tpticumssheumds(us ci eculeumhcutedmscaistcmreccuntemu cii 12.5Ff in (lie ummicadecaif gums cut (lie
ocutlet calthe scpuumarusn.lithe systemspressumneimucrecuses,cu cuamisicumut teusperulure cu thecucmlh ‘1
cai thesepuurumtcum(i.e.accamistamu pummhah pressurecii (lie wuu em iii (he cumsusdetuif gums) mesumlts iii

cm lcawem wuutem ccumicemitrcuulcan.As the miucuistaureecamitemitcii dieummucudeguts strcunglyimsuflumemuces
thefuel cell e(fieicmicy (Sectiout9.5), (lie mrmcais(umeecumitemut waskeptecunstunutI/un umlI vuulcmes
cuf thecapemcmhumgpmessumme.‘I his leadsIts cu higher(emupemumtuurecut thecuutletcuf (he ummucade guts
ccscsler/ nicuistummesepuimucucurcut highercupercutingpressumme(figure 9.24).
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I”igure 9.24, Outlet temnperdufmire c/f the sejaardutor u ciri ‘d as’ ci tummmctiomm d?f tot cul gres sure to
cuc’hieu’e ci c’can,stdm,mfmamcais’tumre c’cumutent at f/ut’ outlet

9.6,2 Ene‘gy emma ysis

F’igure 9.2S showsthepuawemgeieraed by the fumuel cell shuckamid theccumsprcsstum/expcumider
ccumitl imiau’uun (CCC) dii a funehcumsof thecupematingpressumme.hxpressedas cm I muuc(mcuuini die
emiergyimupcut Its thesysems,die~ucaw‘m genienutedby thefuel cell s uuck i ucrecus-s im’cu n47.2 U
in 52.1 U, au ii cme’mseswith 4.9 1/c ph i thesyscm pressureis rumisechim’cumsu 2 n 6 scum. F’halt cul
thus Ciercumse(2.4 1’~pfl is ~meIsievedby imicmeasingthe presscmc fmcumn 2 o 3 hum, A similum gumimu
dii fuel cell cfh’iciem’uey resultsif thep ‘essumediic’easesmiami I o 6 hun.
I hedicrecuseimu fume cell efficiencyis dueto theIcuwer cell mesisrummic ~m(higherIccchum t particul
pressummes.As cm resultcaf thepmessuumci icreasetheeel mesistuumueecheemeumsesincus 1 - I cuhuui’cuts
cit 2 ham c ((.94 uhn i’cu i’ cut 6 hum, Ccii mespcumici gly ami ‘micmecmsc ii cell vcslhugcmcsumlts. ‘I lie
vuslhgegaimi if the prcssum~is increcusedfruits 2 in 4 hun ‘s tucume uamu50 isV (l’rcumuu 0.669 V
2 ham in ((.720 V at 4 hum). l’he volhuge ii c ‘eases‘mmucuther 20 msiV if (hue pressureiuuc’’eu ses
further (us 6 ham.

sysemspressummeI h’m 3

f’igumrc’ 9.25: (‘dulc’ulafc’dl gro.s.s’ cfjiciemuc-yfor f/ic refc’remuc e sy,stem ic-if/u .5 epdurate c’ommfc//,mmt/omu,s

c/ft/ic CEC cun~lf/me fuc’l cell as’ cifiouc’tiomu c/f op ‘rdmf/ng pre.s.smir’

56
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I hue pcuwergemiercutechhy theC’LC imuenecusesiunhumlly ii (lie pu’essume is imicreumsed ‘rusun 2 Its 3
hum, Agcmimi ‘xpressedcus ci ircucticamuusi (hueemuergyiapum Its the systeusu.theCEC iuuupum inemeumses
dims2.0 cc (ci 2.7 c< ( ummduer pmessuniscutiuumicIties mucu lecud (us au imucreasehum( to adecreumsecii
ihe muet pcswem.[‘cur (lie pressumneimucrecusemoist 3 in 4 hum (he decrecuseis slight, hcmt fummlber

1smessummisumlicsareduces(lie pcuwemhircudumeddlby (lie C’EC suuhstamit,iuuhlyin 1 .6 ~c cit 6 hum. 1 he

gncusselecu”ccul elficiemicy (fumel cell + C’EC’) iuucm’ecmsesfrcumti 49
.
21

c cut 2 hum in 53 7U cml 6 hum.

cificiemucy [C I

gmusssciiieiemscy intal elficiemucy

(at)
C F,(’

lumel cell

LL
p=2 l~—~15=6

bigure 9.26: Net clc’c’tric’cul c’ff mcic’mmc’s cuncl total c’ff/c’icmmc’s’ cu,s cufummmc’f/on c/f prcasurc’for f/ic’
refi’rcmuc’c ,s’v.s’femn

I lie cmumxiliuury powerdencm ud deer -usesI ‘cmi 6,9 c cii (lie fuel diipumt cml 2 ha’ in 5.4 C ~( 6 Ii, -

I hedifferencehetweeni lie ac amid lie grcussehectnicumhpcuwemcuu(puticsm (lie syslemscleemeumses
slightly wills pressure.‘~hehcuwem umumxihicmmy pcuwcmchemnumndis dumeIuu (he fumel I icu lesshie’m( is
gemuercutedii (hue fume cell cut bagluempressureamid (hierefusrelessccmdicuulegums is ieccsscmy to
menucave(lie hieum mmcsnmi (he shck, As cm result,(hueduty cii (huerecyclehlcuwem is huawer, I hue gcuin
iii uie( systemsefficiemucy s (lien ‘fusme its sewhiathigherthummu (lie gaimi diu gmuusseffic’emucy (f-cu ii

42.31/c cml 2 hucr to 48.2~u cut 6 hum).
lie cmmscucmmi cii hiecut which (lie systemspruudoccsdim (he i/uris cii pmcucessstecumu . decrecuseswidu

pressumre.‘I hi’s ‘s o heexpected.At hugh pressureuncure becutis ccuu vented~mu(uuwuark mt the
expuumudemcumicl ccunuscc~uenthythecmmscuuni(cuf stecumutwhich cciii hegemercutecl ims (hewumsteheum(
hcailemdecreases,But i ‘die fmuuctiuumu cii heatwhich is meccuvemedmenuicumiscus s(ummu(. thetushul
ef’iieiemicy will inereumsew’th pressumme.Huaweven ums ecunhesecmi ii figuu’e 9.26 cus well, (lie
Lstcul efficiency usi hesystemsdecreasesecu isidemumbly: incas 70.2 t/

1
cut 2 hum to 64.S 1/I cut 6 hum,

A much smaller frumetiusmucsi theIiecm pruudueeddii (he system is cutilised cut Inghuerpressumme.
[lie hcwerheuut meecuvemyis due(us (he samencchauusmuiwhich saums 1/scuddii thecuncuhysiscii (hue
SO~’Csystemsuupematimig cut higherhsmessure:(he temuperumiumneimuemecusecii (lie cur mu (he
cctmspmesscsr(seesection8.3). ‘Ihie teusperatummediiemeasehuuu.s (wcu effects:
• Muarehecit is suppliedin thecumllscudecul’f gasrecycle.As cm mesumb,(he recyclematiui I cur (lie

calhusu(ecuff-gasrecycleheccumsessmaller,which leadsin uui imuemeumseuui the cmim/f’umcl mdci by
I 7.SU anda simsilcu inercumseiii theflue gums fluaw umnd ccummespmsndinghuusses~

• l’hue pruacessflcuw which requiresnudist teat(us preheatis (lie cur fluaw. lithe air tenipenumume
caf (hecur imuereumsesin 100 200 C, lesshecm( is redluimeulheluuwtins temspemumtuumeicun
pmehcating.Cuumusec~uentlytheamucaumitcuf hueuut meccaveredfrom the flue gasis lower ‘mud the
temnpemuutumeat which(heflue gasis discharged(us theflue gasstackheecumneshigher.
leading(cahigherstackIcusses.

40

heal

muc( dcci‘icuml

0
p—2 p—4 p—6
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9.6.3 Exergylosses

In figure 9.27 theeaheumlcutedexemgyIcussesf/un ecmchi type caf IcussI/sm (lie systemuutupemcuhuugcml
2, 4 stud6 bar cm ‘e shuuuwmi. At 2 hum (lie exergyhuussescumnusummit(us SOW c tui (lie exergydiupul tuu
(lie systems.(miemeumsimig(lie systenipressurelecuds(cm cm decreumsecii dueexergyhmusses:cit 4 humr
(heexergyhuassesdecreaseto 48.4Ff tsf dueexergyi ipumh I-ummduemimuemecusecii (he syslems
puessureleumds in cm (smuall) imucreumseiii exergyIcusses.
Theumchvuimit,uugecmi imucreums’mug (lie systemspressureis wcs iculd, Firstly thefuel cell cupcmcmtes
uucurc efficiently cml higherpressumme.The imuflumemicecii the pressummecmii (lie ef’f’iciemucy is ulcue (ci

hculiu theluawemcell resistamiceamid (huehigherNenmis vcshtcmge.Ctumuihimieul theyhecuchLu (lie
imiereumsecii (hue cell vualtageimiulicatedcuhuave. ‘I huehigherfumel cell ei’ficieney is umhsci visible ims
the lower exemgyIcussesascm mescullcaf pcshuuniscutiuuumummid resistcuuicc(elcehicculluasses)imu
l’igcmme 9,27. ‘~hedecreaseimi exergyIcussesascm mesumh cmi pculuumiscmhusuucimucl mesistcuuiceims (lie fummel
cell ii’ (lie pressumneiuicmeumsesdusts2 in 6 hsuu’ ecummespusmuds(us 1.1 c/Ipt uuf dueexergy‘mtpu Icu (hue
sys ems, ‘(he dcc nical 1 ussesdecrecuses mhstcmmul’uu hy ii (huepressurediemecuses1 rusma i to 4 hum
cunc mu ihy muscurgimicilly fus - fcurthcr pmcssu‘iscmhuua.

hiccu umixiumg dcclneal
I mictiumut ehtemumiccul

2 ham ~ ‘J. IL JILUJ

4 sam ~f I

() 0 20 I() 40 SO 60

-xc ‘gy buss I~1uI i ulsuml I

f’i ç’uurc’ 9.27: IC’ ‘rg,s lcas’s ‘s for f/ic’ rc’fcrcumc’c ~sv,sfcmnif diff/’rcmmf u’culuc 5 c/f f/ic op ‘rdif iii g
jarc’,s suit’

‘I hemcmii’ scm/liveefl ‘c wIn -h is expectedf’mcmmti ‘micreumsi ig thesyskmui pressum’ is 11 c lcurge’
umuncaumutcii uca which is cuumivertediii (lie expcmm den, By msimug has hiecut iii (he cxpcmad-m cm
meulumctiuumucuf (lie Itisses-is cm resultcii becu tucumusiemcci u h’ umelu vcd. As cciii lie seenf’ncumsi iigumne
9.27, the efi’ect cii ci pressumnc‘mien asecmi (lie exemgylossescusci resumhtcii lieu ( traasi-’
euumisiubemcmhle.- hueseIcussesulecreumsefm’cuuui 24.6Ff cut 2 hum It I 9.8C cm 6 hum: ‘u dec‘cumsecmi
umlmsiuastS1c (ii time cx ‘mgy i pum( to (lie systeumu),
Isvemu thcuumglt (lie exengyloss -s as -u resuml usi bucum (mcmust - ‘tic Itu el ctniccul hcusscs I ‘c’” msc
cusuusidcncmhhycut higherpressure,thedecrecusecmi (lie inhul cx mgy luusseswms seemuIts he
melcuti ely smiucul - ‘(lie hun eth gumi u ‘mu exergyefficiency is cumumsec by (he shucmmp imicre,use csf
imicticun Icussesat hngherpressure.I ‘nusuts 6.S U cml 2 hcmn heexengyhcussesums cu mesumbcmi i-ic icams
imucrecuse~u10.9 ~c cu( 6 hum As cm r scuht duesummucii theexengyIcissescus cm m -scull cii 1 -mI I cmmusdir
ummud cmi cm mcsuml( uuf im’ictiuumu is mucul verysemusitivein thecupercut’mug pressumme.I-tsr cm hiressumn’
imicme~usei’uuuiu 2 (o 4 hun (I e summus tul (lie huussesums cm mesumhtcmi hcum( Imum usiercuuucl inictics u decrecuses
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slighuth). limit ii (hue pressummeis imuemeumseulI’umrthier due imicrecuseof (hue f’nuietiuumi hussiesexceeds(lie
clec-necusccmi hue Icussesums cm resumhtcii hicuit trummusfem.

fr/cf iomu lo,s,scs
The f’mic-ticuu Icussescueeumrmsuamuhy imu (lie Cl/C - As thepmcssuumeruuhtu increcuses.(heexemgyIcusses
imicmecmseums well. I Icuweven, cus im’udiecmteuh the clum(y usi theCl/C is cut its mmiumximuiuuiu cit _I hum ummud
deemeumsescis (lie pmessuumehecuamseshigher. Evidemully (heefficiencycuf (lie CECheecumses
pumusremcml hugh pressumme.[‘cur huuthi ccmmspmesscuruumuch expummiuhertheiseuutmuspiceil’iciemicy is equcul
Lu 75Ff iii thesecuuhcuulcuticumis.It is imitemestimig (us know, (ow (lie efficiemucy will imnuupmusve ii the
ef’ficiemuey cafdue rcutuu(iagequipmnemu(imiemeumses.‘(‘here cure twuu cupprcucuchespuassible.Thefirst
cupprusumehiis in cuumisiderthe Icusl wcurk cus (lie pustenticul imuuprcuveunemihThe secummudis Its humcmk cut
theexergyIcussesimu (hepmcucess.‘~liedif’I’cmeuuce hetweem’utheseumppmuuumcheswill hedisecussed.
Theexpummuderuspemcuhmigcut cmi isenutmuapicefiiciemuey il,,,,, deliverspcuwem P. Ii (lie pruseesswere
reversible.theexpummiderwusculd deliverI C’ ‘I cu cumleumlate(lie cuctualpuuwerP fmcsms due pcuwercmi
(lie ideculpruacessdue isemutrumpicefficiemmeyis umsech:

P r~ ‘ P
ISc1~ CC

I hedifferenceAP heweemuP cumid ~~CC is (lie ‘Icust puawer’ cmi theexpcmuudem.‘(‘he exergyIcuss imi
Ihe actualprcucessis usualequmuuh (us (he lcust licuwem. 1_esspuaweris genemcmtediii (heexpuundemii
(huepruscessis irreversiblehut iuisteuid heumt is gemiemated.lf (lie pmuueessdii (lie expututchemcuecumms
cml high temsperumtume (asis theecuseiii theexpummidemims theMCFC’ systemum).this hecut mehiresduits
cm ecuuisidercuhlccmuuciuuI usiexergy.‘Ihemefcure, (lie Icusl pcuwcmii Icurgen(licumi theactualexergy
Icass. If (hue uue(umcul uuumthe teuspcmuutumeis ‘,,~ ‘mmud duetemupemuminrecut dieuuumtlet tuf (lie reversible
expamisicunpruuccsswould he‘I,, . themu thic exergyIcuss is uuppnumximsumtclyedlumumh (cm (sec
Section3.2).

AE —‘ Al
“Si’

lie equumuluuus dir d c ccumuup‘c ssiuunp ocesscure siusulcu’. In this ccmse(lie lcmst wcumk is due
immereumsecuf thewcumk which hums in lie scupphied(ci die ccumtupmesscsn.\gcui u (lie c ergy Icuss is
suscullem (humus lime huus sacurk.
hut l’igcume 9.28(hem’evemsihheprume‘ss hums beendeienmtnuueclcmii humsis cii hiusthi exengyIcussescumud
hussuwcurk. In useMC’r C systemsduehicumu cmfer ‘hue expuuiclemis umsed iii thewcmsue huecut hcuilenin
prusduecsteamui.If theefficienucycii theexpuuuulerimiercumses,mucire pcuwenis pmcudumcculims (lie
CLC umnd ecamisequmemitlyless steansis prusdueccliii (huewumstehuccut istuilem. ‘~lieexergyIcuss (cukes
thus iuu(uu umeccaumushHcuweven,cmi hasheemi shuuuwmsbefore. (hueheatis umseddi the systemsuwith cm
Icuw effieiemicy. It is mium realistic(us cussumute (hue hicuu prusduced iii (lie expummudemwill heused
widu 100Ff exergyefficiemucy. ‘I’hucncfuumme (lie Iwum curvesmepresemit(lie wcu ex(memiues,Dmue
uuppmuuuuchumssumuites(hucul the exergycmi (lie hucuml prusdumeedums cm mescult cii (lie irreversible
‘xpuumtsicumican ccuuupnessiummuis usedfully (exengyIcussusedicud),time muthem(hcu( cur thicut the e e‘gy

cmi theheatis micut usedcm all (Icust sacurkmuiethicud).‘I bc lumttem uneihucudgivesa ustumnecuptiutuislic
‘shmuuuiecmi thepuuteuitiuul umi (lie imstprcuveunenmtcii (lie eif’icieuicy cmi the mcituu(immg culmuipmtsems(.the
first muelhicud will temud (us uuidemeshunuulethe penf/ummnumnceimnpmcivemtmeush‘I huecuctual imucrecuseiii
efficiency will be heuweemu(beuwcm estimnuuues.
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P.E hkWl 350

muucuximisumuuupum~Ch~’

f’ignmr’ 9.28: I,s’ti,mucutiru” f/me influemucec/f flue /,semmfccpie efficiemucs0mm f/ic i,ucrcasc in es‘rf’V

~am-ochumcficamm Ia) 5) sfemn laa,tccl omm f/ic esc’rgs’ los sc,s(cdaou’e) car lost uu’camk (hat-lois/I

huecmt frdumm.sfer lo,,sc’,s
hut figure9.29 di valuediagraunsfor stills uspemcutimug p-ciscmci (2 ‘mmmd 6 hum’) cure sI cuwmu, l’huc
fushiowimug ohservcmtiusuieamu heusuadenosedcaui heecumspumniscummcii duesedicugmumuns:
• The Icussesums cm m’cscml cmi h cut trummusfemin the cuicucheguts ecacuhe’/ i csis(um’e sepumnumtcumhecustic

innpcmmtant~uhugh ‘m pressunc.TheIcassesdii (he mun’sIc me scpcuatcsni icreumsemi cumily
hecumumsecuf (I’ eh’gbucmeusmiuhens-utiusum(eunpcma(cumecaf thewateriii (he amicudecsl’i guts. - h’e
cuandeuuscutiusaIiecml is thicmel’cumememscmvedcml cm higher em upercu(umecumid c amnespusuidinglywith
lcmrgerexergyluussescm ht’ghe in ‘ssare,Oms (hue csthemhummid, becausecuf he higher ‘fficieu’ucy
cuf Ihe duelcell systemum.theduel ikcuw is suiscullerummich (he cumsusumustiii hicumt memmuusvcdh’ncsms(lie
umnuudecafi—gums dii theusuuis(uu‘c sepummmluunis suncullemu s well:

• ‘I’he Icusses-as cm resultcafheum tm’mmuiicn m i (hemefumnmncmcure uuhusiusstcdlum’ul dii hcutbu ccs ‘s
Becaumseduetcmutpemum(cmmesmeisuami uuimimcsst umachummuged.theexengyIcussesdepemiclumusly cums (lie
umuruumuums(caffumel ecumuvemlech:

• ‘~lieIcussesdii theccmtbumdecuff-gumsrecyclecure meu’uuccc s’mcsmugly - his pummuly is clume to u’ie
hnghuemtemupematummecml which (lie cur is musixedwith (lie mecyc edcumthcidecul’i gums heccmuscumi
(lie emupcra(uuredicreumsedii the cuumsipmesscum.The seecuuitlmeumscimi ‘s. thuml lesshmedu( is
trummisfen ed 1cm 1 ie cur. ‘I hus is dumeIda the huuwemhealgemuerculicui iii the duel cell slack,which
leads(cm cm 2Oc/c luuwen ccuthcmdei’hccsw if lie prcssummei iemccmiesimcsms 2 us 6 hum:
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• ‘I’hie hussiesiii Ihe wumstehecut(oiler umme shcmmigly medumeechhecumumseusi theIcuwer teuspercutumme
cmi lb ‘ flue gascml the imsle( cif the wumsteImecul humiler (i.e. (lie cuuudetcmi thecxpuumsder)cund the
Ituwcm amu’uuuumuil cii hucuil trcmuusiemmediii (hue wcmstehcumt husilem,‘I his miucsme thuummi ecsuuupensumtes(lie
I ighuem flu ‘ gums (emuiperumlcurecml (lie uscutlelusi (lie wcmste heathcsiheu

0 8 m’eiumuiner cgr mixer p = 2 hum
- I a ,// - wumstehucuml humiher

0.6 ~nctisLsep. /\ /

I / I

0.2 L _____

F _____ -

0 500 .000 1,500 2,000 2.500 3,000 3,500

fl-I p ~6 hum

0.8 58’~~ (2 24 92

0.6 10(

0.4 72 -IL L 51 62 65

0.2 L 1521,

500 1,000 1,500 2,000 2,50) 3, )00 _3,500

he-g r’m isfenmedIkWI

Figure 9.29: Value c/iagraimmfOr f/ic ‘xfcrcmcil reformnumug ,ss’stems (int’l) at ci c/ifj ‘rc’rmf mImics (2
laar c’,s’. 6/acme)c/ft/me operafin,g pressuare(cmummculaer,i rc’f’er to app. mmumlaers imu f/se

floum’ sheetin figure 9.1)

J ‘~liepcmsitive efiec of presiummisumlmonrelies ci aicukimig usecmi bug t (emspencmlummehealwhichis
uuvuulumhle in the systeutu.‘~ci eshmuiatehumsa such cmi (his lieu lii cuvumilablein (he systemscisc h-ms
hsceum msadecsf thepi meh-valuuediagrummu. l’igcmme 9.30 shcuwsthepinchi—vumlumediumgmuuuuusf/mum (he
systemmicut au uspemaungpressurecaf 2 hum and6 hum mespec(ively.T ue shcmdedameum can (he nigh
h’mnd sidemepresemuts(he exergycii thehecut whicheummuld hemeecaveredcml h’gh (cmt’upenature.A
2 liar (hepcatenmucmhis cmpprcsximuatehy450 kW (—0.7 x 650) ,mmud cut 6 hum lie ui-cut ecummespummuclsIts
‘mu estimuua(ed270kW ( 0.7 x 380). Partusi (hemeductiusumis due(us thefumel (buumh hecutis cmh ‘sed
(cm pmcsdueeelectricalpcuwem (evemiIhuscughu,asindicaled,(his chcsesnumtcuceurveryefficienilly).
‘he reduetiusncmi thepuitemihumh is culsum clue Its tIme fadI that iulh’ue fu el cell lesshccul is prcuclueecl.

Alsum iuuuhicuuted‘s (hueCucnuicutfact mm cii thesleumun pmcudcmeediii thewumstehealIscuiler(0.36). If
this is eusmparcclIts (he Ccmrmsum(fumelcum usf (he hueuut which is meheumsedin (lie fuel cell. i( ilium vs
Ihicul evemu I/mr full mecusvcmyusi diii hecut iii theicumusu cuf pmuuccsssteumus.(hueexengycaf (he slecums
will lie less thummu SOC cmi the exergycuvailabledii thehuccm(. ‘~liepinch dicugrumus shucmwsII ~m(

70
c/I

Ida 801/cumf (heactualexergycmi thesteamsgemienateditt thewastefeat huuilemhealis aetumumhly
meccuvered.l’his euumrespuunds(cm aneif’icieuiey usihecmt reecuvemy(exengyhumsed)f/mm thesystems
umf35c% (cm 401/c.
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umafor f/ic
5

otc-rcm
5

ul reform/mug MC’,’C ss’s’,c’mru (m~~l),uf lcauu’
prc’s umrc’ (2 laar: fop) cund/ /mig/m jaressurc (6 lacur: lacaftcamn)

‘1 he mncmlysis ii (ussedlicumudug5~i showsdieIcurgei fhumeuicccmi theope‘cmhmtg pressuurccum hue
systemsup-mi in nummuce.clespile II c Icuw ( xengy) if iciemmcy cmi tie cuma jsmcsscsm/expcuicier
ecumnh’uiahuas.‘~huelwtu mncthtmdsusedIts assess(lie ii flumeacecui s’ mtulcmhmug edhuuipuneil (“ lumst
wcmmk” ummid “exemgy” c numlysis) hcmthi showdicu lie Icussesut the CEC cyclecure ccassichemcmhily
larger lbuumu hi’ puswemprcmdumcl’csu ii hue CI C

9.7 ,&NALYS S OF %N (N’IERNAL REFORMING SYSTEM

9,7.1 I)escr’ptio I’ thesystennamud ca cumlat’ons

‘1 heeve‘gy c u lysis dulls - prev’ouussecticums i-ms shuumwusthe imumpcu ‘I’mmsce usiheuml (mc miii’’ us
cumuusccmi ( x ‘ngy) luassesii (he fumel cell sysbemsi.Appmcuxdsuumtehycimic third o bali cuf hue -xergy
lcmsscswInch useccunim theMCi C syslemsi mesull inumnut buecutIi cuuusi’e’. ‘Ihuese lcmnge lumssescmi cm
mesumlt cmi heattnuumusf’erarecaumsedby (sacseffec s:
• Firstly becutis genencuteddii duet’uuel cell stcmck cml ‘u huiglu (‘nspcrcmlum‘c (600 - 700 C), ci hunt

lossesiii hucuml rcmuusfèr,(his hieuu msusl Ise usedcm a ctumuipuur’uhleheve - 9cmwevei, is wums
shiumsami dim (lie previusumss chuu us Ihucul (lie cleuumcmuud1/un heuml cii this (cutup‘ruuftume (g’ veuu lie
stcurlimugpci’ muls wills m’egcmrd to scumle,e(c) cure liustited, ablue fcmregcsimugcculcculuuliuuu 5 Oi ly cm
rel’mtivcl) smmuc’hh pcm’I tsf ,h~is cml is conser~”di.ii u s ‘amP iii th’e c’u’t’pness’sr/expcmmcen
cum shimiumlicun (Cl C’). ‘I hue mmdl pcmwergem nuuled dii daspmuuccssis limunled dume to due melcutivehy
luuv ef’iiciemucy cmi thus s ‘cacesscut thegiveum pressummemumlicus ummud temu1semumtcmmcs.I Ii’ mc uuaimiubem
cmi (lie hecul is niumimuly umsech (ci pncuclumeeiuutenuuiedicmt pressummesteumuncml 1 80 C’.

• Thesecummuchm’ccmsuumu f/sn (lie highs Icussescmi cm mci ill csfhuecul lmummusf’em is ihumt (lie hieumt ‘s me scuved
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(musm u the fuel cell slumek hay (lie cuuducsdefluaw. Dume (ci the huirgecmmuumumuttuf heum which bucus lxi he
I-eu 5 ved, thus ecuthusdeficuw hums Ida he lcmrgc. As theexergyumusumlysisshcswcd,thus lecudsin luighs

xemgylumsies asamescultcml heumt trummusfer. nuuumiu’mly iii he ealhiumdegums recycle.
A i i muipuantumnlcupliummi Ida reduce(he ummuicmummil cmi hiecul ge iem5mled ‘millie fumel c’ell slack, ummid
Il en‘fcume (hueexengyIcussescmi cm mescult cmi huecut lmumuisf -m, is cupphicuutiusncii iuitenmuuml mcf/mnmsu’mug.imu
lb - utemmuculmef/smunimugslumek h’ uucthmamie ‘mu (lie fuel is comive-tech wilt steamit i tin hsyd‘cugems imsu
Id stuek ummiub partcii (heheumt which is gemiemumed iii thedccl ‘cuchemuscuI reumelicums is umsech is di -

cmmdcathienutuuulunethummiemefuummmam’mg meumeticami.As cm meicull dueecucm~mug mcdluaremsiemmtcii the stumck is
sInus igly reduced.Appliccutiusmucii i stenmiuml meioummsimugMC ‘C’ stumeksgmccuthy simsip ‘f’ics (It
sys ~tuidesignby elimsimsatim’ug theneedfcsr cmii ‘xtermiuml mefounusem,
[he icmw sheetf/un (he imutemnualmefuumuunmsgsystemsis showi iii figure 9 3 1 - ‘~hef’umel (miawnuml

gums) is heum(edl(cm 400“C imi the fumel prehecutem(app S2)amid ust’xedsails steummuuwInch hasheemu
ueuuteclLu thesumuse teunpematummedii (lie sumperhecutem(‘mpp. 53). Ilighiem hiydmumccrhscmmushicuve cm
geatentemiclencyLu depumsilecuhusmsthroughcuc ckiusgI scu m muethiummue, o pm ‘vemul ccmm ida 5

chepcusihuus ii the fuel cell stack,thefuel pu sscs I ruscughciii cdi- baudpc met/unit em (app. IS),
After thepre refusruuem(he fumel is fundiem heciteul in 600 ‘C, I mc mequmed umnusdeimulet
temperumlurefuarthe fumel cell iii thefue preheumlem(cmpp. 16).
In (hepne—mefusrmuemIt’ ghen sydrcucurhusasdime ecsusvcrtedimul u II, ummud C C). icusedtaut die
eheuniccmlecluihihmiumr. higherhyclncuccumbumuiscummi lie reiosruueulcut lumwer empenculumethummu
usethamie.In (hetemnpem’minremcmmugefmcumuu _35O C o 4S0 ‘(‘ umlunumsl f’uml cusnv‘msiusnu cii highuem
hydrusca‘hums ‘s cshtaincd.whil ‘ omuly ci fumclicauuuethcmnueis cummuvented.‘I’he healwhu’ehi is
requiredfuum thepre-rcfusmnnmigmedic icumus ‘s scupphiechby mccireulumti g pmml cmi the hi a ca cude calf
gas u the fuueh/sccliii msix(umre.‘~‘he gu s ent‘ms hue premelcunusenu 430“C cmi d cii cm escIt if (I e
endcathcnmmi,ml cumct tam ccitt s chow o 400 ‘C. ‘~lieccum ptusi icum cml Is - oudci cut hel~e mel/sri sc
is cac 1- tec asscmmsiuugchesiucalcc~a ih iu utu ummid c SO K e upcm’ tune ppm’cuumcht. SI ‘cmii is
msiixedwills thefuel (ci achmiev- cm spec’fic stecun/camhusu r’m io cut (hi - ims P cii time icimel c-Il. - he
ummuocumil of steams‘s cale l’mted by ‘miscusingtic s-mi uc S/C umtics cut time in dl cii thefuiel ccl u s
theecmhculutiusmus fcur th’e cx emnu1 mefusnusdugsystems(seeSeetiou 7.3)
Thecc 1 vcullcmg- amid othermelevumn pci ‘cumuetemsfuur he(direct) intcmncml me/unmnin g MCI C stumck
hcmve hc’ai de cm immuied usim g Ihe -xl nmsive nuuuudc (seeSect tim 5.4). he tush cuwimig slcmmt’mmg
pusims(shumvc beenused:
• TB - cm mIld (emspemculcm ‘ o ‘(lie cuutf tide tiff-gums c iu cm s 680 C hue cm mIld I upend cm’’ i/u’ (he

anuscle‘s ccIcuhumledby (hue miucudel. Becaumse(lie Icuel cell ecu c mlumticu is ‘Ire basedcut ‘u u macId
fumm cm ccmumuter ficuw fuel cell (lie umum let teapemumlummetuf lie ‘macide uhf gus which hc’mvcs due
fuueh cell itcuck is hcsw (611) ‘C).

• Theduel umlilisalicun imu (liii cumleuml’ hum ‘s ‘qumal Ii 801%. lit’ fumel c (ihisa dim u du -m nm es icusa
munch H cm id CO cure pres imu theamuoclecm ‘i gas. a (he c5ms’ cuf lie ext mi-mi ref/u it imig
systemii theIcuel uuhisatiusnis limited hecumumscthe cur serdutunccml (he camuth ‘(cii th’ ecsusuhuit u’
muus(hebight enusumghu((200 C’) Lu achieveduercquuircullueum( (mumnusf’er dustt flue gums (us the
ref’uarm a g mecmc(icsmu. mi (hue boocumse ‘if MC [‘C cclcculatdmii liii hi nted (hue fue umtilisalicums
in 76.9 c% his theimitemmual mel/armsimug sys ciii cm hmgb em imuel culihiscuticums‘s pcuss’hhehec’ucse hue
cx emna nciounmsieris dim suncli. Bc I. hcc’u usecml a sighs fum I ci il’scmtio lie risk tsiox’duu icum
cal (lie ‘unusdecal’mhys( umecci s, lie vumlume usedfumn I ic imuul ‘mmmcml nefuummmungslumek is suit ucich
hngberthumus ‘mu Ihe ‘m’lermucml mefummmudimgcumse.

There’md(icmmuscut (he c,mthumdemedluime0, cumichC’C),. ) is pmcuvided (cm d e cci hcmdcsail ds fresh
aim (s reams21), CO, is provided (us (huecumthodeby ccumuhustmmtg5mmicsdcoff gums and its ii p (lie
flume gums (sIn‘dust 24) with (heaim. ‘I he freshair flow ‘s split ‘mite (sacsilcuws cuterd ‘ cmi’
ecsuuprcssumm.Omme puirl is supplied (cm theccuunhumstusm(cmpp. SS)wherethe aim is umsedIi euu nhuus(
thea uumdcuuii-guus. ‘3 he hummges pummt cmi (lie air fluuw bypassestheccmmiuhausinm.hiss is m cccsscmy
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in cmcbscvecm suulf’ieieus(high teunpemcmtuureims theccsushsuuslcsn(us umxidise (hefuel cusmuiptumsents
cususphetehy.l’hse lemuspencunumeat (lie usudecii the ccmunhuus(ummis 940“C. l’us umehuievediemeuluamed
imslel (cut per’mtumrc cml die fuel cell stcmck(600”(’), 60 U cii thehot eculhucadeusfi-gcus(shmeummu3 1) is

eificieuscyI~/cI
80 (um(ah efficiemsey

60 grumsi efficiemsey heumt

40

20 net electriecul

mmseh usi

I’igurc 9.32: C’camnpar/.scammc?f the cffic’iemuc’ie.s ,for f/ut’ extermucul rc’formnimmg MCI’/’ .s’v,s’tc’m (mel)
ammcl the intermmcul refOrmnimug MC’f C .sv.stcnm(mimi)

recycled.‘the ecuthuadecuff-gums winch is mscul recycled is umsediii theexpander(umpp. 32)1cm
gemsematepumwemamid iii thesacustehecul hcsilen 1cm prusclumee 180 “C/Il) ham prcscessu much rcfommuuiuug
stecims.

9,7.2. Euuergyammalysis

‘~helueumumugvcmhue cmi (he fuel which is scupphiedhum thesystemsis eulucu (cm 1945 kW ( ,I IV),
- ‘hue fumel cell gemuenumtcs1000 kW AC pcuwemamid dun ‘mdchi(iuunuml 98 kW dledmicuml pcmsaemis
geusematedby (heen umpressom/expumusdemccumuhimsaticsmu(CEC). I’hsc cutleculcutedefficiencycmi the
fuel cell dusesmscs differ usuchuf’rcumu thevumlume ecuheculcuteuldam (lie cxtemmmuml neicanusimugsystemit.
‘Flue efficiemicies ,mme ecumupummechiii figumne9.32. ‘~heeleelmicuml puawem(AC) which is gemtemcmtediii
the fuel cell slack cusnrespcmnds(ci 5 1 4Ff cuf theenuergyimuput to (he systemsin (hue iustemnal
mcicuunmuimsgsystemsummsd S0.9C ims theextemusalreiosmmniusgsystem.Thediffeu’emuc - is smiucull
heeauusecii twum cupposileeffects.Dii tumid baudthecell vushtumgeis lcmwemdii theiustemmial
mefturuning cumse:700isV four the Ihf-MCFC systemscuumsupcunedin 720isV for (lie refer-icc ER
MCFC systemsi.Ilcuwevem, he icuwencell vumltagecml the intenmualmefuarunintg slackis
ccmmnpeuuiumtedlay time highericuel cutilisumliummu.
(he CECdeliversccumssidemahlymncurc pcswcr ims thecasecmi imstemnumh refusrmsimsghecumuseito
waleris menscuvechirususs theumm’mcadecuii-gasimsemeumsimug(be mstassilumw through (heexpamuclem(see
Section9.5). Iii theinternalmefosruninugsyslemmu(henet powerdeliveredlay (hueCISC equmutls
4.1~%umf (lie emsemgyinpum Itt (hesystems,whule (he eumnmeiponthingvahume four theexteruscml
ref/arusimigsystemsis umnuhy 2.6Ff -

‘i’he grumis efficicuicy cuf the systems(fuel cell + CISC), is eulumuml in S6.SU amuul the mset ei’i’icic sey
S3.6(4 Auxihiummy pcswcmis usaimuly ccunsumuuedby the recyclehlcmwensfuum (liecumthode ‘‘cyclc
cucap (umpp. 102) ummsd fcmm (lie umnusclerecyclehumop (app. S4).Thediffenemuceims neteleetniccul

efficiencybetweentheextenmualcund theimslemnuml mefcmrnuingsystemis 6.0 U, i.e. munchhigher
thuanu thediffeneuseein grumss efficiency.This is tIne to theusuehslumwer auxiliary poweriii (hue
Icuttem case.Lesspumwemis usedby (hehlumwemi becauseof (helower ccuumhimugnequimemsenlscmi
the imitemnal refcsmnnmsgtypeusf shuck.As ci resultcuf (lie ims(emnahrefuurusuimugreacliummu(he uue( uedmt

much mis
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genmencuteddii (huefuel cell stumek is ahuuuu( humhi Ihe vumlume dii theecmse cmi extemusculrefummusimug
(807 kW vs. 412kW).
Slightly misumme (hamsbuahicii thehuecmt transferred(us thewatem/sleumuuiii (lie sacusteheuul hsumiler is
heatis umsed(cm gemsemumlesteumms ham (hue mefummmnimugpmumecss.’I’hueneuusuumsulemcmi (lie hiecut is
cxpcamteclin (lie fusrusscmi pruseesssteummn. I’hse exportedstecummumeprescals30.4Ff cmi the emsengy
iuspum(, uncukimig (he tumtuml efficiency. c. theeffieiemsc)cmi ecumushimiechhsccm( ‘mud pcmwergemuemumlidums.
equalto 71.8 U.

9.7.3Exergyanalysis

As isis the pmevicuumscaleuhumliomus,(he exergyhumsseshumveheemueabeculcutedfcun cull couiupcmusems(i
cmli slmeumnis.l’urthenmntmme,fuar cull cusmupusnemslsthedufiemeuslcuumitnihuticumss(huecm Inaussiem
fi’ieliumms, etc.) weredelemnnnedhusdisg theusetlsodcievelumpeulmu Chapter1,

Lxergy Ica,s’,se,s liii the fitch cell .s’fcuck
Time mostintemestimsgcomspumneuu(with mesped(L (hueexergyanalysis‘s (he f’umel cell slack.
becauseof theunanydiifeuemstprocesseswhich umeecun ‘mu (Ins cummnpcsmuemsl.Ii (he i’umel cell slack
thefumllowing ecucusescab exergyIcassesc mnlmihum ein the inbuml cxcmgy lumss:
• Pualuu’isaucamsummud ushusuicmesistauscein theelee(rculytccunddcc mumdes(ecd(miccuh lumsses);
• Cheusicalreacticamus,i.e. (he shuft antI reformingmeaelicmuss
• Healtramusfem;
• Fricticami luasses ‘esullinug iii cm pmesscmmcclrcup mi theg~s fluaws.

I e’ I cmnts ‘em I’mie(itsmm
79Ff 2.31%

m ‘icm ‘msiusg ‘eumelicum
23,IC

Figvre 9. (3: 1)i,strilaumtioim c/f f/me e,cergs’lo,s,cc,sin f/uc’fimcl c ‘11 for f/ut’ .sc/aarcutc’ cause cf
excrgvlca,s,sc.s(total cxergi- lca,ss is 126.5 4W)

‘l’cu s - sumnu Ic time cuumstr’huits is u s c mescult cmi mc5ml Inc sier, cbcmn’c,uI m ‘cue ioumss cu dci ‘clmicuml
hussies,thetemuspe‘culture umusd cummuccushumicsmu pmusiiles cut cumlcmleul wilhu thedetumihedfuel c‘I mimcmd -b
were.umsecu. Usimugtheccmlcumlcutecmvumlues itum memuhsenummuacscumin ccmmshscmsi iummu mIsc diCer
ccuustmihuuuummusin thetuslal exengyluau imu (lie duel cell stumek ccii lie cumlcumlumled(seeSectiut 3,3),
“Ihe tualcul exengylcmss itt (lie fuel cell stumek is 126.5 kW, which cusmmeshsuuusdsLu 8,31% cii the
exergyimipumt (cm the syslemu.Figure9.33 shows(heecumstmihulicumususi Ihe duiicu’emut ccmuus’,

66,711
hect‘iccml Icusses
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A Pcalcuri,scutica,mcar electrical Icis,s’c.s
‘lime umucust imspumm(umuulcumumsecmi exengyIcusses(84.4 kW) cure (heelectnicumhhussies,i.e. the busses
cus ci mescmlt cut hsushcmnisum(mtmuuiuu the clectrumchseuumieuuhmecuetiummu.Puihummiscititiuscaumses(sacs(hindscmi (Ise
(culuml evengyhiss imu (lie l’cmel cell. ‘I’um cmssess(he imsspusrtuumscecmi this humss. it cciii he cusinpummed(cm
thuc emuengywhich is cummsvemteclimu (hue f’umel cell wInch edlumumls 1909kW. I’hse mumlics hctweems(he
lossescumucl (hechuemnieculcuergycummsvem(edimsuhiccutes(hehigh efficiencycii (lie ehecbrcmcheuuncuul
reumeliumu ims theh’umel cell.
Ii (hueexemgyIcussescii cm resultcmi pumlummiscutitmus imu (lie iuslcnmuuml mefusnunimugduelcell stumek cure
cusnupummechhum thecummnespummsdingbussescahcumla(ecldun Ihe extemnuthrefummmuiusgl’umel cell, luawer
lumssesareexpectedims theextemmicul rcfusmmmmiusgstumek:
• “blue ummsuumumstcmi ehuemitieculeusengywInch is eumnvemtedis higherdii theimulemnuml melcurunimug

hecumusecii (lie lughem duel umfllisumticums. Ccimmespuumidimigly.time hussiescure expectedItt he hughuem
cmi well:

• l’umduenmucsmeduecalcculcutedcell vculu,cmge is humwer iii thecumsecmi imstcnmsumh mefuuruuiusg.
iuudicum(imugcm Icuwer efiiciemscycii the eleclmuuehseusiccmlreumeliumum.

Imistead. luawempuslummisumliumusluussescure cumlcumhuuteddun (befuel cell s(umck iii theimulemmucul
medsmunimugs cuck (84.4 kW) (hams dam dueextermicul meftunutungcell (94.S kW). ‘~heneumsumustht5mt (he
exergyIcussesdime smuscullem imu the iustenmsuulref/snusimugsysteusslies iii (hehuawer avcmuugeH,
cususeemutmumtiummsat theuuuuuude ims Ibis ecuse.Its (he extermsalmefusmusuimigsystemsthefuel is medmmmncd
uulmsumst fully (equmihibmiumun temnpemuuluure800 C’) pmiumm in enterimsgthefuel cell. [hemedume(he
ccmuseeuutrumtiusmuhsydnuugemsits (he cumsoulegums is high cml theimslet cmi thefumel cell slumek. ‘l’he
ccsmmshiuscmtiummscmi cm hugh dnivimsg dancef/sr theehcc(modhseunicumlmecucliusms(the Nemnust vusltcuge) ummid
ci high cell resislcmmscecml Ihe iuule cii (heextenmuculnedsmundisgfumel cell leumubs Lu high lumsses.Gus
lie other hum sd dii die imstemncml medumnnmugstcmck (lie hsydrumgcs cummscen(rumtiummuis imnb,iumlly mtuumehu

lumsacrhecumumse,u s theealcumluititsuiswills (lie I’umel cell ussumubelsbmuuwcd,the nefummmuiusgmedic icun cm
(huedislet cii (lie cell is mcmte himuitiuug. I liii 1ccdi tcs cm uucmeh lcssaemumvemumgehuydmcmgeus
cumneemstrcutiusmiiuu (lie distemnuuhrefuummssimsgslcuck cmli thuenedneci lumwem Nenmssbvcsl(umge.
Ccmuusequmeuu(y exengyicussesimu theelcctruschseuuiccmlmecudlicumuc me cuwer. ‘ his is (hue scum ic el’f4’cI
dcse-ilsech lucre wums I’cuumuud dii Chapter5 bum 1 -cud (ci cm lughuenefieclive emsupencubummef’cmm iustemmu’ml
mel/ummmnmsg(hscuu dim exlerscul ‘cf/ummuuuuuzfuel cells.

ccmruuuml f’cmclon ‘I-I
“~pculcmmiscmticumu

0 6 ~ rel’cmmmumdiug me5 chum
- lucud (mu asf/cm

0.4

1) 500 1,000 1,500 2,000
dime ‘gy ccuusvem(edmus eledlnumeheunicculreumetiummi I kWI

I”igumre 9.34. f,I/ c//ag rcmmru,for flue /,ufc’rmmal refcarmmuimug MC’4 C’ ,s’tcuc’lc
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B lxcfOrmmuing rc’cmc’ticumm
‘~I eexergy Icussescmi cm resultcmi (heref/amusingmecucticumucciii lie imitenpretedcmi cm mescult cmi the
difiereuscehetweemslime umctuumh pruscesstemperature(600 - 700 C) cumsul (hue equmihihniuuuit
(em spematcure.‘~hefuel which is suupphiedtuu the umusumule, hums beenhncmumghst(cm chucuniecul

qcmihhm’umsudii thepme—mei/unmsuen.Cusuusequeuslby(hecuiuihihniuumuI muspemcm(mmmeis equicul in thmc
400 C’ cml (I eimmhet cmi (he iuueh cell. As usuethcmmseis ccmuuvemted(lie echumihibniumusttenusperculcure
apprcsachses(lie cme(cmumlprumcess(emspemumtuureIf thebecut i/mn dien ‘fummmmuagreumeucuu (4S0kW) i
suppliedcut the cuvencugecell teunpemumlunc(6S0 C), theexergyumi theheuu supplied(us the
m fusmnnimsgmecudtiumusis equmumhIts 168 kW. - lie cciuihih‘inns hemimpcmumtunecml the dislet 5 eu~uuum (0 id

pre m’efcsrncr temupcrcmhumc(400 C’)- ((lie cuntadeumumllel theequmihihriummsuteuuupcmuutuunem,
cup iroximcmtehy 600 C (seeSection5 5). i 300 C is umsed ‘us an cuverumgcvcmlcmc 1cm lii -

cquihihmiuu5 (cmspercu(umme.the iu’ucmccmse iii theexergyums cm rescultcii the refonntimsgmedic iumm
cmsrmespcsusdsLa 140kW. TheexergyIcussesiii (lie ehseusicculmeaebiusmses(umitateddii (lus usau en
(28kW) ccsrmespusmsdwell (cm thecci cc Icuted vu huuc (29.2kW). Thus shcmws Ii equmil’hniu m s
esspcrcmumme cm fe ‘m sci’umi tush ii ‘mu c-in-(‘mug cx ‘gy lcsss‘5 - t chuemniccul quuilihsncu it)

reduceci is.

C Other fta.s.s ‘,m

Hecut tmummmsicmandfmic(uo 5 dire themeuaimnmugcaumsescii cx ‘rgy lusises,‘ te f’mmmctiuuus t5iid5 dine
rccluuccdby 50 1% comupamedin thelossesiii (he extenusculmedunmi mug cumscdue us bhic icuwer f umsa
at (heecmthcucie Hecut ‘s transferredwithimu the cell cml relativelysmsumhh tem’uupem5(cur’ difdmeices.
Correspousdumugly(lie exengylossesasa mesul cmi hcumt I ‘umussier i s thefuel cc 1 sIcck cm’ smuhy
susa 1 1.8 1% cmi (lie tustal lcsss its thefuel cell shuick).Thue distnihu immu cmi time exergy cusses‘ii
mcml cii heuml trumasfem,polu nisum cit cmusd therednam’ mug nec elicit ‘a the fuel c’il sIcek dime slum v 5

dii thef,H-dicm~rausimu ‘iguure 9.34. lie po aniscuticums cuss s ci’’ muuuughslypm cmpummlicsm cml (cm (t~ ‘ate
c fIb’ ‘lcdrcu ‘hemnicculmeaclucsi. ‘(I eevemi distrihuticusacmi (hue Icussesii figumme 9. (4 iud’ cmtcs
that thecfiiciemmcy cmi theelect-cue uenucahnec - ‘usum dumes cml yummy widely ‘mcmiii it in cucul dl,

I ‘idtion cii’ mcci
lieu I mcmmtsfc’

uI ~cx

1 11) 20 ,30 40 51)

c engy uss 1Ff cml exengycm hull

l’igm cc’ 9 35’ (‘omnj cin ,scmu /f f/i ‘ c’ocmtrilauuticimms fOr c iii caf huc - c~acmufe c’ w c~ f ‘ V
Ic ,s,scsflue r ‘f/’rc’mmc’c ,s ‘steel (inc I) cuncl f/ic /mmf ‘rncul r formmuing ‘m’s! iii mu’)

(lie uduc cuss s c ‘‘ mum u uifcunmuiy duslnibuted huml cuccur saimsly secr 0 c -mmcmli ‘mu
Huswcvem, Is reuusuumsf/u’ the umnevemuc is(mihcm(icmmu is diflOmentdii humthscumses,
• ‘~hemcfomuuiuigneumetdsm (5m es plumce mud imuly us “mm (lie mu ‘1 (su’c Secti m S 5 5a

eusnncspusmsddisglydie Icussesoccurmncuimsiy di this megicu t.

• Hcumt In’ musfemis distributedmistime eveusy hu thsc - cmgy htssi‘s crccci uccat‘a cc - ‘ lie

m six’ ig dcc nc’



imslel hecumusetue (euspenumlummeuhiiiercuueeis betweenecudsumliecmli aususcleis Icungeus Ibis
m g’u us (seetheccmhcuulumteuh(eunperuulcmmehirusfihes iii figure S.18,Section5,4)

Esc’rgv lo,s,se,sui the .sulass’,sfemmu.s
‘llte Icutal exergyefficiemseycml (he iusterm’muml refommnimsgsystensequmumhs57.5 ‘4. ‘ Te oIlier 42.5 ‘4
is equmumi ci 1 c inhmh exergylusisesin (he systems.Figumme9.3S shuawshow the lumsscsfor theIcutcul
sys emit aredistributedcuvem(lie dufferemutcumuisesdun (lie extenmialmefusnusiig system (m seI) ummid
the ii lemmmuul relumnusimugsystems(uni).

0,2

1)
1)

wumile heathumiher

~enmucilmeiuumtsiugsyiIemus

1,000 1,500 2,000 2,500
1

uec ,“‘mmt ,femred I [Wi

figure 9.36: Ccamnparis’cmnc/ft/mem’a/ue cl/agramnfOr flue external ref/arms/mug ‘cne4) cundf/me

immtc-r,ual rc’fOrmimmg si stein mm’ifh direct cucuocle off gcs.s recycle ( ni)

A I/eat tran.sf/’r lca,s,se,s’
“‘he lusssesas cm resul of heattuansfemaremnumchlower icam theiustenuuahrefumm sagsystent(hum
icar dueexlcnmu’ml medmnmndisgsysteutu.l’his is dueto two ehumusgesdii (hepruscessdesign. I hue first
is tIme usecmi iii enmma medammimsgamid ehimsiuuumtiusmscmi theexternalrefummmnem.‘I he iceumnulehc muge
‘s that theintenusculmdc musingsysleunumsesadirectau’mumdecuff-gums recycleumuid iii (hueexlemmm
redanutuingsystemtheammodeumif-gas is ecuculed1cm reuncmvewumtdr humus (his ficuw. “Flue anculysisii
Section9,5 shumwed,Ibid I. exergyluassesasa mesmult umi heatImummisiem arehugh ii the ancudecuff
gasis ecausled,T’us cusmuiparetIme ‘muiluemuce of inutermial vs. extenusalmedrmuinguumm (heexengy
hcmssesas amesull cii heal trummusiem,thesystemsuswith direct recycledir huathinternal cumuli
extenmualrefum ‘mning areeusunpared(figure 9.36)‘~heuhiumgmansshuaws(hattheexergylumsscs ‘ me
mtuumch iumwem in (lie iuulenmsuul reduruningsystemsbecause:
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• “I lie mefusrmusemis elimuimsated. ‘~hehumsses cuscm mesuuht cmi hucuml tmcmuusf’em imu the imitermucul mel/un umsg
duel cell cure uuo( imseludedimu this diagrumus,hut wereslucmwuuRu he negligible:
Theaususumstcmi hueumt trummusiemmediii (lie cumthumde gums recycleis musuch lumwcr. This is dume 1cm Ibid
I awemihcuw of cuuthusdcgasrequiredin ecuol the fuel cell. Hcuweven,dnseffect is usmuly
hirmuited: dumein (he luawemrecyclemuuticm iii the imstenmscmlmedmnmuuimugsystems,(lie f’meshs cur I Icuw

ecmeasesless (lucius thecalhumulegums flow.
Suhslumntialmedumeliumusof dieexergyluussesis achievedmi (he wumite hueculhumilen.Becumusecmi
thehigherelecuicculefliciemucy cmi the systems(+614) hesshcuutis lmamssh’eru’edims blue wumslc
heculbusIer.

“~‘hueexergylumssescus cm nesumltcii heattrumnsfercuma lie split Bins (hecxtemuucmhhumsses(i.e. (he ‘fluic
guts slack hussies’)umush theinlenuuuml Imusses(mu’, lossesimu the hecutu’xu’hausgcnsiii the sysbc’mmt3.‘I’he
internalheatlossesumccumuiuainhy iii (hewastehealhcmiler cumsd(he eumthiumde gasrecycleuumuuh cire
visible in thevaluediagmamuu.‘~hueextemusalhussiesarelargebecausecmi (he high watercummutemul
cii theflue gums (2O~%) cmmsd themelumlively hugh temspcmumtuume(121) C) dumeIts diedined recyclecmi
‘umsusdecuff—gums iii (he imitenuicul mefumnunimig sysleusm(seeSectiomu9.5). Ia (lie imitenusuml reicunms’mug
systems,tue tcstuml Icussesums cm resultcafheuut tmumussi’enccsmmespcmndtus 140Ff cmi theexergyiuipuul (cm
the systems.The iustcmusumh luussesedlucul I ((2Ff cmli the exlenusuulm’eluumusimug hcmssescure culucul (cm
3.81% - ‘(‘his shuuswsthscut theumuualysiscmi luecul (mummusfemIcussesshscuculduscs heIdinited La he imstemmmcml
hussies.

exengyluass 16 ~ electrical

1
c% cmf imupumtl 14 m emc nical

Llfrictua~’

()~Jh
ic Ip ccmgn cummub wish

l”igmi re 9.37: Lxcrgy Ic,, ‘,sc,s p ‘r type irm f/ic smilasi’ sf ‘rims c/f flue imutcrmucu/ re/c rmmu/mig s’ / ‘rum

B Oilier los,s ‘s
• ~usss‘s cmi cm rcsuult cmi fmict’cmmu cmecummi cull sumhsys m s dume till ep ‘essu i drumpsov m ic

cusmspuumseuutsummsd pipes. ‘igume 9.37 gives ‘m dlelumihed view cii theexeng) cuss-iimu thu
dutermiuml ref/musingsyslemu.‘i’hse dicugnumussshsuuws(hull fr’clicmuu lcmiscs csccun ii ‘mcI uu ‘di’
subsysteuss.“I lie mutumimu hisseshscmwevcmcuccumrin (lie ccsuupressom‘mud cx scumuclcm(i,e II
cci hsusdecufl gums recyclesubsystems).

• [_ussscscmi cm mesumll cmi msnx’mtg cuccun dii ne’mnIy cull sumhssysemits cmi sad : diecumlholic gus
recycle, (huewastehseuut busIer,the ccmmuuhusLsrcumid (he pre ref’onusser(figure 9.37), 1 wcus
shumsausumevicucusly(huml hue msaiusreascunf/mm (huemsiximsg humss is the decmeumseium put’ icu

pressurecii 11,0whuemssleummuu cur cm wumtem-niehgasis muuixeu with cm I lumsa wInch ccmus cmi is hIde
on ito walervapusum.As aresumlb cmi sucha nuiximsgprumccss(lie pcurtiah pressummecmi huc waler
vcuhscuuumdecreumsesslsummphyumusd thetemsspcmcmwmecut which the Icuteusthecmb cciii hc mccciv red
dmumps. ‘I lus is evideustly(lie caseimi (liii ccmusiigcmnumticmuu ms we 1. ‘1 hehigh sI Icuss i c -‘5 whsem
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die c ii ‘ u flue ccmthcmlierecycleis mmxci with Ihsehughly hiumunul eoushuustiuuumcsif’—gums. [us the
muuiximug p’ mccii the ccumsuiemusumticumstensperumlummeof (hue vumpumuum ims (he muixtummemumps mcmiii 115
It 91 C’.

• C h ‘nuicum ‘cachiususstumke plumce dii the pne—ret’ormsuem.(heduelcell cumili (lie cummusbiumsicur.‘~lie
hussiesdii flue pre reduruuuemcure sumucull cumuli dim-c usumiusly (hemescull cii usiximug cunud(Lu a lessen
cxtems() hse5m (rumussiem(i.e. themuixiusgof (wum fluuws wills dufieneustteuspercutcures).The
chiemisicc’h m’ecmdtiusmu imu (lie pme medumutuemcusmulmihulescumuly dun um muimumual pumml Ida duetotcul luau
(0.1 U cii theexengyimuput (cm bhse systems).‘~hueexergylumsscsums aresultcmi themefummmuuing
mecudticamudi (lie duelcell slackhuive lseemsdisemusseclpreviumusly: (he caleulcutedluasscii 29.2
kW commespcmuuds14Ff cii theexergy mspuul. [he Icurgeil Icussescmi ci mesumht cii chenniecul
‘eume(icmussocecurin thecususuhuslcur. l’hse hussiesiii Ihs ‘ cuumshuus(iummureumc(iusmsumme scmhs(cmnl,icml:
4.7Ff uuf theexengyimuput in thesysteuuu.

• ‘lhe electricalIcusses(126 kW) imselumlics thelossesas’amciuull cmi pushummiscuhitmuscmusd cub ‘die
luassesin (lie duel cell. Anculbencumcusecmi lectmicuul Icussesis thecuumsvensiummsusf DC 1cm AC
pumwcm. Basedmun cm do svcmsiuuuief’f’ieieuiey cmi 96 C (lie ccmleuulatedIcussequcul41.7 kW. I lie
relahivelyhigh Icussesits (lie AC /DC cuumsvert‘m arccuuumseliby (he CudI (halmscs hecutis
neccuvenedfrum ii hueccuumvemtem,while dieIcussesium the duel cell s(cmckarerecoveredasImught
(emsspencmlumneIseuml. ‘I lie (ustaldlec’ln’ecml Icussesccamrespuunli(cm 6.21% cmi Ihe exengyimupuul (us (hue
systems

‘(he ummualysis ims liii sedtiummu sltuiwi cm c’cmutsidemcuhl)higher (eleclmicumh)ci’ficiemscy f/sr (lie imutcnmsuml
nedurusinugfitch cc 1. A highericuel umlihiscutiomuamid Icuweruuumxihiummy pcmwcm - mc (heussaimueifcc(s,
‘I heexengy(ussiesclecrecusepniumsumnihy hecumuse less tecut is trum ssiemmcddii (huesvstdusu.

9.8 INFLUEN OF IIIN 1’ JEL U’LIL(SA’ ( N )N I’IIE IN~‘ERNA RE ORM(N(
SYSTEM

9.8.1 Descriptio a’ I esystem a i ealculatiomis

J Numlcural gums ‘s cci uve’ cli itt threesteus dim d e i’uucl cc I sys dust: 1) huehi-his ‘cdii used.
2) electrusehemsicaihy n-ceteli iii dieduel cell amid (3) then-usia’ udiug Icuel ccsurpcuuiems(smedic im

(lie ccmushcustusr.‘ibm - exergyIcussesiuu thuese ancucessescciii d visuahiiedus mug cm f,H-liiagm’c mu. lus
tIns clicugmamis(seeSect’omm3.5) duex-cmxis cuummcspcuumdsLa time emtemgycU tueecumuvemsicumucmii (he
y cmxii eumnreupuuuscls(cm (he C’ummmuo f’aeLsm or therumhium hetweenicxcmg~amid eusergyecmmuvc‘sius s (I).

me exengy(cussesims thecumusvemsdmncciii heshsowusascurdcmi iii theuhiumgnummsu. lii figumne9,38 Fe
I’. I-diagramsf/sm (lie fumel ccmmsvensiumuuprocessesims Ihic meicreusceiuutemmsuml mefumnmmudisgMCI C
systems(mis) ‘s shmum~mu’ ~. I lie luusscsitthuc fuel cell wereclisecusseliimu Sectiomu9,7 cumuli cm ‘c
ccmumsedby hecm(transfer,pumluumisumtiuuusamid therei/unnnmsgreadlicums,Ims the ccmmuhuusLmrtime Icuss-s
ire licie Ida lime ehseusicculrecudtiumnbetwecmu5mim amid (heumususdecuff-guts.

Whcm ecums hemecudclecunhy dii (hue i.H—diumgrmus is (he liih’fcreuscedii cl’ficicm’ucy hetweemiIhs
ecumsvemsiummuiii lie duel cell systems‘mud (hue eummmthcustcum.‘(‘hue exergycmi the( ‘huemuiccul)en mgy
wInch is cumu vemleulccumrespusmuuhsIts the(culcul ummeum enchcsscliby (lie I ighues cc ‘ye. ‘lhse cxc‘gy
icsssesarc imiliieumteli itt Ihsefigure: huehussiescmi cm mesuuht cmi (huerefumnuususgm cumclicsms cumuli
pcuhcumisumtiusnu iii (hefuel cell ummich the lumss itt (lie ccuuusbcmsticumumeuuc(iuuusdii thecummsshumstumn, hue
rcmusaiuumsgcirca is theexengysalueluis “gemuencuted” iii the duel cell slcuck antIhid ecu nhumsLmu, f
cureums mepnesemstiusg(beexengycuf (he eusergywhich is geuuencuteubin humlhs cumnipusmuemulscure

‘I hr I. It ulmagm’ammm duur,x mInt xbuuuw ibuc Imuxsex ax mu m esumIl ob mum ix jogmuuuub I m’k minIm ax mmmu c bmmum”mc’iem’i ‘aid dI~Cl”
mm’amu-,bem ma aasochumerI wiulu utucxc Imuxxc’,
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c-cu pumnechLu (lie hussies,thelumssesdii theimuel cell cmmuuuuuuul1cm cmppmumxiuuumtely 111Ff umusli ims lime
‘usmuhuuslcu’25Ff cii theexergycuumsvemsion(estimumatedimuuuus theclicugrumusu). In usthsen wumnuls, Is’

fumel cell cupemumlesat clii eiiicicuucyuuppruuxdtucmlehy901’c cumuli dueccumsshuuslcuncut 75C -

lumu ‘yen (liii dcsesmucul mcflecl hueumetmucul imstpumc(cmi (he Iwum cummiupummu‘mmli cmii hueexcmgy lumis s
imi lie systems. millie eumsecuf the prcmecssdii Ilse duel cell stumek ‘mp~smcmximsscm(ely2/~cal theexergy
sahs’chsis prumulcucechdii theeheelmcsdhsemssicumlmecudhicummis pmcsclucediii (lie f/urns of l)C’ pumsac ( mc
ummccm iuschic’utccl wills ‘P’ iii lime i,H-dliumgrcmms),Theclectniccubpcmwe’ is ccmmsvereli iuflcm
AC’-ehectmiccmlpuswenwilh cm hughcfiicieutcy(hodi exergyamid eusergy)cmi 96 c~iii (lie )C’/AC
co venter, I lie ‘uncut whuchi mepresenlstheexergycii thehcum(which is gemue‘cuted iii (lie duel cell

mud th~eeusushumsltumis (lie 5uredm imi (he i,~l-uliumgrausimudhicumleli widu Q, ‘I bus hsecul is umseliwill ‘u

utsumehs icmsacmexengyefficicuicy.

il-I mciusmmuiuuugmecmd(mcmmt pcslcmu’sumliuma cummuhusliummu ne-mehimumu

1 / /

0.6

0.4

p Q
co thu shun

500 1 ,000 ,S00 2,000 2,500

clue ucul cm e‘gy cumaventedIkWI

I”igmurc’ 9.3$: f,fI c/icugramrmfcarflue fuicl c’ommm’ ‘r,s’/cacm jaroc’css /mm f/ic refcrc’iic’’ imufc’rrmcm/ rcfOrmn/mmg
MCI (‘,sa’at ‘in (mcmi)

‘~uu cs(i uuumft theel licicuicy sailb wInch the huecul is ccsmmvcntecl.it s utmu d a cuunsideneuin whscmt
cmii tue hsecul is umied. I lie Isecul which is hsnumduueedlut (hue fumel cell umusli - m thecciii huilcur 5 cued
Lu ge sum’cmtc pmsmcdii amedim”t ‘l~,uo=1l4.S [34) cmmsd Lu pmrsliuucework jmi rhd ex1,mmirmcc/cums’ ~mcssum,’
cuumshiusumhicun(If ~—97.4kW). [he ummscmu it exengy(LQ) iii theheumb prusicuceulin lime fuel cell
amid ccsuuuhuusLurcciii lie chetenutnmucdby cshimuuu(iuugthe‘uvemagevalumefuir i dam (he exengy
pnoduuchicsmuf’mcums iigcmrc 9.38. ‘flue exergycii thehecul which is geumemumledin husthccumspcs emihs is
appmusxiuncmlelyedbumuul 1cm 840 kW. Bumseli ous Iluesedatum. it is pumssihle(cm es(imnumtemcuughshythe
efficiemseywills which hue huedul gemserumledut f’uel cell ummucl ccmmhuustusrcure ccii vented:

~ IS91, x 100 C 24 c
1

hi theduif’emcmueeimu cific-icutcy with whuchi lIme huccut is furtherprumeessecl(241%) cmmuul lime
efiieiemiey with which (he elcetnicculpcmwcmgcmserumteiut theimel cell is u(ihiscli (u)

6
c
1
) a d tIme

naticu hetweemuhiecul cumuli pumwem prumicucliummi (1:2) is takeusinLu cmcecmcunt, thecificiemucy cii he
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prcuccss mit huef’umel cell is cmppmumxiuuuumtehy 65 u%~),Usimugthesumuneunedsoulf/am duecuulcuulcmtiuuususi
lime e f’icieaey cii thecumuuhuustusm rescults imi ummu cifectiveef’iieiemscycmi I 8Ff ( 0.75’ 0.24). ‘1 liii
illums mcml ‘s (hue u supcmmlcmuucc cmi cumusvcmtiuug cmi nusuchusidie chiemsicumleusemgyin dieiueh directly
ii Lu elccbmic’u pcuwen, i.e. imicreumseduef’umel cutihiscuticumu dii the icuel cell. ‘I hue pummumutselerwhich
dicIer tuimucs lumsauiucmchs eusengyis cuuusverledut Ihic fuel cell umusli hucsw much iii (he ccii ihuitcun is
due I’cmel cm iliscuticsu. mu tinderto umsscsshucuwIhsepcmdmmmmuummucecii thesystcmssdepeudsmimi icuel

iliscuhicu u, due culilis’mlicmum hums beenycuniedirmusumi U 77.5Ff Its U 8SC.

9.8 2 Euuergyamaly.sis

Ii blue duel atiliscu hums dii the in m’rusuul mcI/mm tuing MCI-C sysbemusimucmeumsti I/-isis
77

5c% Itu SM/c,

(be cleelmicum ef’f’ieiemscy cmi thesysleussimicreumsesdamn53.0Ff (cm SS 5Ff, ‘I lie efficienciesfor
hcmlh eumsescurec mumihsummedl dii f’igcmne 9.39. ‘I hue muicums ccmscm s dun (his ciiicicmscydiucrecuseis the
higherduelcell ef’fieic icy. Al light umlilisculiummu cm Icurgem fi’uuct’ummi cmi h - emsergyimuhaul to the
systeumm (iii due f’cmel) ‘s ccuusvemteddiutcu dcc ‘icui eusergyii lie f’umel cc 1 s aek. ‘I lie fuel cell
efficiency,de“mueli cmi (hematicu cmi dheelnicculpuiwempmcsdumceddii the fuel cell s umek Its the lumlcul
cuucmgyiuupuut cm thefume cell systens.imuemeumsesf/cumn 50.4~lus 53,9CC
- lie clectmcmchuems’cumleff’icieuucy cmi due f’uel ccl”~detemumumses(he mumhium helwccnm(lie heal
prusicucci di the fumuel cell antIdi ‘ pcmwer. hi due eleetmusehcussieuuleff”cieuscy rcuim5mdis constummilas
(hue fuel utihiscutiumus

efficiemucy 1%
80- electrical Icalcul

775Ff 8S cc 77.5Ff 85%

I igmurc 9.39: (‘curnjaari. orm c/ft/ic c alc’ulafec/ cfflc’ienc’ic’,s fOr f/mc’ /cutercmal re~Orn’uimugMCI C’
s’a’s’tcmn cmi 77.5Ff cummd85Ff fuel umt/h/,s’at/omu

‘mmcrecmses, IF fuel cell ei’f’iciemucy (P~~~/LHV,,,)is prcupcumhiuuuucml(cm he hel u(ihisum(iumuu U. ‘‘lie
cumhccuhahiusmusshcswthuml the fuel cell efficiencyi semeumseslesslhcmn theduel uhilisumliummi.
‘iguune 9.40ccuusspcmrestheealeulcmtedvumluescii (he fumel cell ef’lieiemiey (*) umusc lime valu s

estiusateulumssumsimsgpruupcurhiusmiumhily cmi theeil’ieiency with U (lime hueU/U~1).lividemsl y I c
P/Q mumlium is msumt ccmnmslcmn(: cml highericuel umhilisum(icmmt relumbivehyunumne huc5ul cmli lesspoweris
geusenatethin (huefuel cell stuuck.
The Nermustvcmhhmgedecreasesat higherinch mml’hisuut’ummu hecumumsecmi (lie luuwem‘uvemagemccc -m

lhc exdrgy eb’fic iemmcy tub’ mIme limeI cell cuirmabx Otem - 2 mit mime cbmcmmuical energyedumuvemicut immium clccum ictul i)(’

1
mowenwhich is cuummvcrmed imumo Ad’ iuuuwen wmlbm 96’4 cb’bicieumcy mmnd m lucrul wimicbi cmummveruccl wilbm 241’)

ebb icieuud’y gives ,u tommul eb biciemmcy uub’ 2 a’0,90’t),96 + a’b),90’0,24 ‘— 6M

uhix is mime P/Q m’muuiuu wbmicbu wasuxedi imm clmmmptcm 5 tuu imldbidald lIme ebficicmmeywiibm which bruel us acurmmmlly
cuummvcntcd jmm mime lime I dcli
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cumuscemulmuiticun (II,) at the umuuusie. Ii hhse Nemuss voltcuge decrecusesci lcmmgen pumnl cii (huechueuuuccui
cute‘gy is eumuiverteli imulum hiecut in (lie reversiblemeacliumus(‘lAS hecouuues Icurgem). “~liecheerecusccmi
the Nenmustvolhugecuhsus lecucls (us ci lower cell vollcuge andecuuisequmemidy 1cm higherushmunccii
pumlcurisumlicumu Icusses.In iigcume 9.41 (lie hiccul humlummiecCur the duel cell s cuck is shscmwmu 1/sn (sacu
valcuescmi (lie icuel cutilisumticmuu: 77,5CC ummucl 85cc- l’hc clicugmaun sbcusvscums imuucrecusccii hcmthu cahunic
ummuci ‘vemsihle hiccut.

fl1 fl() * i’uueh cell
• systems

1. I pmcmcesssteams

I”igutrc 9.40: (oimm/uam/ soil c/f cuctucul c’cmlc’mmlcutccl m ‘culmme,s’ c/f f/mel cell amid sy,stc,muc’lec’fric’al
~/fic’ic’muc’vcouch hut-cit pmwc/umc’iicamm mm-it/u simmm~ahu’/arcd//c’tioru

Ii the l’uuel c tihisumlicumu iii -‘c-uses f’rum ut 7751% o 851%, (hue cumicuilu Rd vculuuc cmi (huecell v mlhmge
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DISCUSSION III
SYSTEM ANALYSIS
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cxtncuctecimcmiii (Fesys ‘us cut si~Isehsihacrumnrc cuma he liehcmmssiused,1 a tim systeut will mecyci
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pmessumnisiusglime systesu) is i muua uy easesp untly ff sd by cudmen cii cbs. sal ida willie
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CHAPTER 10
CONCLUSIONS

I xc gy iss ‘s i high temperaturefuel cell systemscan he attributedto different typesof
‘ocesses:heattransl~r,massflow (friction), chemicalreactions,mixing andcha‘ge transfer

(( ci )ter 3).

A alys’ s showsheattransfercancauseasmuch ashalf of the otal exergy loSses ii the fuel
c‘II system(Chapte 7). It is further shownthat heselossesaremainly dueto thelargeheat
flo vs whic i arctransferredin the systemin orderto preheatam!reform theinlet flows for the
fuel cell. R ‘dueing thelossesas aresultof heattra isl’er is essen‘a! Or optimismg he system
(Ch~pters8, 9).

l’or anychemicalreactio or wh’cl thereacti) i ‘xergy is si iall 1 a reacion en h~I y, ‘t

equilibrium temperaturecan hedetermined,If in equilibri im temper’itureexist, the cxc gy
loss in the chemicalre’iction can he interp‘eted in aialogy w’ th the ‘xci gy lossesasa result
of heattransfer,cons’deringthedifferencebetweentheactualprocessemp‘ratureandthe
equilibrium temperatureas thedriving force (Cha ter 3).

l’he exergylossesassociateddirectly with thefuel conversion(cx ‘rgy ossesasa resultol the
chemicalandelectrochemic~I reactions)‘ire s ialler thanthe lossesasa resultof heattransfer.
I’his illustratestherelativelyI ‘g

1
i efficiencyof heelectrochemiealco iversion. Ontheother

hand,small changes‘n thep’ cessin tie fuel cc 1 ar showi to ~avel~‘ge ii ip~ct ( i the
exergylosseselsewhereii tie syste (C iap s 8, 9).

I or thesys eman’dysis.adeta’ ed be ‘el mode ‘s sed whichcalcsIa ‘s he i t’~nsfe’,
t ‘mperaturesof rocessfkv s ~ud ha’dvai , equ’l’hriui i id k’ t’c~ly determ’nedchen‘cal
i eactionsai d local curr it densities lo ig I eccl i ‘i 1 di eisioi a! v del. By d seribii e
he chemic~I ‘i id electrochemicalreactions is’ ng reacio e ordi iates, hemod I cat
determineteniperati ‘es, mss ‘lows, I eat ~ux‘s nr eoop si 2 ns ‘ik ng he fuel eel sine
only 6 indepeidei t p’tr’l rieters(Cl’antei

I he xiain ar’ met ~‘ ii ‘lue ic ie Ii ci ficie icy ‘ h fu I c I is lie temperi ire a wI ‘ ‘h th
eleetrochei ‘cd react’onsoccur. Analysis of ti calculation es Its )f he c ‘tiled model
showsthat ie comhii ation of ten peratur nd c irrent dens’ y d’stri ~ution is impori t. ‘I his
leadsto thedefinitio ~of the ~el’iectiveci ip r’iture’ a5 m ‘as ire br h’ averagetei pe‘ate ‘e

~twhich 0
c elect‘ochemicalreactiontakesplace(CI a ite ‘

~ muchsimplerm )de , basedon ‘in iso he’ i~’’ipproacfi,is usedto ci lcul’,te the
perbormanceatoff designconditions.C 0111 arisonof theiso herm’d i iodel w’th t u d e ‘I
model showsgood ag‘cementovera wide ra igeof cotditio is, by inco por’i ing eq ‘ ‘01 5 1 i’

theeffective emper’itureand tl ‘ utl ‘t temperature f tI e fuel cell ii the isotherni I ~d‘I
(Chapter6).

he extensiveasalysisof a limited nui iber of high tempersurefri ‘I cell cii igu “it ) s 5 0 5

that understandingthe diffei’encein perl’orniancebetweentwo eonfigiratior is oftcn
determinedby a largenumberof differentefl’eets.‘I lie distinctionbetwee primary i

secondaryeffectsof processdesignchangesis hei’efore i itroduced(Chapters8, 9),
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f ie aialysis illustratesthat therecyclesin the system,both of massandenergy,niake
opti ‘asi tion of thesesystemsdifficult, ‘he secondaryeffec s oftenpartiallyofise the
pri i iiry or intendedeffect(Chapters8, 9).

I i insny easeschangesin processdesignresult in changesin compositionat the inlet of the
fu ‘1 cell. A fuel cell model which takesinto accountthe influenceof such changesin
e iposition is thereforerequiredfor realoptimisation(ChaptersS, 8 9

lithe fuel cell chemicalenergyis convertedinti) heatandpower.Exergyanalysisshovs that
theexergyof theheatcanhealmostas largeas theexergyof theelectricalpower whichthe
cc 1 generates.As a result,considerablyhighe’efficiencies(Ifi-ISOpt) can heachievedby
operatingthefuel cell systemsat higherpressure,using acompressorandexpanderto
prodncepower andutilising thehigh temperatureI eatwhich is availablein the system
(Chapters8, 9),

Themethodof detailedexergyanaysis C evelopedin this thesishelps‘dentifying and
understandingheprimary ands eondaryresultsof a change‘n processdesign
(Chapters8,9).
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APPENDIX 1
CORRELATIONS USED FOR THE CALCULA1 ION OL~

THERMODYNAM C PROPERTIES

‘I se ci Icula ons with thefuel cell model i i I a‘t II and ie systeti calculationsin PartHI
requirecalcuIa ions of thermodynan~cproperties. lie corr‘latio is usedfor the c’ culatio is
in this thesisac summarisedin tb’s appendix. lie ‘ntlialpy Ii I theenth’dpyof tie poe
speciesat tei ipera’ore . or theluel ccl’ ooc’el the hermodynauic’il properties IiVC beet
calculatedusing theJANAE tables. he tablesgive thecoefficie it ‘or the
correlations Cordon& McBride:

1 a a, (All)
2 3 4 5

A similar correlatioi can heusedto calcrIa e theent‘opy if thep ire species:

5 a1 n (‘1’) ‘1 II In (~)
2 3 4 p0

No thatttie emb~ip3 ,f ~li’p~‘a sp”ciesh~iccars’ if tt a i4~ gasa~~so9ip0oi depe~ds
only ot thetempe‘aturc, vhile heentropyof the purespeciess d ‘pends01 te iera e and
on the par ia p ssur’at isI id the spec’esticcrrs in I e nix ore, Otter thei todynai ie
propertiesfIr tie p ire sp ‘c’es (heatcapaciy c1,. C3’hhs ci ergyg. ete,)can he derivedfrot
thesetwo co ‘‘cIa io is I ir t i’ ealcolatioi if th~iroperties I W’ tei andsteat in thesys ‘i

calculations(Chapters7~9)use as he ii madeof the ‘ro icr ies ol Wate’ nd Steamii SI
U its” [Schmidt & C3rigul iasedon” he 1967 II C formulationDr ndusru I Use”. ‘he
en halpy(if mixtureaid otter th ‘r n( dy i ‘c IiiOPC ‘ties (S. 6, ‘x’ gy) haveh ii

calculatedassuning ideal gasbehaviour,
Ii’ dynamicviscosity q, for c Imponenti is calcua ed from 1 ec ‘itical iroperties(7 at ( p
id molar massN” using [Reid& N’ausniti 1987~, lie viscosi y of gasmixtor’ is

c~~culatedfrom thecaaductivil (i~t~ecomp~aa~s[Co iN” . °94~,
5

i ‘ig Wi 1k ‘s re

1IKOIIC ~

wherep areth~vise ls’ty of theco nponent a i the(3, s ire calculated ising he ‘cIa ‘ i

suggestedby Zippera id t erning[Reid & Prausnitz,l987~from the molarmassesM of I
components:

‘.1 M,

A~I



eat conductivity is calculatedusing 3 orderpolyn imials l’ro a the sane rel’erene , ‘I lie heat
eo clue iv ity of the niixtu ‘e is ealeulaed I’roni:

xN
,,, ,,, I

I x, A,1

A (q,!i
11

)’~(M~IM,)’°
[M!M, [“



APPENDIX 2
ALCULATION METHOD FOR THE CHEMICAl EXERGY

0 A PROCESS FLOW

Ii tlns a i i ~dix tI eoi ‘tliod l’or cal ttI~tit g lie chemicalexergyof a I’Io v, dese~ili d in
gen al t ntis it Sectiott2.5, iv dcserib‘d it greatetdet~tilusingaealeclati in ex~tnple. By
dcliii iou tI ‘xergy of dieeivirontnentco nponetitsat thepartii I pressurea which theyare
pr seit ‘n I eenvi ‘otiment ‘s equalto /ero, In thegivene amplefor sit iplicity lie
ci virotitiie it definit’on is limi ed to 3 cot iponents: C ) Cl, ,C at d N~. o’ tI e tiiole
Na ‘to i of 3~edo npone’it,~ishie i ~l’i’~ethe cv~ (Ic” hex’ diei~ted~5

‘C tivi ‘onmei eon iotients’) hle°,2 (Section2.5) ~5 us d ‘~:

y ~ [0~00t)3

y, I 0,0312 (1 2~I

y,,5 0,7553

y ~ ),203)

‘1 Ii’ processIF v ‘ii us cxvi p1 1 ~ti NOt ii ‘ r I ‘xtme of C N d N, composi i of
tie i’ icess ‘lo v is cli~t‘aeter’sedby ie veeti’:

y~1 0,5 (p72

y

Sie~ I,’ Dc~ni /tt ~

‘llief’irs stel’s oc’ cuatetheexergyofi’f ‘ uiviroi ici c iioi s’ttrcf4r’tc
pressurep, I vii. ‘‘I e vectorwith tti e‘gy il tI ecnv’ ‘o ien co I N i its it I itt is

were th sufse” it o indicat s th e ‘3 ititi it ‘otiipot ci s atid 1 supescrip o in tic a cv
tNt thep~r iv pie sir’ equalstherel’e ‘cite i ‘essure,‘ heer ‘‘gy of anc i ‘onnie i
c Imponentat I atm is equalto hew rk r ‘euirNI to compresst i do ilponent from t c ,i’t ‘tii I
i ‘essurein theetivir nnicnt t 1 atn ‘ Div e’an fe ci Iculatedw’th:

p

vle’’p, ‘s leparti~lpr’sscrco’cotip e tim h’eivroin it,Io CO t’thl 2’
s iceifies a i il f’ ctio i of 0,0003,v tic i is us ‘d o c’i cctl’ te theexergyof C) ‘t

c~~
1

R’l Ii ‘ N ,Iiy,10 19, jkJ/miole~
p

he eeneracxprcssionising vecto’ aI~ef rais:

RT~,In y

0 not ilithIded sop000t‘ty in ttllO OxIlIlipte: thc tIitCtR)Il At 0 ad(tcdto tho N tiaction itt tabte2.
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w i ‘‘ thenotatiomia=ln (y) indicatesthevectorwith clenmemitsa(i)=lmi(y0)), ‘I lie cxcngyof the
n ‘notiment coniponentsat I bar is calculatedusi ig theconeemitrationsiii (A2 I), or the

four ‘tivironniemit conipomiemitstheexergyat stit idandpr ‘vs ire is givei by:

19,4

8,3
I kJ!mnoleI

0,7

3,8

Step 2: I)is,soc’/atio,m
l’ron the exengyof thieve comnpoients, lie evergyof thec1 ‘ments(e”~1)ii mnoleculam for a (‘,c,
C , II ‘me 0,) at relbremicepndssin eati h’ cale that ‘cI, I loweven,Ion h’ derivationof the
appnopniitteequations,lie vtanti ig poin I c ileulat’ ig theesergyof the em v’noni ie it
dOIii~0tlCtis at ban(‘no a lie e e‘cy of lie eem ientv itt 1 ha’ (‘ c, thereve‘se ealemlatio i),
The ‘sergyof tie clem mits gi ‘n b5:

e1
C”

e5.

e

‘Ihice en~yoft eivimomtiei ‘onp tctt,fc ‘ ,~mnic ( ,,caiti d t’’m ‘ied ‘slit e
fonniatiomi ‘cactioti I/i’ CO (c, thi’ t/inmnati it “on he em IC s), ‘ thu c”isc’

C ± C) ‘ C’)

‘1 hecx ‘ngy balam ‘c b i ‘ ho ‘unit i in ‘Cud Ii 15

c,( ~ e n e~1~ A1c~’()

when Ac ,~ itte icatestI c ‘ye ‘gy chang its ‘ ‘esi It o ‘t CC) to ‘niat’ n nc~c ‘0 te the
supersc‘pt 0 ii die~testhatall ‘eactantsarc a anel’enctic p ‘ess ire, / t c i inonmi ii
tcmiipcnatctmc(‘I ‘I ,,) theexengychiamtgeit acheniie’tl react’oi ( Mi ‘ ,As) us celual to
changein Gibbsenergy(Al ~‘E\s), I lie ‘el/im’c theexengydl ange‘n thai st ‘p is equal t ic
Gibbs en‘ngy of bonmoationat ‘cl’encncc doneitiom 5:

A,e 1g’

‘1 hecalculationof I e 3 vali es o c (F C, C) , , andN ) ives ttt 4 bonmttatio n ‘ ‘ (tnv
C + 0, ‘ CU,

+

C), ‘C)2
‘~‘he last two ‘to ‘ni’ition reactions’indicate that thedc nentsureal eadypres it i t e
eiiviromimiient definition, Correspondingto the4 reactionsgivemi above, the4 ‘ ‘gy i t ‘it ‘ s
I/in the fonmnatiomireactionsof the environmentcompomiemitsfIrma a setof eqm~ttioms’



Afe(’)(1

I liv vet o Cli ationscam lie solvedto eaheutlaethe valuesfor tie evergiescif thepu re
~otnponeii s e ~(j C C),, C),, II ,C) aid N,), A gemienalntethodto solve his setof equma ‘ons
i iakesusec m’ a niat‘ix , wniehdontautisthe stoiemiieitiietnieeoef”ieiemits fi’ thefont atiomi
r ‘u ct’onsof the etivino uncutcomliponents. lie stoieh’onetniccoeffic’ents(seeSection2.3.1)
‘midicat’ in whut n’ tios accii pomiemut ‘v Mn ii ‘d f’oni thi eleneil s, ‘ci’ examuuphe heforn ation
n ac ion of CC) ‘mivol ‘s no ‘e tO C’ ‘u el nolcetil ‘ C) , I he stoichiomnetriccoel’b’iciemits f/in
thus fonma‘ in neacti i t ‘c lien I/ire:

v(.(.0 1 11 ~> () v5 ~ 0 ci .e0

Usnig thesto’chuiomnenc coef ‘ic its for this a id thu o lien l/i’n uit’on retc iomiv, the fonma‘cln
matrix I/in the nvinonu ic coi ipom ntv ,, cami he ‘o structedfor lie 4 ne cc m s

[v ~ v~
1 v

5
•~ v

0
.~ 1 1 1 0 0 1

v
11

o v
5

I (I v
0

0 0 0,5

(I

v
0

,

I1 [0

0

0 0

0

1

I

j

Usingthe formation nat i amid the C’ ihhs cmi rgy cit forn a ion vector, the s t of ‘Clii ‘ its ii
(A2~4)canhc wnittei as:

e” 1,, e°1 A g”

In Ins set t ie exengyof the emivinomimuentco iiponemits at n I’creneee imiditiom s (“,,) ‘s o v u
a tel the exergyof theelements~e”,, ) is theunknowmi,

II 2C,
1

~

vl, (I

(A2 4)

A1e~

Ag’1,, is the vec or wfich comitu in, 1 eCjihhs ergyo ‘f/i’m atiomi if t c civ’ ‘o ii ci
com iponemuts,wtachi have h cmi calculatedus’ ig theJAN/ tables(A~oemdix ):

394,3

~gI1 ~
[kh! iiole~

Ag~ 0

0
Ni

A-S



0

I 0

0 0

Suibsequcuuthythe ‘xengyof theel ‘nucmtts a ‘eb’enc ice couuditiomi cuuu heeutle dated ‘monu:

I [e A g’ I

/ 2 5)

( vi g di ‘ valuesf/i’ th c ‘sengy if Ii ‘ ehetnei v a n ‘bhnctic cc iuditions ~tcc lu eel thu tt e
cx ‘ngy of Ii el ‘ i c its u t u cf’en ‘tide ‘einchtio is hecomi s.

[F)! mio el

Step ,3: or,ualiott
‘1(1 calcutlac the ‘xc ‘gy cit ,i sysC i d(iUihi i a ‘ f rem cc e i id’ ills ‘cgain the14 ‘ii io i
reactioms arc used.It the0iveii cx’iuuuple, iily w co uipo ten s iccuu it thesyseta:C ~ uoid
N, aid tI c co ‘‘espo ud’ i’ f/inn u tiom reid ions u

2Ff C ‘Cl

N, .‘

‘I hue ‘xengycit tI C hiit~ systei cot po cc t s ‘t ‘‘ ‘ci cc coidit’ ii v is Cc leti atce Iron tI c
exengyhalutiuc u gaiu ncplaeiugtheevengy i ‘i’caction uy theC)ihhuseiucngy u’ 1/iu’mnat’ i itt

nefMnct ccc inditio is. I on thef/irmaatiouu reactionu ‘me lane, bum ex’imi plc:

c~ ~ c11 A1fo ( 2 7)

A scetnelfo’ natiumi niatnix can huede “tied f i’ I c vys en ‘o tupu i ‘its, I ci’ I c gi m c ion ule
with only tw systemcunipomuent.thelcinmiuat’om ii uctnix I’ wInch ccimut’a is t i s c ie iii uctnic
cod’ ‘icieuu s 1Mm thel/inunuttiouu reactionof tI c systemcon ott ‘n , icc im tes:

v~(It I ‘s (i ~‘ I ,

,, v
1

~ v
5

5’~ ,~

Usi i~basic matrix uthgeluna[e.g. Kneysig~the systemdiiii hue solved. I inst the myers‘ of iuuttnix
v c’cleuthateeh.

0
I’

0

0

((.5

(1 0

(\2 6)

C’

7 f) ()

0 1 I f)

A 6



F v mig the vectoreumutainingthe Gibbseuuergyof b/urniatioui at stauudancheouuditicinsfcir the
systeutic in uciutents(A g’ ), theexcngyof thesysteutucoutupouucntsat nehMrcuueceomtehiticuuuscan

cit culatedI’ncinu:

e I’ e”1 A14”

(lvi ig thee ‘ngy cit theehenuemutsat nefencuiceconditiciutscalculatedabove,theexengycif the
systemco ipdlneuttsat nel’erencecciuuditioutsheconues:

c’ 829.2
c ‘ [kJ!muucihe~

0.7~e,s

lit thelast steptheexencyof thepuresystemtueonupciuuents(ic. a I itt ii) is O5dC to calculate

the ‘xcngy of dieconiponentsat t u’ partial pncssuu‘e at which theeouiupcuucu ts arcin the
system. (in exut itple b/in C tttc partial pressure‘it thegiveutexample‘s 0,5 ha’ aid the
exengyof C H1 at hns hunessuincis ealcumlatedU s ‘ i cqua icumi A2-3) frcunu:

c~11 ~ R’l ltv~11 829.~1.7 827,5

‘1 ue cdiuueentratiouuvecteim 1/ n thesystemco up iuients is:

x jut, 0,5

x 0.5

1 lie total ehenticacx neyu ‘ Ii t ixtum’ is cqua to:

I ~‘° x 2 If’ ,ln x 1
I or the unix uu u ‘50 uuuciheO CII ucneh50 i 0 c

1~N, givet its ii C a ip e ‘itt h gi i’uig of
lie seeticun thi x ‘‘gy hecoii 5:

L ctm 827.3’ 0,5 .0) ‘ 0., 4 - .3
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APPENDiX 3.
MODELLING THE REFORMER FOR THE CALCULATION

OF THE EXERGY LOSSES

in tic sys ‘nu cuihetuhaticaisin Part III a black—lucix iuicudch, whtiehudcihduhatestheproductgas
co tupcis’t’cim assuitauugeheuuuieahequuihihniuutuutt aspecifiedeqnuihihninuuuitempenattmne,is
scufficierit. Iluut fcin thecaleulaticuncuf the sepanuiteeouitnihuuticiuu cif theheattransfer~iuid
eheuuieahnecictiomusto theexergylosses,this typecif uiucudehehcicsnot supply therequired
‘mufonunaticui (seeSection3.3). ‘~‘he ealcuilaticumucif exengylossesnequnnesthe temuuhuenatuuneand
cooccutrio isn profitesas i put. therefore,thereformerhasbeenmodah]°~separatelyin
MA’fh,AB cu gemucratethievepncifihes. hut this appendixs anting pcuiuuts for theetetaihedmcuelel
fun theuefcut’mtuenarediseuusseel.
‘the modelledsyst ‘nus arefuelled with naturalgi s,whielt unusthe eon entedto , in the
cuidothenmumI steauuunefonuuuiuigncumetiouu.Rcfcin ttiuug is a well devehiupeettechnologyin the
chemicalindustry, Ion exa nplefor thepnoduetiot of nethunol andauuuunonia.However,there
areanuuiuhc’of esseniah did/uneneeshetweei tie nefonnucnsusedin e tcuttieahindustuy atid he
nefcunmenswhich arerequiredNi fuch cell systeutus. n iuuudustnial ‘efonnuiuugoncicesses,luuurt of
theheatccii taimuedin the flue g’cssesat theciuthe of thercfcintuenis usedtc generateprocess
stcauui.In high eunpenaturefutel cell systcuuusu sunp us of heatautch/cunsteaa ‘s gemuerahhy
available.Thereforeheatnccovc‘y cuf theheatim tbte flue gasseswithin thue n font uinug pncueess
numust hemaxin Ned in the fuel cell rehu‘nuci ‘ his I “mesai ci hanrahiruncre asigus‘it which
heuuuain umudeo ‘heat transfer‘s e i veet’ in Iu~i idust‘al refonnensau ii pontait par of the

heatis translered by ‘ad’~t’on. I untten cure theconuhuso’ ‘n heref i ‘n en ‘u a i cell
systeiu has nus h’ ableto upenac01 how caloric anodeoff-g’ s (s‘c partI ).

Thesedifferencesuav’ led o h’ ccv’ opnuenof sp cific nefona ns 1/u f I ccl ‘cppb’catiois.
FigureA3. 1 s ows anefonu ic dcvc oped(cur fu’ cc I app‘ca ‘o is by ll’C. In h’s desig F
p ‘oduetin thecatalystbedautd he hot bluegassesflow coun ereunne t. Additional Feat‘s
nansfennedUI h c’mtalyst h ‘d uy coohiug th c pncuductgas vh’eh he’mvesth ea’thystucd. ‘~‘his
typeof nefcunuten is ‘ndicu tediS a mcgcuen’mtivc ype ‘‘fonuuucn, h causeFea is necovencefrom
thehot pnoehuctgasaud usedin thenehr i ‘mig process.Other . pceif’c n fo ‘unens for fuel cell
systenishaveheemi elevehopedFy K’ I [Pietncigraide, h993~,C’h’ycuda [Mon a, 1996~,Ibaldon

opscuc[Laumnscu. 199 t~auieh thitachui [t)cuiu’t suu. IC 9 t~. IHI h, s clc’vehoneI ‘ It nlatc yne
ncfcirmenfo’ fuel cell apphicatiuis I Mon’ sI iina, 990~.
o investig te theexergylosses‘ i thenefontier, two di ‘‘en ‘nt ypesof n’ orutensh~ye 1 ceo

itodelled.In he SOFCsystcmui o it enmial heat‘ecovenyis uteeess’anyin tfc ne /irtuuen. t his
system,the auodcgas(i.e. the productgasof the ‘cformncn) i. suppliedtci tfe fuel cell at
85d C. ‘I’his teuupenitunecorrespondsto thetenupenatuneof theproductgasat theou 1 if
the catalystbed. ‘t’hen fore it is unuiceessanyto coo thep ‘oduetgasto reecyenheat(no t this
lcuw. I’or tI c SOUC systeutia s’oiphecunce throughtypeof nefonnienhasbeenittodehlce (see
figure A3.2). ‘~‘he necessa‘y thcnmodynutnncdatauasedon Fe nesuts o ‘ hesysteni
caheumlatiuunc,(see ~a t II, chapter7). [‘he iuuuhet of the uch (4dd C) the en ucnatunc‘ t
ciuthct of thecmnhusto’(I 2dd C) of he blue gi s md the coutipositioutof the gassupu cd
the reformereonthustcimaretheuttost i tipontantresultscif thesystcuuieaheuhatiomiused ‘ t he
reformerurmodel.
‘he nel/urmenhin theMCI’C systcuuuis of a differenttype.I’cin theMC’h C systemthei tic

temuiperatuneof the amuocheis 65d C’. l’hcncfcinc theeffieieumeycuf thesyste i imu this eas s
higher if part of theheatin the gasat thcciuthetcuf thecatalystbedto recovereditu the
ncfcunmcn.The principlecit this hypecut relcinnmucnis shciwuu in blgumreA3.3. ‘1 hegasflowi g
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hinciucght the e’atumlyst heelis hteumtecl huy theblue gums b’Icuwiuig ~mncitmumelthe pipee’cImttaiutiuig the
‘umtahyst ~mmuclby thehucut pnoeluuetgims which cooleddcuwuu as it fhcuws buick thnciuughutheimuuie
tube. ‘hcu umehuievesul’fieieuut heattn~muusfenfu’ciuiu thic nehumnut flow the useof a plumg iii the immuien
uipe s umssnuuuueel.‘h’he dianietenof this pluug is selectedto achieve‘cal’s ic gums velocities.
Appncipniutteedhuuumticiuus1/un Iueumt tr~muusI’enummud rate cut reumet‘ciii were s‘lectedh t’nciutu hiterattunc mud
icr’ ci scnussedelsewhere[Ccuhheuu.19941.‘~hueniumimu umss mutupticimis usedin thenefornuen it id ‘I

• icnuuucidyutaumuiepncupcrtics(e.g.Fl, S. c1,) ~mneealcumh~mtcdimssumuuuiuugidc’mI gas..C cunrehumt’ciui
feit’ cuthier properties(visedusity,thuenuttumhecurtduetivity)aregiveut iii Appeiid~xI:

• henefcunuiueruuucucbclims5uniesphumg dcuw fcur luothi pncucIuuc’’~mnd(‘Inc guts. Bulk teutupenimtumres
~mrcused iii heattramisfen~muudreumetidumurateeaheuulaticuuus:
Hcauit trumuisfenis by comiveetiomuoily (mud nachiumticiui on ecimidumetiveheumt trum uslentumkett ‘utto

cccuuuuut). ‘l’huc flute gasimulet temumpe‘umtumne umsechin themuucuchel is cuiheuthumed imssuuuuu’uigutdiaIu~mtic
co iuhuusticuutcif ~muicudecii f gums~
‘~‘lie shuil’t ne~met’cuuuis e imusichereelt i he very fu st (edhuuilihuuiummn),w i’le tI c n’ teol the
ct cinuuuiug reactiomuis ebctenuiuineelby ~ kimietic equmimticumi of lie f/unit:

F h0 ‘ (tic it ~“ ‘

With ~mIlcelumumtiom s fur hi ~mttn’mutslM’ a tel nuite of eb emiticuml eaciouis giveut amue the iuu umuud o uth ‘t
teuuupenutuunesfor lie nefcu ‘m icr dIet ‘mu’ ted i u I c systeuneumhculaticuuis, hue ‘ebesigu geomutery’ of
the ref/muter numst he umi aptedto ~mehtievethus valume.‘I lie ‘geommtctny’ of tic nefo‘miter in I c
utmoehel edimusists if athe fcullciwimmg v~m‘iumhutcs:

dit ma ‘ ‘s I tI e vumhscehumemutpipes(flute g’ v e ia itch cia t ucel. ‘e oil flow ~htiimuch.
plemg):

• 1cm g hi of thepipes:
• nuuuulue’of pipes:
Takimug imito acediumuitothi n huoum idu ny cutiditicumis 1/un ev’mmmtpl ‘ tue eoe’ ics whichhtumvc ci he
withii i neimsouumhlc maiges) a es’gui ecuuuldlie I’ixed fin each ypecuf ‘do ‘unen which eonp’mred
neasotuibly with the diumiem sic is amid temi pe “mtuunep ‘ol’ihes c (theme /unutuenstun which datum
ccuulcl he foummud ‘m hite ‘umtuu . I ‘umlcumI~ticumi resumhts(e.g. tluctse temttpe‘cmtunc pnol’iles) umr’
diseumssediii Cl apter7
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APPENDIX 4.
CORRELATIONS FOR THE CELL RESISTANCE

A4. ( AIZ’IJLA’I ION 01 TIlE CE ~ VOL l’AGE IN IHE SOFCN”OI)EL

A4.l I Background:SOEC types

‘1 ucre is u hu rge uuuutibercuf rel’encuiecsimu puibhie hitenatumrewhachidiscussequmaticuuusfcun the
eaIcumh~mticumiof thevoltagelossesin vii SC)l’C muucidel. I Icuwever, iii uutauuyeasesthec~mheuIatieumis
ax reported iii geuteraltennis cimuly. Few ~muuhhcursdiseuussthecquuatiduums~muudparametersNi
suul’b’ieieuit chc’t~miltc> emuableumsinig their cuirrelatiomisf/un uluodlelhiuug.Seheeiuug theimpprcupr’ate
cl~mtumumuid equumticiutsto he umsed ii a h’uuch cell nuucidel is h’uurther ecuunph’eimtcdby thef~cetthat thie
ccinneh~mticunsdise’ usseelin hitenatnuretire cut’teuu ccuntradictcuny.Di1’b’eu’euut ~muuthicinsnuiakevery
dil’l’eneuut ‘mssum tipticiuts with negumrdtci theeflhetswInch tine imuelumehechiii the uucuelch auidthe
el’b/uetswhich umre utegleetech.‘~‘lie h~mekcuf a widely umeceptedsetcuf ecuu’rehuiticuuusis partly clue tcu
the lumek cutemuclerstandimugcuf thet’uuutduuuaemitahprcicessesat theeheetncude!elcetrcilyteinterface.
I on exampleDivisek [I 994~i idieatesthu~mtthe nneehuauuisntwhIch detenuuuiuestheeathcucle
pcuh~unisaticuuvwill ehumuugewith teumihueratumne,wbtile dift’creuut p~cntiahcuxygeuupressuresor
dift’ereuut I’uuhrieumtioui uuuethuodswill imiflumeuuce therateehetenuiuiunuugtneehiauuisunits well. ‘I umkeda
[19871 showeda siuiuilan ehu~muigeof n~mteelctcnuuuiutiuigstehu1/in ehib’fereuut it umtcniahsi u thuc
di thcuelc. Hcuwdven, theuutaiui u easomihun the largevaniaticumiiii type cuf ccunrelumtkuu usedNi the
dil’l’crent miucuchels lies is dumetcu theddveloputeuut cuf dit’fercmt typescuf lu el cells.Differeuit types
of Icussesheectuui elouuuiuiummi Ni cuichi ype. Basictmlly aChistimictiomi caut hue mntmelc betweenthree
typesof SOl C’:
• Auucuclcso upcurted:
• Eilcetrculytesuuppo‘ted:
• C’athoele s uppcured.

~heetrculytesuuppcurteclcell
Origiuualhy, fcueums cif develcupnuentw’ms ciii theeheetnolytesumphuontedcdl. Iii tb’s typecuf cell the
ehectncilytc is mciii tumb/metumneeliii ab’inst stepauuehsuulusequucuuthyeleetncuclcsareumpphiedtcu hcitht
sidesto (cur ii the PUN chemutemit. ‘I ci mitake il gcucucl P uN ltmyer requmines~ucurcicmselect‘cuehesIuuut a
demiseamid gas-tightelectrolyte. mu the 1960’s um thick (0.3 mum) clectreulytew’ms used
[I hirsehcmuheil’er.19981. I’bas liutuits apphictmticimiof thue SOl’C tdu hugh tcuutperatumr‘s. Omuly itt

temtupcnimtuuresashigh ii’, 1000 C’ theicumuic ccuutduuctivitycuf Nm eleetreulyteheccumtessuuffi ‘i mit
tdi achievea s~mtisfactonypenfcunuuu’muueecif the fumel cell. Devehcuhuuiuentcuf betterfabunicumt’cumi
techutulogies1mG iii theuuscof comisichenuthuhythiuuncrcheetncihytcs(I 00—~00Ii iii). Lvcui thuciumg u
lossesiii theelectrolytedecreasecomusidemably wltemu uusiuug a thuimi cheetnculyte.it thechcctrculytc
sumppcurtedSOl’C theohuutuie’ Icussesiii the cleetreihyte°tire uuuuuehhangerthancutbier typcscif
Icusses,‘~‘his is alsci clime tdu rapidkiutetiescuf all reumetidumusinivolved at thehugh teuuupenuttmncs umt
whichthe electrolytesuuppontcdS0l’C is ciperated.‘l’he chectrculytcsuuppomtedcell is uuscdl tIme
I/un cxamplcby SumNerI lexis I Sumhien~timid by SOI (‘ci [Bummniutger, 20021.

At though mbtc cutrctmi oi thectccirotyic consistscit ionsamid lot it hcctrcimms, time tossestitit gcmicrat ty met ‘r ci to

as ‘ohmic’ or ‘hR tosses’.
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eteetrciclesuuppcirhedcell
hi ‘ high cuperatingteuuiperatumne.while it heumdstdu low pol~mrisatiuin,caumsesltmrgd uuiecIiauu’e~mh

preuhu eutus. Setmhiuug,nueehuuuuiealintegrity tmnd Iciw—ecist uiutmteritmh selecticumuarc umIl mutuehu mutcune
di’ficcmlt tci tmehieveat 1000 C’ thutmn umt 800 C’. ‘I’hcrefcine uuuauuymnamuul’tmeturcrshiuiveehucisemi to
ehev‘lop ‘imiternutedi~mtetenupenature’ecu tccpts,whuich cipenuite iii the700-80f) C’ tenuperumtiune
nauuge°I Icuwever, perfonmtuumuuceat thus teultperumtureheecumutesuuueluIcuwen if thesttm udht nd cell ‘s

umseddueix the higherlossesiii theelectrolytetumid theltmrge imucreumseof e’umthucuulepcihtmnisumticiuu
at thus temuu uenumtumre[ Krist, I 994~.‘~‘ci limit Icissesin thecheetrculytc~mtthus tcnupcrumtumnerequmines
ii utuumclu thuimumiencleetrcuhyte( i0—20 limit). Althucuumghu untmkimug a gastight eleetncuhyte‘s fetmsihlc
uusuuugsttmte ot’—tbue—tmrt I’ahinicaticiui teehuuuulcugies,sumehu a Inmu eleetrculytewill midit hue strcimug
cncuuughu.‘I buercfcureomuc of the electrodes,tmuucudc(in etcthuoche,will hituvc tdu lie thick cuioumghttcu
suppdurttheeheetrculytecur a smupportimuglayer(fcunexautipleuuuetalhie) will hutmve tci heumdded,
Genentillytheeleetrciehemuuieuuhredueticumicif 0 is uuuuuehi miudure difficult thiummu the(ixidltmticuuu cuf II,.
Imu cuthenwcurds, polumnisumticimu luisses,mt the ctmthcudev iI geumerallyheuuuuich htmrger thamt the umuicicfe
losses,I herd/memutdust nutmnumftmetumrersh~meciptedfor theuuuodesuippcu‘ted cell. l)evcldipdnsof
thuG type imtelumde‘h’cukyo Gums[Baha,20021,PNNI, [Siuuuuuer2002~,GIculual ‘l’hienuiucu electric
I l’amug-2002I. I’hue cathodesumphudurteelcell is umsedby Westiuughcituse[Ray. 19921.Althioumgbu us
ehcuieetmppeumnstcu hebased uuuuumily ouu the systenudes’guu(Nutegratimugumi’ pre-hueuutiuugin the
tuuhuh~mrSC)FC), thecatlucudesuupporteelcell cuffersit muumuuuhercif l’umudtmmuueuitahumdvumuttmgcs.
Aeeorehimugid Rietvehd[20021 Nm mitiiu issumes’mneciii thu amuodeside(suulpluumn. oxidumtkuuu
resisttmnee,dry refcinuuuiuig/chineetoxid~mtioumcuf unetl mie). Au im1uontuumutadhvumutttmgecuf cumthcicc
suuhupdirtedcells is that they offer macirefreedcumtub/ur ‘cmugineerfaug’theumuucmde.
‘l’huree types uf Icussescuecumr Ni the SOFC:
• Ohuiuic losseson IN lossesits u ncsuml of mu mushucurtof iou s in theelectrolytei nd elec’’c us n

clectrucb‘s ii id cuumneuitccilleetcins:

• C’ouicemmtntm ion pcultmnistmtiomi(q,), which mepresemutsthepent/i ‘muia ice deencums‘ u s a ‘esumhtof
hcuwer cdinceuihnatidinsneume ummu s umt thenctmcticmm sites. I on exummuipheccmne‘nttm~mt’ ii grtmdicmuts
nelum edto dil’b’umsicin Ni theeheetncuelesuagh he ummu ‘unpontuo t factcu’.

• Aetivumtiomi Iucula‘istition (mg). wInch is thi ‘ uerl/inuatmuueefoss dum o b eslov kNi’ ics cuf omuc
un tuctre neu cticun stelis. In theSOh C tmet’vtmtiout pohuinisumtionciecumrsmuuum’mthy umt theca hucude.

‘I’he eouitnihuuticincif the ChIle‘emit typescit Icissesdepeuuclsstrcinmglyon thue typeof cell. In luighu
teunpenumtuurecells the miutmin Icussesandcuhmu uie, heck umseneactidimusimre ye ‘y rumpiel. \et’vttticumu
polarisaticunheccutiesmuch nuore impontumuit itt lower tenupenatumnes(e.g.800 C’). Amu’mhysis huy
for examuipleKnust [19941 shicuv s thuumt cumthucudepcultmnisatmcuuuheecmuaesdomNmtmuut umt tI s
teunperumtumnc.
Becausethesumppuntimug eheetuxudleis ccimisiehrahlythickentht n hi ‘ cithien c imiupom cuts uspcurt
cif gimssdsthncuuughi thecleetruideis buimudereel.‘I’ypictmh nesumlts for the‘muucudesuuppcintedcell ‘ire
reportedby I cukyoGun [Bumbum, 20021. Plcits cuf V vs. U showa p ‘cumuouiuccddecreumsecit V
uuhove70-SON. Ii’s iuuudieumtessciuneturin cit eciuieemitrumticmuipci anisumticiuuitt theu ouch . ‘his
largeedumueeumtrtmtiduuupcmltmr’ saticimu is not fuummucl iii theeleetrculytesuppcintedcells. I ‘s tI en fcmre
essemitiumh to detcrniiuuewhich typecuf fumel cell will he macudellech,buec,muscthehuhiemiom met a to he
iuueluudediffer per typecit cell. Btmsedcmii thedevelcipuueuuh sttutums the selecticimiof ccinmelt iou
fcueumssescmli high teunperuitumneSC)I C”s (bcutbu SumNertumid Westinghuouye dcv‘lop thus typ ol
fuel cells).l’cin phtunumnsitucks thehigh temuiperature operiutidmuuis umsed iii eectrolytesuqupcmrted
cells. ‘I’huerefore thus typecif cell is comisidereel.

‘the I ermil ‘i imtcrmiIedi’itc’ suggestuhmat iticre is tmtscm a icmw memmmtmeramureddvetcmpmcnt.t hcrc is no cc mm~itmr’titd

immdusmriat devctcmbimmieni cmi SOb’(’’s witim at cmhmcmami1mg tcmnpematcmri.< 70() atttmcmugbmsomewo k s ho i’ done cmmm
SOfA’s operaming Si 5db) hOt) ( ISteete. t 9911

A- 12



A4. 1 2 Overviewof’ correlatiomususedin literature

Muuuuycuf the dcttmihedmticmdchs dhiseussediii litertmturetire usedamiabysetdm tenupcnimtuureauudflcmw
div ‘ihuti in iii thefumel cell sttiek (e.g. [Mmmrashui, 1994~,[Dekker, 1994~,[Diuug, 1997~).Othe’
nicudelsarc usedtcm deternuimuestressesdlccuurring iii thefumel cell (e.g. [Sullivummu,2(1(121,
Wtmtu miumbe.20021).Ciemucrumlly thtcseuuucmdelsiuuvcuhveavery Icmrge umumuuuhe‘ cuf eumleultmtiomustimid
sin pIe ecummel~mtiouusaremusedl to e~ileuuhatethecell voltage. ypietmlly the ealculumicunsumse a
liuuetmr apprdiximnumhicuuufcmn theeummremut demusity—cehlvoltumge:

V V,c, i’R’ (A4-h)

I uit’forcmut cn~prcmencItis uusedby Cumuuupamitm‘i, who umsesa fled ccI vcihtumgeumncm appliesmimuear
conneeticunsb/un thecell vmlt’mgc uus l’ummueticumu cuf tcutupcrumtune.pressureuiuud partialpresstmrcscuf
nctmettmnts[C tuuuupumtuumni,20011.‘ his is tmn tmdumptumdcmmucmf the uiuethuodusedby Bemijumunium,cOil.
[19801timid expamucledby Kiuucmshu’tuu [19921.
Morephemucmuuueuxuhcugical‘mppncuaehestine useful. S eelc uassumggesteeuuutmk’ng t distiuuetiuuut
luetweemuthe cuhuuuienesis uumucc timid ‘i uterftmei~mhmesis amiec’ [S eel, 993~.when’ theinutdrftieitml
‘esistanec(N,1) is flue n sistumnee asscid’cmtcc w’th umlI p ‘cucessesat thcel ‘etnod’ electrolyte
iuuterftmee.

V V cc (N,,1,,,, N,1)

A mncireadvamme‘d methodhucscdomu thu’s ehistNuctioui asheemuusedfu’ SO C. muuodehlNugby
N’I”I’ [Wtmttnutmhe,20021.In them mid del tbuey ‘muecurporimtetm Ii ieuunecmmnel’mticuu f/in thecuhunie
ossestool c dl tmdn,mt’c’’mmn lat’cumu for uc polaris’ t’ i

V V ccv ‘ ‘ ~,,l,, ‘ 1

,~ tiuud N1, depeId 01 thu emiperatutr’. Wtmtt utahep ‘cmpdm s tie lcmllcmwitug n ‘luitio usbu’ u
betweentenipcnumtur’timid rev’ stummtc

Ic I I /I( I

11,1,,, N,,1,, , ‘ e
ummud cm cumleelate t e uolum ‘isum io ‘ sistumice ut dilf ‘‘mit cunpe‘tmtu mci.

II 1 RI 1 RI
I’’’ m>cl. I

V’mluues (cur N, ,, ‘cud N , we‘e est’ tat ‘el f ott thepemfcunmu’umuceo’ hueccl iO d a‘tiv, t’dun
engies(H /un iouacco u luetivity cuf theehcctrcuhye amid a fun th ii umimu e’mthtodc ‘dad icm u)

were baseu u du ta (nounhitertmtune.
Wcpfcr. ettm . [19851 cmf CecungiaInstituuteof cI miology discussed‘mu amutihyticuml mod ‘I of he

C) C t’mkim g imuutcu umccuuuit till thuncetypes if losses(cuh uu’c. co ieemtrtm ‘cmi it d uoltcni ttiu ).

Although iF is letmds to a modelwith so mimmuy ptmrtmuuuet‘ns tI ut it dci’s umot huumve prumeticuI ums .

can heumscd ums a s~mnduc-pdmiuutfcur ii uuphificuiticun cmf themodel by tmkiuig imuto ccduuuntu u y
u ucmst inupcmr aim osses. titerwork tm thus i ustitutesbtcmw‘d th~t for high t apcnimtuncfuel cells
the ttctivtmtidmmu 110 cuitiuml is mueghigihhc[Htmynes.20001.l’or au tmuuodesuppcurtedcell dl~duitim g umt

1cm imroecsscsi nvotvimmg am,mclmvtci mdmmm emlergy.hoc eximnititi. (etccircm )ctmc_mmimcaircacimdmmms,itme immt’tucmmc oh tie
(em iperamuri. ciii time m time cit mead00mm cieimemmdbs ciii mtme ciCitViii cmn emmercy t~,I kJ,mcmi I timid cam tme c,miccmtemt‘ct m s mm,,:

1 /5F k~’c
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“sw t. rlayneb uses inc ioitossing corrciataon incorpora Inst parat ICtC5 br foil WitSatIofl
mc mcenl mition polar~sation:

~ ‘, ~ (i ~ ~t ln( ~i_) :~_ln( ~ ) ~ ~fl( :
Thtuastthre tanisusetheiimitingcurentdensiyatth’cithock.(i )andanxk.(ijto
calculate tic cot c ‘ntratio i lossa,.’ ‘hi. a + in (I) refers to activation losses. I hi. pa tmete’s ii
this modelcan hi. st’matc.d from experirne nat dii a. I towever. he parat iclers used in 1 is
c me ation are not rcporttd.
AconipietsetofequationsfotheSO (‘hasbeenpubishedby K!! .JuIIid
LAch ‘nbach. ‘9941. ‘he g naat eqntic,i ned to cactdr c ‘~eccii voltag is:

V V.~ h(R~ ~4

the ~thodi.a c uxk ~oIarisatioi • t caicuiatei. us’i s,tht.& ‘t m~’ c. i.’g’i.s.

I R1IP1’ ‘k I K (/4 ma)
2!’ ;~p)

and:

RI .1~tir k C’ ~ (43,)

21 p)
iheact’sationenergit.sar’ stimatet. ‘On ittattn.nti. .stinat” 01 ap c.pmn”itia
facto ‘~ tstirnattd from i.xperi tenta da a in liteitturi. an. sivul ii th etic e.
Aithcughothermodesuinbelouidin iwatua.thcabw’gs”sagmdirnpttsson mthe
large nwnbcrof diffauitappvacheswiici t’’us”di SOC mcxeiling.iiis Ii rgc. cen
niodeIliagnichoclssmaiiydui. o heic ofwiddyapplicabetidacctpul nudis.

A4.1.3Seei.tioi i t correbtu , lttellres’stavte

‘loassess Lichequationsiould mtus lit hcftt.IcdlnxdcLtht.e vrimi.th cata
repor ccl in literaturehive nn usiA. A largei umbet of e pc.rimentali Vcurses 1 & s xc. i
pubiishc.d.I-owcser.iienaatioiof lx.s.thtaisdimcui lie tport’d esu sjexr~iiy
represent ittherarbitrrypcnis inth coitin to sprocessof i iprovemut fpc.rfoiai cc..
l~urthennoic.condions tinier sshichIh’ c pcrimentsire caTiec out if thc..y truth •‘por it
alL in manycasesdo iotcoiespondtothc.actualcondtionsin di. itciceL
On tin, oil cr hand sime c mciuson can he draw i ft mm the ixperimu al di a tpo te
public iteratwi.. ihe nost relevantconclusion is that lot high t mpt~t ~ n
(>8O( (‘)thci Vcur”est ‘eapwoximateiylinear.Thenmlbrcic&ppmxiintionus ‘ i
effectivc.c. Ii resistanc isacceptable.Becaua (hi. cli resst’u c i con rite chin
concentri ion andactivation I rags, the cii r ‘sistancc isa functioi mf ha mix’ tire ~r ssuc
andconcentrition. he temperature is chatty themost important (actor. ‘1 h vt toss ii the
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cue cell ‘s thu mesistuimieccmf theelectrolyte . Aeccu‘dimig tcm l3cmssel [I 99” ‘bu~ theeleetncmlyte
cc u lumetivity cumn h ‘ mepuesemutechhuy:

- / am (A4~b)

with 1580() [uhuuu ii I~utmicl 13 1 030() [K. If chis hIt’ Ii’eknesscmf theelect‘culyte, hue
d I ‘i’d ~h~0d i ig nesistuticc is:

cc

I he icmmmic uu ucldee ‘cm tic ecumuehcuetivitydoes mucut dependomu pumrtitd pnessuu‘es cuf the eouuupcmmueuuts
um mci ix Iitei’c ire mucmt dm’nc’od:m it mmmi ,cmit, pr ssm mm’e timid re’metami, comm ‘m’ntnu I icmmm x, ( mmuc’entratimmo

hucmhumnisuuticu ‘to Is’ umme l’ounicl cmmih~uth ye‘y highu uutihistt icmm [C buiel “002 [ timid imu Icuw
eumupcntmtunc.ummuoulesuuppcurteclcells. I on time icunmiutil open’ ticum ecumuehitiomisfo ‘ theclcetrculyt
suupponteele ‘II the ecunecutntit’ouu p mit nisumticm i clcuesncut seeuuutcu heau i uupcmrtumuut futetun.
‘I hue‘clone uc ecmuut‘ihumticmn cuf tie ‘ etivatiumi pcmltmnisumhiou, which doesdepemuchcut tie pantit I

luu’essuunes,c etenuiiuues whue I c this ‘If et hutms cm lie takeum imutcu umeecuumm . ‘1’ uc umiuoclc pcula ‘isumticun
is cumuly smutum I. V estiuikhici use l’cu cx’ u uple nepcumtsu mucmd pcmlumnistmt’cumi iii he mum ic c ‘7 15 muV.
‘I hue uiuaiuu eumutnihumticmui will he hIt’ eumthuodeumetivumticuuupcuiuunistmhicmm.
Pu’ the MC I C u hum ‘~cnm uuhenexpeniuucuituml stumdieshuumve heemucuun”ccl o I tcu dc tify which
lossescuceum ‘ timid dish’ ugu ‘shu uctwecmuI/un exanupheumetivcmt’cmmupculamisumiii amid cuhum tie Icusses.
I m’ thuc SO! C’ t us typecmf wcmrk is lute ‘iti

7
. hi tm (iNI study [Rcuuiucmcu, 1996[ thuc pcului ‘isat cii

nd cmhuumuic’ Icussc’s ‘mnc c’tmlcuiiatc J s~,u:ti’tuc’Iy ,us t1 (~muuc’b’cmu cuf t~uuinentttum’. Pb cxc ct c’uultmticm us
s ow thitut uc 100(1 C poltmu”it I ium itus a s uitth 1 co utnihuutiouu( 0- I 50) ‘t cmcuusiug m
‘ppmuxiuiiumtc y 30’ ‘ )00
‘Ii’ ucmst m s ‘l’uul dtm ‘ ~ iii (‘mcmii Sic sicums \ycst’ i7ii0 . e (SWImC) h du umse 1 ‘y I uuv’ gull ci

uuumchexpei’icice with them tu huuml’ n do dd~ . Sic uieiis’Wcstimic’hicuu s ‘ I is tes d thuci’ system
pressuresI’m mum umtmuicuspbicm‘e hum IS htt’. Repcmmteclnesumlts (Ion ‘xt uiplc i [Hinsehemihicufen
1998)shcuss 1 ttt tite vcu tt cc immemeulseV(iu)-VOu ) ‘s cmi hy s ighitly Luger th tc theehmtiumge‘n
Ne‘u st vcmlta7 tms anesuml of I tumessum‘e im em‘aseV, ~(p~- ~(p ). h’s ecum linus the hun’ ci
i fluemice cmf the u essun (t mic pi ‘tiutl p ssuu ‘ci) cmii tic eel mc ‘s uti ‘e. hu ‘cfci’e I ‘ cell
‘‘s’s uuuueeis cc isicter d tcm lie a hum idiom cml tel i ucn’tt me cmi y.
At 1000 ( tim cI 80’ tumel u tihistmticmuu the Ncmnstvolt’tgc will h’ cmpp ‘cix’m uat‘1/ I 9 Vcuh
Oncuumtimug cuumncmu ciemusitiesarecxneeteclo uc ii the ‘mu ccu ‘.3 5 kA!u F f mm multi u’ r ynee ‘1 s.
/ ssuuuuing hue cmpcnumtiui~cc 1 vdmhhui7es h’es in the n’umgc cuf 0.65 0.75 vc t ti’s commespumudstc u
cell ‘esisttmmueevt ‘y’uig I’m mmii 0.8 cuhumui’e ii’ dowmu to 0,~cmhuuut’emum
tuised omu muicuclel ctmieuulumtiou s touch m icumsumne temutson smuutmli simugieccl s it ‘ expected It umi mci

cml tI ecell mesis tum ccuis cuw u s (1.25-3cu mi e ii eamuhe achieved(ep. [Btig~e’1994~ St el
1993), Hcuwev‘u, hIt’ e I iuerhcmnmn’iuieeof uictuutil ‘cud cell sttmcksecu ‘mci ucu ids o mmuuc u higher
v mhumes IOn th c cell nes’stuumc ‘. ‘I his is pum ‘II cluetcu hue imueretisimug icussesas thean tu ~ e’
imueneutsestimid ecmnncspcmuich’iiglumrgeu imu-plaume Icusses.b3umt the eleetmcmmuieIcmssesiii the
iuutenecmumtedtutumd ecmnttcctu esisttuieehetweencells iii a stumek umppeumn tcu he tIme uutlycun m ‘ums m s

why sttmek penlcmnmumuuuueetimid siumglccell penl’cmnuutimed is verydil’Iereuut (‘cm tuhumuuumrSO ‘s.
I huetelcuretImeeel nesisttmuueewhich is umsech imu this Itesis(0.75 cmlii t emit2 C 9)5 C) ‘s ‘ m tIme

time ihtmmsum time thu. etheel oh temmmperaicmrehim time hoveex iii eheeimohytc: mime emh tidi. cirop iii. mc,.. time ehee mc y

immem’ea.e. by nmcmme than 40~mt ttmc iemumperamcmm e decmeasetm’umum i (bOO C’ cdi 900 i’.

‘Iii. imhm axe’ emimmcemmimtuiic,mi ‘tait.’ way immmrcmdtmmcedt by (‘tuck I 2ti0’ I mci mmmdi. time mimi, typic~mhditm in mime i V ‘cm
a.xcmcmaicci w mth ecuumcenlraticmn poh1mri ‘anon 1mm im phi ccmrmc’mmi demmstiy
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luau WAtt Ut we cwcumaec& range. uecause me coniact resistance alto in piane iossesarenot
ca sideridto be highly temperature dependent. the conelation for thi. cell resistance is split

& a uupcrature dependentpar (IR lossesin the electrolyte and pola isa ion losses) and the
lumped ‘stackinj.’ tosses~ihichare temperature independent:

R R1 R1~
ho ckter nine he temperature dependantresistanceof thi. electrolyte the equation suppled by
Bossel was used. I or the cathodc, thi. equation s ipplied by Achenbach (A4 3a) was isecL I or
he ac ivation c.nergy of he cathode. dependingoi the material, the activation energy ties ii
the rangeof 100 to 200 kJ/mol IIakeda, 1987J. sower estmates havi. been used for exampk
by th~Gas Research Institute (USA) (10) kJ/mol) tKrist. 1994J and i)ornier (1)) (70 IJ/mot)
lEsS a l9901. Because the activatiot energy for thc. electrolyte 01 which the Bossc equation
isbasedisequalto85ki/ iolfallswellinthsrange.tiisvaluehasbeenadapttdfcrthe
cathode as wilt. Jsing this the cdt rids ance can hew itten as:

R ~ ~ RI I RI , (/4.5)

with rSSk.Jhnoland I is925 C lheratioR,/( has aS nrityasstiiedtoc.qutl tin
figurt. A4. I he ratio R,/R betweea the calculated cdl rc.sistanee at te npernture ‘I and tie
cell resistanceit ,efc.renc,e temperat ire (925 C) is cot pared to s igle cell data fro n
literaturc. ((san Heuve’i. 993J and IDtenPhahn. 19931). The fig arc., to slows thi. data
calcu medwith theeqwtons from Aclenbach 119941. ihedata show anasonab e
correspondi. ice.

Rt/~olI
MN

/i.hubacl

Sitnums

‘s IN

I,

X tO ‘XX 9~0 1.0)0 1030
Ieaip’ntw led

I Igur ‘/t4. 1: ComparIson of flu tempt saturt dept ~sdantpart of th eli r slit in t 11th

si,:glc cell data for the IOFC from lii ‘inner

Iheexpessiot used in the 01 ‘iiodeldcafo lecnn s:

R 0.375 (c. “~“‘ ‘° I)
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4 2 C ~ (‘1 I ATION OF THE CELL VOL’! AGE 1N T {E MCFC MODEL

&4 2.1 Ci ‘kgroemmm Modelling theporoitselectrodes

hme basicclesigmm umseul by mmmcmst MC C stackclevelcmpersis mmmcure cur lesssimmmilar, \ltlucuughm
hifferemmt mm mterialsareevalumateci.simmuilar heelmmmidhumesamuchmttaterialsmire gemuerallyumseci,
I lme ‘el’cmre clevelcupimmga mmucmclei Icir (hueealeumlaticimmcmf (huecell vcmltage imu time MC PC seemmms
sm upher. Icmwever, thue prcueessarciummuch (hueeieetrcuiyte/ehecucmdeimuterl’aee imt tIme MCI’C is evemu
tucur ecmm m )Iex hamu imm tlme easecml thue SOI’C’, Firstly becausecml’ (hue mmmmimmy ‘eacticumuscieeumrrimug

simmmt Itmimmeci ushy imu thu’ mmmcmhemu eam’hommate./ larpemuummumher cml’ c il’feremu mmueehamuismts amtch
imutermtuedi’mtespecieshuave heemuprcmmucusecl.S ‘ecumudhy(hue imu(ermmeticimu hetweemutIme hidlumid
eleerculye~mmuchhue gmms pbmase‘mm tIme po ‘nuts el ‘etrode is difl’ieumh (cm muucmdeh,Althcmumglu muucmelu
wcurk bmmms b ‘cmi cicumme to chmmril’y time perfcurmmtamcccmi (hue M( I’C, ul e sihummmtiomms is simmuilar tci (he
801( , 1 o gemuerahlymipp iemmhule mtmmcl u~iclely mice ‘p(ed ttucuclels exist Fur (hue MCI C gu cmi cut mite
thme cell vcmb (age.
[mirly imu thuc cleveicmpmmmemttcit tIme MCI’C’ it w’ms reecigmmisedUmmmt umumderstmmmudimugthu’ true‘ssesmit
theeheetrcmde/eleercmhye‘mtterlmmee is mmecessmuym much essem~mmht i hue ‘chIc gu cupb mmise (lie fumel
cell mmmicl emmup miss wmms pimmeecl cmmm mmoclehhimup(huep ‘cmeessesitt ulme ucmrcuumselect‘cicles. A
s’gmmifiemmmm steu wmms U e mmc mmptmmchomm ml’ time mmgghommuermiepcmremmucmcic I by Yumhu mmmuc Sehmmummmm 1984].
‘l’huis mumcuche emmahhedcheserihimg ime processes‘mm th poroumseleetrcudes.Ammottier uuaycurstep
wastIme clevelcupmmtemm cml time ~SInucid ‘I (see]Wcu f 1983], ]Wilemmmski, 1985mm]. [Willemmmsk’
I 985h]).
I ,cussesimu t ue MC C immive hecum immves(igmm(edums’mug muummmmy c1’ffc ‘emm (eeitmmiqumes(fur examumple
Mmmkktms, )9() I ehmu’ mu I 99( h]. ]l Litu, 200)],] ~ee,2 )0 I ),‘ y uiemmlly hue ‘ute‘immeimil Icusses

i u (hue mmmucucle (ecum e m rmmt’cum ±pcuhmim”sm ticumm dc ‘‘o tie ‘esisgmu ‘c cuf thmc ‘mmmc de) w’ Il comutrihum e
I 0~IS’, cmi’ hi total losses‘~ h e ‘emumaimtdercut (hue Icuss ‘ is cI vich ‘d cuvem thue P Icussesitt hue
‘leetrcuiye ici tie tm mmspcir ) mtmmcl tueho sesit hue cmi imude.‘I Ime cm thode uohmuismm iomm mippears(cu
ue lmcrgerUumuu (I ‘ hR 1 sscs,‘mm p’ir(i ‘ mlmir mit how emu p rabu‘e I Mum ‘tm 1998]. Butt hothu typesof
Icmsseshmmv ‘ c ue Om e m ‘m cu mmeecuummm u c vehop~muchic ~tiv ‘o ~I’mt’culot (huecell cul mmg
‘I hue losses‘ ti eel etrcmlyemm ‘e mum itt y uletermmmi m I huy Ut (em upermm cure, bcummic ecummdu‘(ivity
it mprcmvess(’ u mgly wi huimm U e te mpermm umr rmimmg it wh’eI tueI CI C o uermmtes, cm’ ex’m muphe.
IR hissesdeeremmseby SOC if tlme temmmperm(cure immer mmscs f’ itt 575 C tcu 072 C. A sscre m much
gaspimaseecuumceuutr’u‘outs do tot ‘tmfluemue ‘ (hueecmmtduct’vi(ycmi (huedc ‘(rolye. Pmr’~I pr sum ‘es
Fir 0 mmmud Cl Imcmw ‘v’ dci imtt’lumemuee (hue uculam” smmtio i Icussesmit (1 ecmmth mdc, ‘1 bmerehiu‘e tIme

mllumemucecuf (emumuermi(uure, um’essumremmmud remmetmmu c’cummeemmummUoumsImmive to hetat cut imt(O miceoc
‘mu ihue emmhet hmmtic mu cmi (huecell resisoumec,Agm it selectimugmim mup urcuburimmteecu‘rel’iticumm mimuc
umummmnetersis m cut strmmigiut forwmmrd, om c mimumple, hue itt ‘humemueccml’ (hmc t m perm (um ‘e cut Ut ‘ eel

resis(mmmueeis F ummci bum vmm v i h electrculytcecmmuuucusiticmmm I Mcuriom, 1998] mis wc Ii mis with the
lilhi mg deg‘cc cut theporoums ‘heetrcmlyte ] Humi]smtumimms, 1998], 1 me ‘m flume ccof hue pmmr(’mml C C)
pressumre(p~02) tuurmus cm o cm hueci’iferc mt mit time hught C I) eomueemmummio m itt time stmm mcl’m ‘c om 5

umsed icur ccli hes immg (miiu’/CO 70/30)thumuu mit te mtmumeim Icuwe‘‘cumuecmu ‘m icmm s wimiclm ccumr ut
(hue mmeuumml systeutu.

A4~2~2Overview f i wrelmmt~it s its ‘d itt 1’ cit timie

\/hmmmmy diffcremmt typescut mmtcmdcls emmmm he hiuummd in li eratumre. I hu’ ummos si mple mmmcudeh c c~I ‘iii’ te

hue cell vohPmgc is by umsimmg (hue ‘dilThremmt’mihs’, I’cir exmmmuuphe.time mmvem’m ge cimmi mge imm c‘hi v’u mige
witbm temu’mpcratumreis determmum’uedi’rcmmum experimmuemuLmldatmi, Iuxmimmmphes cmi this m pprcmmmelmc itt It
l’cm mmmd imu Bemujammuimu11980]mmmmd Smutcm 1 991]. bum time 411 cdi ‘cumm of (lie I tuel C dl Hammchhcmml
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‘ilic. ilaes )tlLc e’icic.Th.hasc.n b ‘npubi’slul’ th’artic ‘.

Selm’u an Li (199 Ihav c.et.ruixx cooe’iioisfw cahou..a
based on Iabc.. asu” s. 3y it’igtic. ~rinerclr silts o
exw’ssi) s inst xci cand’~ tarisatio ‘tic ix xl ‘ ‘a to
todep ndoah t’ c.ntu’ ‘ d ncru paris pressu’ su icdc.(

Si ii t~ )U.ta’fl5%’ ‘is s ot c.h tic. ‘p CI I ,‘id
his ~t ‘s xxi lliis..i ii ys’sl~sl v do ‘i’i’ p.’ .. ta ii fio

bend s’al V s.c ‘r tic if) i c’Ilsolt’s,en’s. sus o sginnui’tf—
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V V \V 1
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R liii ~,7i 10 II
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‘) e ‘s’”s i(365 p5~ ~

Aioticranioacl hasbu uapedbylR lDin~19’7I. 1 stain’ io’ittb ‘ ixd
devel pi tent is 1 c.c.qua in a:

( Ii’sehenhofer. 19981 a complete set of data is give ito determine the influence of
i pera ue. pressure and reactant concen rations. Although it a takes a practica apptoach Is a

system modelling, it is not a very accurate method.
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APPENDIX S
INFLUENCE OF ASSUMING A UNIFORM TEMPERATURE

DISTRIBUTION IN THE CELL HARI)WARE

It thme ummcucluI cmi ime cell elemtmemmh whmiehu is clevelcmpeditt Cimmmptem 4, tIme immmrclwmmre cutthue I’uuel
cell ‘hemmuemut is mussummtedtcm itmuve mu ummmil’cmrmmm temmmpermmttmredistrihumt’cmmu,lit tlmis mmppemmclix tbmis

ssumm mluticmum is cimeckeulhy mitt mipproximmumuteemuhcuuhmmticmumcut te umpe‘mctuure I’ fleremueeswithuimm ti e
Itard~~re, ‘ Ime temm permituurccut time prcmeesstlcm~s itt mu ercuss~s‘eticmmm itt thuc muucmchelis
chmmmrmmeteri,echiuy tiuc twcm humm ‘mummieters‘F mumud ‘I’ tcmr time mcmucmclemmmmd cmitlmcucie side r ‘spec ivehy.
I igum ‘e AS. I shcmwstime humusic ercmssseet’cmmu cml mm itighu temmmpermmture intel cell. ‘I ime activeehemimeuts
(cieetrcuchess eleetrcmlyte)Iiurmmm mu tiuree bmuycredilat plmutu imudiemuteulmis tIme PEN~Immy‘r. I hue
elect‘iemul mmcd thuerm ummi ecumummec is tcurmmuedhy mu ccmrrugmut ‘ci p mute wimicim I’cm mtus ime eimmmmm ueisfor
time prcmeessI’hcuws: mummoule mummul emmtlmcmcle tlcmw. ‘1 hue luemut itt tI eeelI is gemmermmtedm s mu ‘esuIt cut hue
ehectriemulcc r‘c uts itt tIm’ ‘lee rcmly e mumuci duct ‘cucles mu mc mis m resumit cut It ‘ chuemmumemu ‘u md
electrcmehuemm‘cal remueticmumw michu mike placecmmu hue suurl’muee itt huedee rcmul’ pcmres.If tIme ~L’
hmcyer imuclumdimug tIme pcuresis ecuumsiulerecl‘is cm me plum se (withu regmuu’ul tcm tIm Imemut hrmummspcmr). time
assummmluticmmuemmmm lu’ mmmadetiumut mill huemu is gemmermuteulimu tiuc ‘LN layer.

ccmuuvu,,cuicm
ecmumchumeticmuu

,/ \ rachimuticmmm

‘‘\

chum rmitc

I’ i ~ure 55 1: Mom nmoM s of loot/ron vfer /tt I/mr ‘41 clement

I hue heatgo m r’ ted i u time I ‘N mmyer is ci’ se’’mrged 1 ‘cm m hecell It’ uuugi tIme prcmeessI’lcmw
ci luer iuy hrmmmmspcmrtcml hemutcliree ly im’cu mm tIme PtuN lmuyer tcm time prcmcessikmws cur thmrcmtm~It ime

separmutcuror imute ‘ccm mmm ‘et, ‘ ‘lue Imumut ‘s trmummspcmrteul cm tI ‘ surfmcee cuttlu’ I IN h’uyer lu)
ecummulumeticumu,‘lemut tramusucir I’rommm ttme PCN~Immyertcm tim sepmcrmmtcmr lmmte tmmkes plmme’ ti ‘ciumghu
ccmumduueticummmumud rmuclim ticumm us huile luemu rmuumspcmrtI’rommt time Pl’N-lmmye’ mmmucl frcm mu tuesepm ratc
hueprocess11cm vs tmmkes p mice hy ecumuvecticumumumud hy rmmdimmticum.

It due iuemmt trmumus ucmrt frcmmum time 01 N~lmmyerwitim t ‘mutpermmtumre‘F tcu thue separmitcmrp1mm e w’ Ii
emmmpermmtrmrc‘I ‘u uch time lu ‘ut trmmmuspcmrt f ‘cut m time s ‘parmutcurp at’ t theiurcmeessIlcuw (I ) ‘s
‘cmmmsidereclmis mu seu”es~urcie‘ss, thue uemuh t ‘mitts let red itt hcut u steps‘s eqrumul U demmcutestIme imea

trmummsl’em’ ecmel’I’ie’c mt Cur bme ccummveeticmm mmmmd 2. tiue heatecmmmclt chivi y cmi tIme selumratcurphm I
II s is humuit time hem gil cmi thmc seumurmutcir u ih (ums iumg time syummutmery cml time I uuel c ‘11 u kmmme m ) 1 e
~uvermigepmu it cut coutcimc omit t ur mumghu thue sepmrmmtcmr is mupp‘oximtmmuhely 2 s. i clx ‘s tIm ‘ cit ‘ti c i
tIme cell dci mm ‘umt ‘u thme direc icmmu cut tiue prcucessikuws (periueumui’euulmu’ tcu time crcmsssect’
clrmuwmm imu figuneAS I), thu ‘ Imemu tumumusl’ermedtiurcmumghm ccummulumcticmmmemumu he ‘cmumgImly muppo iumm’ eI
hy:
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time mu cmi wiuere theheattramusferfrcmnu thesepmuratcmrpimute tcu time prcueesstlcuws tmmkes iuimueeis
eqummul to dx ‘ s. ‘h’herefom’ thehemut trmmmmsterI’rcummm the sepmmrmutumrtcu time prcueessilumw emmmu he
‘sti mu<utedfrcurn:
dl sd ‘U’(T T51)

In thm t emmsethesepmcrmmtcmrpimmte temmupermuture‘s themm edltummi tcu:
(T Ti)i)

2~’d

U’s2

Usimmu~:

U 5’
this camhe ‘ewritten t m.

~ (T~ ‘I)~ (‘ T

If X,, ‘s smmmm I, the temnperatuu‘ci chifferemmeehetwe’m ito separmutcurph e mu d tim P ~N~Imuyer(thue
nummmmerator)‘s srnmu 1 ecumparedtcm the te mpermutumreditte ‘e m e luetweem iardwmu‘e ‘mmmd prcme ‘ss
thcmws (dencutuimuator).
Fcmr mm MCI C’ w’th mm m et’mi sepmtrmutcmm, he Cull uwmmug st m mciese’ m h us cI:

2c=25 W/uumK (he’ut resist’umut steelm t 600. , 700°C)
U=300 W/mum°K (hmmsedcumu cale l’ut’cu s i Clro mtc,r5)
s=O,00IS
cLO,000S m

Usimug times est’ at ‘s we find

X , 0,1)/f

“ 2 2’c
U s~

1 hi’refcmrc, m. roi’um‘vely smimuhi ‘u’rcm’ ‘si,ut cuduueeciit time mci mu’: u ‘ cml tic P ~ u’u’ tim d h,tc’

separatcmrplatearc assunmuedtcu he qn’ul. Tlmis resulte mum me extemudedto lue SOf’C w’ It mu
ceramicsepmcrmtcur: aithcuughmtime eummdue ‘vity 4 cut thesepmur’u cmr is icmwer imu Imis c’ ‘ t ci
thickeessd cmi ti ci rihs w’li he h’urger if cerartie m u’u em‘mml is umsech tcm cmhtmu’mm I e ceessum’y
stremmgtlm.Bmmsed mm this mesu t, atmd It ecmrmsidermmticm timm t scuhdscmlid mudi~ut’o v’i 1 temuc u evemu
cuut em u rmutuued’ fe cc ceshetweummsepmuratormumuci P ‘N mmyer, m mmcm id mitt ‘ fume ccl
elemnem umses cmum muper~tuure 1cm eh’m ‘mucter’/e mehumu ‘ciws re
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APPENDIX 6
S OICHIOMETRIC MATRICES FOR THE FUEL CELL

MODEL

It time fume cell mmcmdel, 7 ecm mupcumuemmtshmuve heemuimuelumcled it the mmuouiel: H CO. 11,0.C 0,,
C H , () mmmci N . I cmr themm mcmde mmmud emuthcudetime mmmcmle Ilcuw per ecmmmmpcmmuemiimire give t lmy
respc ively

[cp,ii

cm ,( cm

cp i cm dim, ~ (m

d)t ‘cm mummd: 5~ cp,,c cm (At

cm, ~

~Pa cp,cm

cp
0

cp,5

I’cu’ theMC C fuel ‘ 11. there’ eticu s uceumTi i4 mit Ime m mmcude‘ire
CO, + , CO + F,O+2 e (electrcuehmem icmuh reactiomu)
CI 14 + I h,C) 3 F, + C C) (m’efcm ‘mimimug remetmcmmu)
CC + 11,0 11 CO, (simiti remeiicmum)

1mm tmuhle A6, 1 tIc stcmiehicummmetriecumeffce u s (cm’ tImes remuchiummusmire s mm umnm rised.All cm 1
stcmielmiorneiricecuefficiemts mire ie ‘cu,

fAbleA6,1: R~oc/mocm.s//i i/i ‘Joel roll n nc/el (1ICI”C) niol c’oc’re.sjcocmclumg ,stomc’hmoouInc

roc’ffi’m’tmt.s’_* **

nammucof roact’o suhse‘ipt reacticumu s uiehicummetrie
ecmeffie‘ ents

e,mthcuch,c

v,,cc
V ,~ ~

eieetrcmehemmmie’u ‘N 0, + CO,(c) + H
reaction “> H,() + CO (mu)

simift remmeticmmm ‘5’ CO+II,C) > 11, + C0’~

retcmrmmmimmg ‘C CII’ + ,O > 3H, + CO
remueticmmu

mm mcmdc

v,o,~ I

v,10, — 1

V — 1
~ccm -I
V~,ui’ I

~‘.cm I
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5
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FJs’ uu~~th’ ecmmmmpcummemmtsmis defimmeci in time ccmmmmpcmsiiiom veetcmr p, mumtd time reaciicummsdclimmeul imt
hI remuciicummccucmrdimmmuievectorci, time stcmieimicummueiricmummutrix cmuum hue ccummupcmsedI/mr luothi mummcmclc
‘mmmd cmullmcmde. ‘lime ccmlummmmmscmi time mmmmmtrix comTespcmmudltcm time remuc’iicmums, tIme rcmws witlu tiuc’
ci em mic’m species. cmr ti e MCCC mu mcmcle tIme sicmicimic>mm etric mmmmmt ‘ix eulummils:

ii V V~ I I I

cc ~‘,c’cm 1) 1

i cc V~uucm 1 I I
N (MCI’C)

V, (‘cc V ,c cm “,,c’cc 1 I 0

V, ~ v ~ ~ ~ (1 1) I

‘2, V,N Vro 1) 0 1)

I cur tim MC C em timcmd’ cm ly time elecircueheumiem I emuct’cmm mesum s itt ehmummgesitt coumm ucmsticu
‘I lie at uicimicmmum‘tie ecuefficiemutslcmr the similt am d rd/i ‘mmm’uu~’ r mucticumu mire /ercm:

.0 .0 ~ ‘ 0 1) ()

o c o ‘2 ,, ci h’) ( 1)

V,ii cc ,o cu V,i ,cu () ( (I

N~( MCI C) V ecu V ccc V, cu 1 (2 0 (\6~3)

V,,~ ‘ ,c ii V~cii 0 ) 0

V ~> V,~ u
2

() ()

I ) 1)

‘Flue remuet’cummccmcmrcuimimuuesimmdiemub tIme ehumum ge ‘ m ecummmpcmsim’cuu ‘e mutive cm me it met
ecmmmup usitiummus. lit’ itmiet ecuummpcmsihiomuI/mr mumucmde mummd cmmtlmcmclc emum tluerel ume me wri e ‘

cu~~ cp~1

cc cpc~cm

gil

mumucl cm” 56 4)
cp~.0 cmc.cm

cu~ ~

uifo 1mm0
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APPENDIX 7
CALCULATION OF THE EQUILIBRIUM CHANGE OF

REACTION FOR A SINGLE REACTION

(Ccono/ met/mod
‘I’lue geumer’ul eritericmmm I/mr (cimemumiemmi) equmihihriuumn is hmuseclcumu theCiihhsemuergyC/cutmu mumixture.
hum tIme tu ch c ‘II mmcudei, tIme equuilihriummmecmmmlpcusiticmmuis ealcuimutedI/mr time cmut et cmi the suheell.
‘I’lue ecmmmmpcusii mm ‘it hue ccuutietcutthe sumhcehlis in ciuemumiemml ediuihhriummuit theCiihims emmergyis
mmmimmimnmml

JO(ci~) 0 (A7. I)

ime first dcriymutivcecmrrespcmmudstcm time “reactiumumCiihhsemuergy” (‘u mmu cugcmustcm th reacticumu
emmthaipymumucl emm rcupy imm Sectiom 2.3.2). Usimmg time mmcm mmtio u tcmr tlme srheell(Section4.4) the
partimul prcssuuresmis tIme cmutlet cm’ he sumheellmire writtem mis p,1 ~. he emnperatumremit which he
euhumihhriummuis ealcuimted is the temmmpcrmutumreof the PlmN4muyerimu thesumheeii(‘1’,). U situp the
equmuticmmms(2.25) mummd (2.32),theremueticu m (iihhs em ergycamu hewrittemm m 5:

clCi(ci~) ~V (ci’ F’ Imm(p I)) /72)

u/rd

equilihrim mm I crel’cm ‘ci me mmurtimuh r s u res at h cmuu’ c cmf t ‘ suuhucli tt dust lilt’ I:

() ~ v R’I 1mm (p, )) (1 7 ~

‘hue ediuilihr’ mm cummus mmmi K icmu ii e ‘emue icu k. wh’ ‘it is c cii” mmcc’ mis IS nitbu&vamu NessI:

K e>~‘ “ lidi

cut’:

lmu(K~) >v,g,’/ <~t (174)

Jsimugthe eqummhitum”ummmecumustamut,euuma icmmu (A7.4) eamm hercwrit em tcm time wel kmucmwum cmrm m:

K~ H (m~ )“ (1 75)

1 mis stmummdmurdI/u ‘mnuulaticmtm cmi time equmihihriumu ecmmumpcmsiticmmulcmr idemul gmussescmmmm herev ‘i ‘u tcm
emuleulatethechangeimu ccmmmmpcmsiticumui m the suheellcit thefuel cell mm cmdel. ‘l’huc ehmuumgeim
ecmmmmpositiummmis represemmtedimm the mmmcmdel hy thereaeticmmmccmcmrdimmmute.Theretcuretime cqumih’lm ‘iuum
‘cmmuchiticmum w’lh he rewrittemm1cm atm euiuaticmmm witim theremuetiomm ecmcmrulimmmuteAcg m s m mm exph’c’

parmumuteter.
hum Appendix 9 ut is shcmwmm that the mmmutumrmul lcugmiritimmn cit time pmcrtimul pressurefcmr ecummmmcu e i mit
hecuutletof tIme suheellif ummoretlmmumu (mmmd rcimueticmmucmeermrs,emimu he writtemm mis:

1mm (p,i ) in (cp~ ~ Ar~V, ~) 1mm (up
1 ~ Ac1 Au’~) 1mm ( p)
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mc r smmugte remuetmcmmuthis summmplmfmestim:

p,’ i) lmm(p~ Ac~V,~) lmm(g’ Ac~AV~) lmm( p) (A7,6)

hit u s res dt is suhstitumteditt equmut’omu ( 57.4),mm pcmlymmcmnmimil cmi time I’curmtu,

m1 Im,A1c~ h,(A’c~)’ h,(A’c~) Imu(A’cc)1 0 (A7.7)

‘s tcuummd, I’ime coefficieuts h depemmdcumuly out time immitial ecmmuupcusiticmumif. time pressumrep mmmmd h
uquilihriumn ecmmustmmmmt K~.“ ‘h~mmummnher cmi scmluticmmus cmf ciqummmticmmu(A7.7) is lmurger timmu m cmmue.
Hcuw roer, cumuly ommc 5 uiuticmmu s’miisiics thecriteriomm:

mm mm
mu’ ( ‘~ < Ar < m a~( ~) (A7.S)

V, V,

S/mifi r ‘ne/mon
It K, ‘S time cuhuilihriumn ecuuustantI/mr theshift reaeticmm at toumperature‘1,, thecuiu‘‘hriummm
ecurnposit’omuicur ti ci shit rcmmeticumm shcmtmicl smutis ‘y:

K Pui,Pco (A7.9)
‘ ~ mcci

Fcur tie slm’it remc icum th’ pcmly mcumni ml itcu ~ hue tIlt emucti mm ccmcmrdim ml e’u m he emmicum m Lcd

~ h,/’c h,(A’c )‘ C

wher : I’ , cp’,, up’, K co~,,, cm’

h p’~, up,,, V cm~,, cp,,

h 1 K

Reform/npreoct/on

Using th equi ihriumu u ecummsmitt tcmi time el/mr mu p cmc ‘om K, II c pmur ‘ ul pm’essur s cm
ccmmmmpcumcm Is ‘u ~uuilihri mm ecummpcusiticm m tcmr tiuc retourumu’ g remuc ‘o shcmumld smut’ sty:

K Pit Pccu /7.10)
Pçiu Pu cm

JOepartimmi prcssurcsemmum h’ ci i mm’um’mt d us’mmg luc mci tlcmws mu cI tiuu ‘em cticmm ecmcrdi mm t’

umsimmg eu~umuiicmmm (4.25). ‘I’ime cimmu up’ o ‘ t ci reaeticmm ecmcumdimumut tout Il cr four m ‘ mg re’ c ‘ott em m he
I/mumnd hy scmhvimmg time pcuiymm mu’imimul:

h A°, h,(A1c,)2 h ,(A’c,)’ h4(/ 0)4 () (A7.l I)

where: h,, (gi,, ) ‘ g~,, ~ cm’, ,, (cp’,, ~~)2cp’
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h , I clii I ‘ ‘ 9 I clii 12 up~’cm ~~m’ [up,,
11

up’,,, cp~ ‘ (p~
0
~ cp~ tp’]

h 9 I cm’,, 12 27 ~ cp,, ~ [cp’,,~m up~,, 4cp’,, 4cp~]

4K
O 97 cp’,, ‘ ‘ [ up~,, up’,, cm cp

4K
O 27

4 P

hquumutkmmm(A7.9) emumu he sulved usimupstmummclard scuivcrs,T’hme ccmrrech rcuumt emmn hci selectedrmsimug
the stcuielmicmmm’metric coef ‘iciemuts mis ‘mmdieated mmeu ummticun (A7.8)
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c’om/+mu/tiocm ~icuimite(n’) imj

tulc’u/oie ~~a1cumimutcp’ (mm ‘~ )
eofflc/c’cml,s [ mmmd g’ (

cme m c’slicnccles

c crcrcli,mnl ‘s

I igmmr’ i/s /: / roreclicre fAn I/me cn/c’cclol ‘ocm of I/me reorl/omm roomy//minI‘s for cnn/tm c c’cc ‘I/on

equ//i/cnimccn

Si

Cu I I4~
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APPENDIX 8
CALCULATION OF THE EQUILIBRIUM CHANGE OF

REACTION FOR MULTIPLE REACTI IONS

mm tbme I/mel e ‘11 mmucmdel imm scmmume emuses time equilihriummmu cmi mumcmre tlmmumm cm me remueticumuhumus tcu hci
e’ulcu muted mit time cuutiet cut time I’ucil cell. 1mm timis muppemmdix mu mmewnucthcud is devcilcupcid icur tim
c’uiecul’mticuuu cml he cimeumuemmi ediumihhrimu: tIme hmmemmriimuticmmu mmmethcmd. Jumst mis imu time cmmleumlsutiomm cut
euiuuihhriuu m I/mr time simmple reacticu m (Appendix 7), umse is inside cmi time clitteremuti,ul d C/Ic ii, fcmr

tIme remmetiom C. ‘l’hese chil’IArermtimuhs murc rused to dcil”mme time tirst clerivmutive g’ tcmr I ditteremmi
r ‘acticu is itt time l’umel cell elemmue ut:

(0 c~) fir k—i ,.t

lime (iihhs emmerpy cut Ltd m ucude ticuw mit the cmu let cut Ime iv ‘1 e ‘H ‘lemne ml cI pem ds cumu hue
remmcticmmmecmcmrdi umutes (1 my /ur k—I .~. hc ‘emuc in u I is itt equ’’ hr’um mmml meciutle cmi the

su hecili ii the Cuihhs e uerpy with ‘cispcidt tcm ti mit remuc icmm ‘s mit its muimmimmmmumn ‘I Iueretcm ‘ci timc

critciricumu icur equuilihriumumm cmi mm ultiple readticmmms I .. is:

p~(A’c~) 0 /mr k h..( (/8-1)

lit the hmuemu i/,uticmmm mmmethcmd time seccmmmd derivm hives of time Ci’hhs e m rpy tcu the r mmetmtun
ccucurdinmmtcis~urcLusedh. he seecmndderivativesrepresemuttime u’hammgci cmt time cqimiImhriummm
‘cummmpcmsitiom cmi read ‘cm m C mis m r ‘suul cmi time elumu pe cmi tO’ remuetiomim ccucurdimmmute cut rcm e icmuu cm.

‘Fimeseercuss-‘cue ‘ficiemuts ti em elcmre ‘ct/ce the i mtci ‘mueticmmms hewe ‘mm theditieremut ‘emuct’cumms
Immeludimup thesc tcirmmus umuakes the etim ud ummuch imiste’ thmumu ftc series reactcu’ mdi cud

(Sectiomm 4,4.3).‘lime seccmmud de‘ivmitiv ‘s a ‘e:

Pu I/mr k,mmm—I ..t (1 8 2)

dccc ci,,,

Usimmg mm ‘I aylcmr se ‘ies, time valumci of p’ mit tue cuu LId cmi ti e . u m ‘c I is cu ummul 1cm.

00(0) cCu(0) 0Ci(0)
ci~(foc~) M,, ~ Sc,,, M

cc ,,, , 0c
1

ci,,, ,,, , ,, I

‘I his ciquuati umu emumu ime ‘ttd, rile ‘ucuummd At: 0 (iumleh sumhccill), wimicim lci’uds m:

cOO)) cC) (0)
p~(A’~~) Ac, (/8 /)

( 1 d

Usimup the m mtmut’cum s p’ mumdp’. time stimmmatcis IA’ time rcmucticumm coc rdimumutes wO’eh ecurres mcmmmcl 1cm
cimcimniemul cc uuihhriuuumm (Am: fcmr k 1 ‘.1) ca u he determmmimmcici frcmmmm time set cmi I equ muticumts:

1) g ‘(C)) ~ P (0) Ac~ (1 8 4)
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mm ppetmdix 9 ii is simcmwmm, thmmt time valuescutg~mumud p mit time immiet cmi time suuheeilemmum im
e’ule mimutcid frdmmmm:

g’(O) ~V,c(p, Ri~hmm(up)) Rl’,AV~lmm(cD ) RI,,Av~Im(p) (ASS)

um ci:

V V AV As’
Pc o~(0) RT ~ ‘~ “ R’h d “ A8 6)

up’ up~

It thefuel cetl mucudel me mtuethod is umseul cm scul ci Ii c cuiuuihihriummm /ur tO sI ill r sue icumu mmd tu’
time retormu imup rciaeticum simnuitammeumumsiy.Apaimm umsimmg immuiex ‘s’ I/mr tIme s mil’t r ‘mueticm mummd ‘r’ i/mr
thercitcm‘mumimug remmet’cuum‘ md immircmclucimug mci mumutrix cmhmuticmms the iirsh dcci’ vmutives mum’c wr’tte m mis:

hi (/87)
ammc thescentd du riva iVcs are umsed 1cm dciii mc time mmmmt ‘ix C

C’ [~,~ ‘ (A8 8)

hue sys mm I’rcmmm witielt h’ ‘c~c ‘ u cucurdi a esemit 0 scm v ‘ul ‘s.

g (0) p , (0) ‘ci’ p’ ~ ~1 (1 ~

g~(0) g, (0 A’c p, (0

The mulue c, icumlmmhedwilt equa‘cmmm ( 8-9) is ‘mm es i m mmli m m e’uums m’ ‘cmm ‘elm tic Otis hccm
ohtmui m ‘d hy i’mmcm ru’ t’cu m of c uatiomm (1 8 1). f tiuc suuhcc s mire smmma I emmcuumgIu, hue ‘sti mimutcis
lAir theremuc mum ecco‘dimmmmtcs tcmr thesuihec mire so ‘t’iciemutiy aecurmute.1mm the tu ‘I ccl u mcudel
imowever~umit rmutivci prcmeeduc is u scid Lu dci ‘mimic the valucs1/mr A ci mummul A c: ‘ I is is simowum
imt ti~umme/8 1 ‘ime es im m’ testcm’ tuere’metium m ecudurdh’mmmut s (Ac 1 mirc umsed to esit mum c Ltd
ecmmpcms’ticun‘ 1 time cuumtlei. SuhscquemuthyOtis mu mupcus’ ion is uscd 1cm uuumukc ‘u mmcw cstimm te 1/mr
time rc’udtiom cocurciiummutcisfrcumn u mu iommu (A8 9). I imis prcmc ‘d ire is repcimmt ‘d u mtih ccm my ‘rpe icc
is muehieved.
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APPENDIX 9
I)E~IVATIVESOF THE GIBBS ENERGY G WITH RESPECr~

TO REACTION COORDINATE ~

It time I’uuel e ‘II mtmcuciel, time cimemimiemil euirmihiimriuummmis cmulermimuieuimit time oumtict cmi mu sumheell.it cmmmly
cuteelm ‘nmiemui remudticcmucuceuursitt thue sumhceil (siumpleequiiihmrirmmn), time mmmethmod icur “ Ieumimmtinp
tIme elm’ mmicmu equuihhriummmm(Appettdix7) discs time first cierivmmtiye (dG/dm;~).It mmtor’ t umu m 0 mu
rem eticumu cuecurs(ummumiti eciuuiiihrimu). time nuetImcuululciveiccpeditt Appendix8 utses time ii ‘st mumud
seecumudcIeriv~utive(d C’/dmyc mm,).
‘I M f”st der,u zu,ivci e’m~’res~monds~cmthe “remuemi~.0 0~hLsemm””p)”. m’mmu’~og’uusI’m th~’ram,euicu
eumlimmulpy mmmuul emmiicmpy imu Secfion2.3.2). Usimtg themucmtmuticmmm I/mr the sumhccill (Section4.4) thu
pmuhimml pressures mis time cuumhlct cur time suuheelimire writtemm mis p’ . ‘Flue tcmr permutu ci mul whuich ti
ciuluuihihriuummm is cmuleuulmmtedis tIme emtupermmtum‘ci cut time PIIN-Immy ‘r itt time sumhcell(1’, ). Usimmp tie
euuuaticmmms(2 25) mmmcl (2.32), It’ remueticmmm Ciiimhs emmergyeamm he wri hem m s

d(c(c~) ~ v, ( p, F ~‘ 1mm (Im,’ ‘)) (A9.i)

dc~

1 hue pmmriimmi p ‘essum ‘ci cit ccmummpcmmet t i ‘ I tim ‘ mm mccuic mit tlue cmuuthctof m’ su heed d p ‘m ds cm II e
muicuic ilcmw cml’ time ecumm pcmmmemu up’ ‘ ammul thmc tcmtmul mmmcmle ill w cm,’ ~mttime cmumtlet (ci tIme suimeell

m,’ ‘ .i1_p (A9.2)
cp~

lime mmmduic fin y In eomumlmomuciumtsi ,ut m ‘ imlet mill c suheell is cp, ‘ ‘mmmd time I mimi ‘cuw ‘ml I e
stuhecli immicit is ccumd icc up . As mu resumh cci LI cheutu’ ‘mu ‘“ eticum s ‘mm time suhe H. tiuc
c umnpositiummm ii 1 c ‘low c mummgesI e we’ mm mId ‘ mmd mu thet cmi ti c ‘II. ‘Fl epmmm I’m I pressui‘e /u’
ecum mponemmt i m t mc tumtlet cut hi’ m he’ 1 is euumm I tcm.

cp ~ A’,V
9.3)

mlm’ ~,, , P 5’

I c mummtumrmul I mg’mrit m mm ml hue m’u’ C p ssu‘e is II ercfcmr’ euium’uI cm:

lum(p,’ ‘) Im(cm, ~ \cicV 2 1mm m’ ~ Ac1 V~) Itt p) ),4)

Suuhstitumtimmpt mis expressicc it cuuumutmcmum ( 9 I cives I e /uih w’mmp eqummticmmm Icur tueImrs
dcirivmmtive ol’ imc C”hhs c meupyasmm ‘ muuet’cmm cci Ii r ‘uc ‘cmii coorchmmmmt‘s Am:

dCi ~ V c (h” F’I mm( P ~ \ ccV, )) hF’I A’V It (1’ ~ A’c~Av~) IF 1 5/ t

dit’d , i d~ II
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S ‘s’ond deriyaiia’e
a had the second derivative ol the Gibbs energy, th’s expression nust lx. diffe ‘ent’atec v ‘II

‘sx.ct tuck’1, Becauseg°audpdo notd,aendonc taesecondderi ativebecomes:

C Lv I’ d Rlln(o E Wv1&))
d ~dr. , ~ LU

c R’IAv~In(qa 1EA’r,v~)
de, au

Is’ g thc. chain ruk. to dilTerentia e this ‘xpressio a ~i cs:

cG( ~)at
L

and’

wEI v,,v,m ‘1
I I

~:‘E ~‘~v,1I
L /

andtt’scadl”at’ f(

~ 0) r 1
0,’

d’O
dc U~d

~v1Aiim
RI

c’ EA’
‘I

‘II falo in&,aoitiars are’ uoc acid fcr nc.(i’s a ac.s’co Ic r’vat’vcs’.

‘or k—

bitt I..(C’

Tos lvi. h c.jtia’tr’tns the aul tc t ist ic’b a uc.o’& do ‘a
subc.ba’ ts’d a -Ofort , . ‘tc.l’sdc.a’va’v a~0tad o:

(A9 5)

(I 9 6)

iii ifta

&k’ L i,¼(J ‘h( ,,))
I’

1 vii ) It’ vla(j)
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A°PENDIX 10
OP’I IONS FOR USING A CATHODE OFF~GASRECYCLE

I It umumumu isxuuc imu time cmmtiucude recycleis time temupermutuiremit wlmicim ime commuprussomcuimermutes.
ime recyclecci tmpresscmmis mucicciss’mry1cm cmverecmmmmetime pressureIcmssesimu time cmutlmcudc recycle

mmmcl itt Ilmu fu ci cell. It time emuthcmd cuff gmus is recycleddirectly (iigumrci All). I). this gremutly
redumeestIme redhu’redbimummi excimmummgermurcmm for prci-heatimmgthecuxicimumut l’huw mis pmmrt cutthe pmc
Item hump cmccumrsmis mu resumit cut themuuiximmg cmi (eculci) iresim muir ‘mmmd (imcmt) recycledemutiucudegas.
llcmweyer, the ccmmmmpressccrwill Immuye to wcmrk mit m very Imigim cimmmpermmtcmre(cmuutidt temu peratumrc>

‘050 C’~.‘luis A, lccimmmicaliy pcussihhe.,mscar hesecum““cumm’ state-,mf-tuuci-m’c’pm’s umrbire
I ‘elm mcmlcupy hum will heveryccmsi y ,umd will prcuhmuhly rediumireimhmude ccmcuhuup.

A

mu) mcm redirecthal icmmm cmi
cmutimcmulc cm If pmms

Iumcl cell

dii
1

mm’t imt’tit i’m’

ccmllmccclc’

i/f gcis

0) umsimup mu iuicih
hemmlmermmtcurchI mwcr

fume cell

ir mretmemmtcr

cc r

u) umsiump amm i c u cchm ‘ ch umsimh mum ejce c r
leummimcratuum’c1 Ic wer (hipim Ic m ueu’atumre)

[A C’

f ch cell

~jcccY

/‘ipmmre5/0 1: 1)1/f ‘remit o/ctmocm.sin rt’r ‘c/c (cit/icicle off gcc.s 10 tIme (‘(cl/inc/c /ct/eI to nrc/ire //mr
cm/”fio’m

cmhbmerpccssihihtyis icmr time emutimcmderecycleecmmmmpresscm’to opermutemit mm Icuwer temtmluc u it m e if
tIme emuthodc pmus recycleis coculeuluicuwmm hel/uretime recycleecmmmmpresscmr(figure All). I ‘). ‘ ime

(i/i’
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Mt_i C’ ifesemurchAsscmeimuticmmm(J) Omus clevelcupeclmu Imiphu iemmmpermutcurerecycleimlcuwerwimiclu
cuperm tes mit 700 C mummd humus mimu el’I’ieiency exceedimup75Ff ISmitculu, 19941.Simmnlmur imiph
1cm mpermuttmrcieomnprcisscmrswill he umsed imt cmhimcr demmucmmustrmuticmmtlurcijedis imumi swill still ime cry
cccstly. I ‘timci gmus is ecmcmleduicmwmu 1cm 400 C. mu I’muirly stmmmmdmurd mummutcirimuls cmi m he used.Althmumumeim
time c csts mr lime ecummupresscmrwill he mmmumciu smummuller, timis ecmmuiipcurmulicmmm will m’euIuuire mmcluliticmmmmml
it mml exeiummmuperswcurkiumg mit luigim hcmtmpermutumres.A peummmlty is mu/scm pmud itt time tcmrmmm of mm luiplmer
d thy 1/mr time ecmmmmpresscur1cm cmverccmmmu’time pressumrelossesimm time imurge imcmut ‘xeImmmmuge‘s w’iuich
mire reuiuuircd ium time emuthucuclcrecycle.
As mu m multermmmmhivemmmctimcudof imucremms’mmgtime pressuurecf time recycleildcw uusimmgejeetcurs
(tipuure A 1(1.1 ci) lumus 0cc u iumvestigmutcci . hueetficiem cy cut mutt imujeetcm’ is uiel’imuecl mis time ra icu cut
time kimmetie emuergycmi time cmumtict Ilcmw mumud time imiglu ~mressmmrcimmlet t cuw Ivamu Dijk, 197 II. I,vemm
thoumgIu tite immjeeh ur humus mm very I/mw efficiemmey of mmpprcmximmummteiy 1(1 .. 2fo, systemumemuleumimiticumus
imudicmuteul timmmt tIme mmpph’cmui’ott of mumu injecicur could imuercimisecff’ieiemmey mmmmumiy hcicmmuusetime
ecmmmmpressicmmmcutlime cirivi mp mmmediummutmukesplmuce mul mm I/mw Icimmmpermmt re mum d tiuc pressumrcidrdulu imi
tIme re‘ycle I ucup itt tlmis casu(mmo hue’mt xclmmummpe‘s ‘ue mmcc ‘ssmmry is uw I Aehemmi mu ‘Im, I 994,uI.
I lcmwevcr. time lmrcssuureimmercimusetlumui cm mm he cmimtmuimmed uusimmp simm ejeetcuris limumited mmmmd
muppliemmticmmu cmi mumm u_jeetcmr seemmust’cimusihhe dimly i time pressumredr up imm lime tumid e I stmmcC emmum 0’
kcipt very Icusu
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APPENDIX 11
CA ~CULAn1ION OF THE CATHODE OFF~GASRECYCLE

RATIO

Ii ecycleratio io thecathodeitLgasof aIcci cell systemis de erminedby th coergy
ho at cc of ther ‘cycle loop A simpl analysiswill showthis. The eIthalpy of lie cathode
1k v at theinlet of the “oel cc I stock] inc icatedby the srhscript “eat”] is the sooi ol the
e it lalpy of thefreshair flow [“ai ~“] aid he r ‘cycle floe [“red

t h o ttt h ‘as11.i~an w ICC CC

‘‘i’flows a‘e sI owo ii figmeAll I ‘I he recycl rako •s defined astie ~at i he weenthe
recy Ic flow aK the )tai c’ttliod off gi s flow:

m
(1

01

F sediffercneeio ilass foe hetwe‘o thecahode “� s aoc thecatiodeofl1 as s si iafl, doeto
th low otiFsatioi off) aK th’ holk c N. K öre he recyclerat 5 ‘ p ir i hrately:

Ii
a

ssiiiiog~ecisLit a ‘loraftitic eeyecc id oiLgstl ftllyl Iral e
tlovsinfigoreA sproprt~oml it ‘‘p’~ao e. Usi g hisasso p on I i’~y
halaicc(cc A 1) can e i wr t ‘n o.

m T~ ii~ ‘I’ ( a i ~

‘~~it~ioI” off g”

(I 305

s/i air

agoreAll.!: b/a to in //ic rc crc/c/oop nod c tmitioo of the reese/cratio

rye e a

recycleFk w
a

athod’ oh gas

reese/cf/ott

A 37



Us’ g the approximation for the recycle rate, this simplifies to:
(I ct)’i’,_ a111~ ~

Wit’ i~,a c.xplicitly gives:
‘I 1

a ~ (AII.2)1
CW

2
d1

The recycle rate is therefore deter nined by the emperature of the recycled cathode off-gas
(cad ode off gas), tlx. required inlet temperawrt of the fuel cell s ack andthe temperature at
the outlet oft ae stack. if the tunperatures at tha. in- and outlet caf the fuel cell stack are (hoc,
this leaves only ‘ncmasing the tenaperatu t caf the air to tlac. recycle loop tsai aethod to
influence thi. recycle ratio. However this leads to a decrease of the recycle ratio (see
Sectloi9.2).whiletheiiterestliesprinailyinreduciigtlaeamouatofai’whicihas cabt
tuferred by furth ‘a’ i icreasing the recyck. nt’o, On’ w~y h’s can b’ ac iievc.d ‘s by
in’lueaac’n~heuaergy balaici.ofthi.recycl’Ioopbycoo ia~,th’recycle flow, fheatQ ‘s
‘xtrtctedfromthe xap.thc. eanpera u’ede’reaseintii.’additionalcxalu’isequa 0:

AT
‘

It can be show a s’mila’ly to the d‘r’ a tioa abcav’, tat ha. ‘ecyck. “a ecat ii. approxima tid
by:

a “ ‘‘ I 1,3)
• au Al,,

‘‘his ‘cuatiot isva id.if atis ‘t ‘act d fbi tac.i cycl’looi, n • anl (a sy ta
weri. the hea se ciauaed withinth cathod’off g’asrecyc.le. is systi.n 5! ova it
AppendwiO.lit’eIlO a., hisdoes aot’at cace t. e~yaL ‘ci qu~’n / 1.1)
andtla.eloia.doesiaotttfa.ctthi.’ecy’ it ampl’s a’sys ‘mswlc.”l ntis xt’acta.c
(mmdc ‘etyclearegisa.niaSetti*sS.laid ).~
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SAMENVA~ITING

GEAVANCEERDE EXERGIEANALYSE VAN
~~Io(;E=TEMPERATuuRBRANDSTOFCELSYSTEMEN

1mm clit mro lseimrift wcmrclt itch gedrmcgvmmmm Imcmpe-icimmmpermmtumuurImrmumudstcmftelsystcimmmemmcmmmdciricueimt,
mmmcl 0 ‘imumlp vmmmm ccu mmieumw cmmmtwikkciluiu ‘xci ‘piemmmumdysemmmetlmcmdicik. I let prcmcfsciurifthestmmatui
ul ic ulelemm:
• Om itch cierstedcci wcmrcit eemm umiciuwe exerpicmmmmmmiysemmmethcmdiekcmmmtwikkeid. Bij ulcie

ummeuimumcii u’k wum rclm mmict mu1 lu’emm mmmi mur Imem hi mimi Ic cixerg’ u’vc’rl icc itt eum munp’urmummigekeken.umumumu
wcmrdt cmmmdcrscimeidgemmmmumukt tumssemmdci verschiilemmdecmcuri,mmkcimm vmmmm ci cirpieverliesm
Fiet iweculedccl imeseitrijl’t dci cmumhwikkcihmmpvmu ccitt lmrmmmudstcmfeelummouicii.Imemu gcidetmmiileerd
mmicmdei wu ‘cit gehruuiktccumu mmmi te pmumumm w ‘ike fmictcmrem dci prestmui ‘s vmumm dci lmrmummds cmieel
hepalcum.Ophmusis vmumu deic kemumuis, is Itch mumcmpciuijk emu st ‘rk vereemvcmumdigdmmmcmdcl te
cmmmtwikkelemu vcmcmr geh‘umik it dci syste‘mmu imerekemmi mgemm;
it itch lmumutstedccl wcurdt die ommtwikkcideexergiemumalysci mmcthcudcigchruiktcummm versehillemude
hrmmnds~uml’eelsysheemmmcccmmfigumrmuticsmmmcl clkmummr e vergeuijkeum.I/cit cmmmdcriccek‘iciut iieiu cup
Itch hegrijpci m vaum dci gcivcuigemm vmumm vermmmude‘imuge m itt Itch cummtwcm’p vmuum I cit sysucemum.Net

gchruuikvmumm dc muicuiw ‘ mmmetiucmdiekwcurcIt pcihvmmiuecm’dcm dc vcmcmr luet systccmmmmemdcmumcmut
ummeesthepmdemmuleimuetcurem geIdemmtiticcercl.

)c hrmummdst_utd ‘I is c’eum c’ mkc Ic c’n mmumcmmueml imu ccmm ccmmmuplcixsys ccmm. Lcummls icic c m e ‘rulere
studicis Imutcmm /iemm. is de systccmumiuutcgrmuticlmepmmlemul vcmcmr luct ‘ctudcuuuem1. 1 ci I cupemummmte v,
immtegratievmum dc v rscim’ I emule t tci icc vm mm I c systcemmm.mmcm udi,mke ‘jI/ u m en mcmcmp
remmulemmucimmit hulmmu em , mmmi uI’ eclulcirimet umpti mum his ‘remu vmumu itch sys cc imustig. ‘ ommdericu‘k
m” cimi i.ieh dmumurcm mm cup:
• Net iielmthmum m mmmmuk’ mc p welke wiji d immtcrmuctie uussem dci c celsystem ci m ccm ccuvcuuudige

cmptimmmalis~mtiehu mmucucul’jk
Nmugmumumu weik rcuh ‘xergi m mmmulyse I/a spcileuc u’j 0 ‘1cm mtimmm,ulismmtie mr ice.

/5 uergieancu/u.c
I)e cumutwikkcidc mmmctlmcudiekcmuucierseimcidtimm Oct im ‘~ummcIsbcuieelsysheemmm5 ulrijv mdc krm ehmteum
(hemmmpermuluiuurvcrschmil,drukvcrseIm’1, ecu mecimutrmu jeverseluil,vcrsciuii imm chcummisehepcmtcmm imummi emu
versehil imu ciektriseOcpcmtemmtimuai).(Lxcirgici)vcriieicmm imu Oct sysheemmm/ijn luci guvcuIg vmumm ulcie
clrijvcimuule k ‘achtemu.Om ltd cerstedccl wcmrdemm verseiuiilcmmdemmumm tie ‘emm cummu dci verliexem pe’
cuccrimmak Ic hem’ekcmuemmuitgciwcrkt. Me mumumume dci verhciemuals pcvcmlg vamm wmur mmt ‘~cmvum’d‘mmci

‘mm eImemriiselmeremietius zijmm vmmmm imci’mmmp itt itch hrmmmmdstumteeisystccmum.Dc grmul”sciue mmdhhcuclcm die
itt dccii wcurcicmm cummtw’kkeld cummu uie exergieverlicicimuweer tegcvemm. riciuteum iielm dmumur m mm et
mmumume ump deicverhcicimu.

Bncmnd,stof/ ‘e/nmcuc/e/en/nç
I let pcdetmiillcerdeimrmummdstcmfeclmuucmdclwcmrult gchrunct cmmmm verscimiliemmclehrm ulstccl’ee
ecmmutigumrmuties(mimee~emu tegemmstrcmcmmmu.immtcrmmc cmi extcrmmeretcu‘mmmimmp. SO C ci m MC PC) e
evmmiueremm,Net uI/mel vaut u/cueherekemuimupemuis, ammum te gcvcmmweikepmurmummmcterssterkIm ‘u ‘mci



uijm v muir luet gedrmmp vmumm dci hrmummdstcutcel. I wedhelmummgrij I/c pmmrmmmmmet ‘rs wcmrdemm
peicic mtificecrd:
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V,, a veia ge revasible (Nernst) voltage in the sa bcell (KJ
Ac citing in reac ion coordinate for the electrochemical reaction (mole/sJ
Ac ‘aange in reaction coordinate for the reforming reaction Imol*Jsl
A” clnnge ‘n reaction co ardinate for tha. shift rcactio a Intole/si

Abbr ‘a’ialie in: qe, ml

A/I ratia air/fuel ration tkg/kgl
a ag(r) anode off gas (recycle)
(‘IX compressor/expander a.o nbi at’on
C P combined heat and aowcr
cog(r) cat audi. off-gas (ra.cycle)
MR direct in cml rc.forn’ng
11 - cxteina reforming
fp fuel Mocesoini
hR indirect internal retkar fling
MCI C molten carbonate fuel cdl
P 14 cataode/e ec.twLyt&anoda. compositd
SOIC — saa id oxide fuel cell
whb wask~.ht.at boiler
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