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Research Title: Integrated System of Glycerol Supercritical Water Reforming Process and
Pressurized Solid Oxide Fuel Cell
Researcher: Asst.Prof.Dr.Yaneeporn Patcharavorachot

Faculty: Engineering Department: Chemical Engineering

ABSTRACT

This research aims to investigate the power generation from an integrated system of
glycerol supercritical water reforming and pressurized solid oxide fuel cell (SOFC). This integrated
system was designed and simulated by using AspenPlusTM. The equilibrium composition of
synthesis gas obtained from reforming process can be calculated based on the method of Gibbs
free energy minimization. In order to compute the performance of integrated system, a
flowsheet simulator in AspenPLusTM was applied with the electrochemical equations taking into
account all voltage losses (i.e. activation, concentration and ohmic losses). The developed model
was employed to study the effect of operating conditions of the reformer (i.e. temperature,
pressure and supercritical water to glycerol ratio) and the operating conditions of the SOFC (i.e.
temperature, pressure and current density) on the performance of the integrated system in terms
of cell voltage, number of SOFC stack, fuel utilization, SOFC electrical efficiency and system
electrical efficiency. The simulation results indicate that when the desired power generation of
integrated system is set as 10 kW, the optimal operating conditions of the reformer are 800 °C,
200 atm and supercritical water to glycerol ratio of 90. The product stream consists of 67.1mol%
of hydrogen, 28.3mol% of carbon dioxide, 4.4mol% of steam, 0.2mol% of methane and 86 ppm
of carbon monoxide. While, the optimal operating conditions of the SOFC are 900 °C, 4 atm and
current density of 7,000 A/m’. Under these operating conditions, the integrated system can
provide the cell voltage of 1 V, number of SOFC stack of 36, fuel utilization of 75%, SOFC

electrical efficiency of 60% and system electrical efficiency of 68%.

Keywords : Hydrogen; Glycerol steam reforming; Supercritical water; Solid oxide fuel cell
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2.1 waswainas (Fuel cell)
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W A19555uY18 Tefi19du3a wagaruisourluyszyndldlussuundnlniluas
aufouiau Snvedeieuinfufiuiafiedunisadalii (1] lnswadidoinas
faudsenaunan 3 dw (6] Ao

1) tauelun (Anode) Tanedildviidudauelun Téud Ni Co Ru wag Pt
Tne Tang Ru azvhmihildunelunldmmsziinrunates wisiauma Jedoald Ni dedisnan
anvimiiduuelunldineauaisuazegluinasmduiiveniuld venainiifionsly
Fenadnwazvesanamgu Felduelualugy Cermet waslangiu Stabilized zirconia #4970
n53TenuTh Niyttria-zirconia [ufagiflivhuelunlsffianluvned

2) duelnn (Cathode) Taeitlutanfilivhtauelnalugadidomasmin
oonlusudsie Doped La-manganite  (LaMnOs) Slandfiduansisiair Yaqouieuld
Sr doped La-manganite (LSM) snnian win1sufis Sr fviadefuasdoidefo vilvins
WG iR fuduuszdninisveredivesualnafuiniudie demailiin
nMsasunlasivinuiidudassninaualnauay Sidninsladdaduuinaiiauiisonad
warBadlonarhuluinwilsnmadsuuasfuniunuluie dealinisunsiiuresing
anoLAs

a

3) Bidnlnslad (Electrolyte)  ansiliudidninsladifnigaluiead
Fomds wdinoenlesudefie Zirconia (2r0,) 7 Doped ¢3¢ Trivalent metal oxide L%
Y,05 Yb,05 Sc,0; %38 Divalent metal oxide @i CaO MgO Humu ﬂ%ﬁ;ﬁulﬁzjaél,%al,wﬁa
gilnoanlerudildlunienisdndandivgezldSosas 8 Yitriastabilized zrconia (YSZ)

Judianlnslad lnsaiunsadnfunuldfioamaiussana 1,000 sarnwaidea Jaynmvén
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vougadomasineanlududefogamainwadviaugeiuly draunsamTannaunud
nuldngaumainazdisansunuueaianinig wazianniludideunsvaavadaidifnieiu

Y
Y a

N sIdeieyadunwumaiinliwasdewmdineonlududsiniunulingumngd
fag Taenavhlalaenislddianinsladvesuds 1y Ceria (CeO,) Doped #78 CaO Y,0,
Sm,05 Gd,05 wag Lanthanum gallate Wavhlvnunuvesdaninsladuisas Wumu

=
H
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2.2.2 MANNSNIUVDWYAALDINAITRADDN bYALT

fAnglalasiaugnioudigwadiiawnasuvveonladudantinelun
Wnujiseneendinduladianaseu Bidnasouazidouiniuasneuenliluiinssuansy
Yauzifgnfueniagniewdidaualnainujisensandu lnesudianasouainufisen
a [ d' &V a L I a 2- d'q @ 3 a
p0NTLATU oM 1weenTiau (O,) wandudusandiaulessu (O7) NdLanlnslan oonTiauy
lopouazivihujisendufinelalasau (Hy)  landadusiiduiiidiseluauaziiaiiuiou
Aindu aunsn1sinu)iseeiiee

Uﬁﬁ%mﬁﬁﬁy’maiuﬂ H, + O —> H,0+2e (2.1)
UAzeMTLALIg 050, +28 —> O (2.2)
Ufisevesad H, + 050, —> H,O + Electrical + Heat  (2.3)

2.2.3 MIMFNTIOULVBLYAFITOINAS [7]

Andlniinnangud) (Reversible cell voltage %38 Theoretical open-
circuit potential, E*) duindoutsaliihseuiasiiii Tastinainanuuandissening
dndvosufAsenaiifiintuiitalnih (Electrode) anmnsouandlideaumsveaiuas (Nemst
equation) fsil

oV _ go _ BT, Pago_
E¥'= E'- —In T (2.4)

a

lne#t E? fadndlnfnfinanuduussennia (Standard pressure) @aduileiduvesgmumad
fangaina deEunns

E" = 1.253 - 24516 x 107*T(K) (2.5)

Andlninass (Actual fuel cell voltage, E) agdiArteanindndlnin
Mangud tesandanusumuniglugadiomnds wagnisandedndluiniAnay

Wesnnmsiinufisenluiiadl (Electrochemical reaction) NUSvIauNuRIEnI90 NN

wazdianinslarfiinufjizen (Electrode-electrolyte interface)

E= Eumll_ (nar[ + Nohm + nl.‘v:lru;) (26)

1) fndlnihgaydeiilesannufisenluiiiad (Activation overpotential,
Nact) Lﬂumi@jiyL?IEJssfﬂEﬂ,Wﬁ’]L‘ljaﬂ’i]’]ﬂﬂ’liLﬁ(ﬂUﬁﬁ%EJ’W]’NlWﬁﬁLﬂﬁﬁU%L’Jma’J“Um%’ﬂWﬁW R
Ao AndeunIsinufAsenuinnimaenunsedu (Activation energy, Ea) 39viliiinTg
arpdedndluiiniosnnufiselidiued feaums

Nact = Nactanode ¥ Nacteathode (2.7)
RT 1 i 2
nar_'i.,nnnl]l_' = ? +1 (28)

+
Epanode Epanode



. _ RT Eanode
lpanode = Ekﬂnndu exp - RT (29)
RT i i 2
tcathode = — 1IN ———+ — +1 (2.10)
Nact.cathode F Zipcathode Zipcathode
; _ RT Ecathode
lpcathode = EkEELh[JLIL' €exp - T (2.11)

2) dndluihagydsiiosninarudiuniuliin (Ohmic  overpotential,
Mo tunsgapdedndlufiniosinanuduniuluivesaliiln wazaiudiumiuns

InavesUszglniludidninglad Asaunis

Nohm = IRghm (2.12)

T Telectrolvte T
anode yte | Teathode (2.13)

Rohm =

Banode Oplectrolyte Brathode

3) Andlfragyideiiesainwaveinisatglounia (Concentration
overpotential, Nen) tUuAINsagdsdndluiilesainnisanasvesaiududuresfing
Wwalndsfidnviugsenlniledusnaiuiaseninedalufuesdidninslad  (Electrode-

electrolyte interface) 1AUATUYIUYIOINITANBLINNEAATT (Mass transfer) LAATU AIFNNTT

Neane = Neoncanode T Neangeathode (2.14)
_ RT PHzoTPE _ PH;
Neantanode = ﬁln (2.15)

Prso  PasTen

!

RT Po.
Neangcathode = IF In :_'L (2.16)
Ho, Tre
PH.TPE = PH. — RJ-Iam:ndc i (2 17)
Sl N By 2FDefianode ’
— _ Rl Tanoge .
PH;0TPB = PH;0~ 75, -1 (2.18)
— BT Tathode .
Po,tee = P P~ po, exp "Fﬁctt:amuae"l (2.19)

¥
a

4) ASINAUTTOULVDIYAALTDLNAS

aussnuzvongadilamdaiuisagldainnsmanuduiusszniig
ANurULLunseualnidn (Current density) Audndluiia (Cell voltage) LLaméﬁ’ﬂgﬂﬁ 2.2
Tnaidulsziedndlwiiymanquidsiredndlnihgsgaidululd uasduiivAedndlwiase
idenszualinlvansuisasazifnnisgadedndludi (Voltage loss) 7 3 daumdn
fio Andlifhgapdeidosnnufizenlulineg emwsumuliii uesnavesnsanelousaas



/ Activation overpotential \ oY

Dominated

e

Ohmic overpotential

04 Dominated

Cell Voltage (V)

/'

=
P

Concentration overpotential

Dominated

e )

Cerrent Density (mA/cm2)

3UN 2.2 nsmlanuduiusseninmnunudunssualiindudnglndi

Fenaoanssdunurenvadifomansdiuiinmuiady 3 923 euviinaussudlaih
Tnonsnflutrsusndndlnihgaydsanufiselnfiieddmamniian esneadideinas
FaliiAnuiateonadl fefedddndsunniinufasenlduinniimdsunszduiiio
ThAaUfAsenfida il Hedidnaseunudidninsladuazdalainludasesaisuen
nsgadedndliindesananudiuniulii dsfaunsdudunsadaaunisi (2.12)
Jedsmalinaludanarsiududunse warlurnsgadienisgyidedndliihainuages
nsdhelouwnaans duaunniigaidesnidomasilndvunlu fafulunsfiansanaussous
yougadiiomAs Teamnsogldainnamarudiiudssninssudlnihiudnglui Tnedn
Fosnsduiuenilfiwadidomdsdaussousdimiuannsoildlaeusuanngmsduiua
visonseonuuulilddunsmdnglnihadatilndmdngluiimmeuiuinian

Y
<

2.3 Wawasdmiuiwadidamnasviinaanlanu

(%
a

Wondsilddmivwadidomdssinoonleduisiofglalasiau uonaindaiunse
Tdansuseneulalasaisuoudus 1wy Aesssued Aeiivu leniusa wniuea tJunu
Id & a Yo [y 4 a 14 | & 1 o Y & a v
Juwewndslawuiu widesgniudeuleglusuinglalasiauneudunldluremas uagld
fgeenBauluenmedusiieendlad Twdndausinanaslananufiseneiifouuazausou



2.4 msuannnelalasiau (Hydrogen production)
2.4.1 fwlalasiauy

Aalalasiauluniduundmdsnumadendiddnganuazamnini
annsnlinaunundinudemadinndouldd Tnonsuaafglelasauiolfudemas
dmuwaditemadivasia wu mswenidienszualiin (Electrolysis of water) #ald
il eusniuiieliléielelasiaunazfweandiau nnseandiatuuisaau (Partial
oxidation) ZsdfnUsmaemavideiwesndiaulumsinindiiie blAnnisiwlnsfauysal
waznisivtesufisdelot (Steam reforming) iun1sviuiAesauiulotuasldiaise
UfAzen lumsuanfelelasiou WeRansandedofuasterdevesnsuanfelelasiau g3
wesudssnglotdunssuiunisfiunaulamagldnandasitglelanaugs fdulasanuiis
aula mawdnfelalanauainnisivesudiaelon

2.4.2 mssnesuisaelaun (Steam reforming)

tagthumeluladiifiusansnmgdlunisnaninelslasiou fe nszuiuns
edufistnelov Wumeluladifianumunzanlunisuaninglelnsouieldludamnded
uazdssagnizuaunanisndansrualiiiidowaddomauwuvoonleduddld (1] Taed
ansmadudufnesssued lenuea wiefedamiae Wudu Fanszurunisiveduiadnglen
Usznausie 2 suneu e

1) Myuaseseninansasiuiulounigamgil 750 3 800 831
WwaLed YINANAUNNLPARAFWASIZY (Ararsusulauanlanwaritalalansiau) Asaunis

CoHmt NH,O <= nCO + (M/2 + n)H, (2.20)

2) Ujisenewmosufiadn (Water-gas shift reaction, WGS) Saifinufizen
soidlesantumeuiil sewisensveuteuenlediuihlagldmissuiasen wantasialifete
rsuaulasenluduaeinelalasiau fewemns

CO+HO <> CO,+H, (2.21)
wiirlutiigtunisivesuisinelediduisidenlunmanfelelnsau
doswnanunsaliudnsusifdlelasiaugs (8] uinsliiunieingaununislilothazsils
indnSusifiglalnnaudgugigiuazanuiugs Jsannsodoudrgiuadidomas
viinoonledudsldlaslidesdimiioifiugaunniuazananududeutoudieadidomas
Frfuhmiioingedsdodunadenlmifidddouoglunout

2.4.3 Ywilainga [3]

a

901 = a IS (%
Unluan Uz uraINan1zUn (90UNAN 25 DIALYALTYALAEAINUAY

Y

©.ol

Ao I

1 ussena) Wudvhazaneifdmivansuszneuiiftauasindoeiunsd ualleogluaniiz
melagaumgiuazanusiugaimilegaingaveit (aumgiiingn  373.95 ssrmiwalTua uay

9 Y
1%
o =

PNALINGM 2205 wnsthana) vilinuautAvesiimiledngall unsdnuasmloufing
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UNANBULLALOUTDILNAT LU mmuﬁmaqﬁwmﬁaﬁ‘mqmﬁﬁﬁ’]ﬂiﬁf’]ﬁamwﬂﬂauaz
A1INSENEWAEATS MIAUANNITLNT TIudsdinisianudeuresiuniioingafigady
Wiy dealiilnaandAnalunsdromanudeuiievisanndsnuildluieiosufnsel
TunmsvhufAseswesuisglels

2.4.4 nAwa59a [9]

a a & a o ¢ 1 a = = a
ﬂaL%@i@aﬂ‘ULﬂuwa(ﬂﬂm"mwa@U‘lﬂzﬂqﬂﬂig‘Uj‘Uﬂqiwa(ﬂ‘l‘UI@@Laﬁa NAGIYBRRG

a

Auldsisvueguinisiisimdeutiegn msdindiwesealulduselevilusugnamnssy

a £

néwweseaildmsiduniiweseau3gvs Fanisihndweseanuluiiunszuiunisinliuians

IS CY

gdlArantunisreudiags lulagdudnidedaulaiiuyarlviiundiweseanu lnanisi

= a ey

naweseanulUldluarsisudmsunaninalalasiau deauisatiindweseanuunldlunis

a [

nanlaaelnelddasinunssuiunmsyihlndundweseauians
2.4.5 msuaafnglalasiudmivwadiamas [2]

sUnuunsldidemdsiiinannarsusznoulelnsasvouluwadifomas
gilpeonlyauls fegaieiu 2 sUuuy Ae nszuiunisinesuisniely wasnszuiunis
osufsnouen Tneusarguuuuiineandoadsil
1) nszurunsInesuiianiely (Internal reforming)
UfseaanuseuandfiseninesuiaazUisennteninusou
1nUFATeeendintuiatunfoufuneluwadidomnds vilddnmsaemauiousewing
aanszuIun1shid Fenrsdismanudeuiadisfunisduiuruuvuselamneiuea
(Autothermal operation) thufte liidnfudesiundsnuanniouen esnaunsntainy
Youanujizenmeanufeuliduufisenivesuisldlaenss winnudeudidesnisdmsiu
UFATeTresuftonaliimanzantuaufeuiiliaindiuvenwadidownds vinliAaay
uandsresgavniinielueadidomddainnisdouaninuagnisunnvinld Snuaugnns
fudunuveanszuaunsivesuisnelunansfagui 2.3()
2) nsguaunsIesuiisnteuen (External reforming)
UFATeIWesudsaniAntuiivieTvesuweslunsudniglalasiay
ﬂauﬂammamaaL%Lwaqmﬂgﬂsmaaﬂ%Lmﬁuu Felaifinsanamanuseulaunsaseningnig
mmumusuaqmaawmaLLmmmaammmaawlmmﬂﬂgﬂ'ﬁmmﬂumaaLﬁuamaaiﬂsﬁ
fumiheduls dnuarmsddunuveanssuiunsivlesufiansusnuansiaguil 2.3(0)
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(@) Internal Reforming (b) External Reforming
B,H0 H, 1,0
CH,, HOf ; P
i m._c:) : O Jeo moc [C%
~— Ay f — \\ 7/ ="
Anode Anode
ﬂmml‘gu - Electroh te
Cathode Cathode
"__.; e *_— —‘_“
- [e0) Yo o)
CH, HO

JUT 2.3 nszuiunsiviesuianiglu (a) wagnszuiunisivlesuiianneuen (b)

2.5 UIAWNNYIVD4

2.5.1 mswaninglalasiauainnszuiunissnasuiisnlelaunwiiaingnannna-
\we50a

WNS LWReTen Lagdssnd yaned (2012) [10] Anwinisadusuves
nszvunsrarmelalasaunnndwesealasliuiisesnesuiistelethmiedingauitels
lefnalalasiouanniign nuimsddunuvesaiedesumesimnzauiigafe gamnd
800 aarealauarANRY 230 VssBnA dudnsidlethmileingareniisesoaniu
fumnzauiigaintu 90 Faazlifendnsamifivszneusmefslslasiau 65 Wesidudlaglua
fraasvoulaoanled 23 Weosifudlaslua wagloth 12 Wesdulaelua wasAnwiania
nsfdusuvediaeusniig-vennan iievilifendnsusiilddaiuuianives
felelnsiauiiuanndy wuihdianignisdidunuiangaufegungi 30 ssrieaided
uayANAY 20 UITEINIA Faazliinendnfasifiusnoumnefimlelasiau 74 Wedldudlalua
Fraansueulaeenles 25 WesiFudlaelua uwasfedug 1 wWesiiudlaelua

2.5.2 nsuaatninanwadivamdssiineanlyduluuunnunugs

Recknagle P.K. wazaz (2010) [11] @5190UUIN@09ATEUIUNTINDTY
Jeflnu dslodhnslusadidemdssiaeonladududoduiuanuiiauiugs e
annnsainsnszaevesdasinsiveoufisnsly gumall uaznszualwinfifinasdonts
ﬁWLﬁumuﬁmmﬁ’um mifﬁ’ﬂaaamamiﬁwLﬁumuﬁmmﬁumLLamﬂﬁLﬁudﬁmmmﬂ%’wiq
UivamﬁmwmwmauuaUIWﬁ'fL‘wmu meamwﬂmaama ammumamanmaaammiaa
as 3 wae 20 ssrnwadud uasdndlWifintudosas 9 Weslunuiinnusudiatuan 1
UTI8INIA D9 10 UTTEINTA

Seidler S. uwazAmE (2010) [4] FnwimsyeuveTaditemawin
oonledudsiuiunuiinnufuganiussmasuiueiesiaiufielaonsveasauaraing
wuuaeaiiofnwavsnalunsiuiunuiinnuiy 1.4 vid 8 3 U veuvadidendin
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fifituelunulaseadasnsdu 5 wadauiin wulussansnmuesnisieuasfistudle
fidusuiierudugedu lneddswihiutuan 248 fadinddemaasufiums faud
1.4 115 1Ju 307 fadtadsdonmsaeuiiuns fnudu 2 u1s uwag 323 Tadindsenians
wuRluas Aauiu 3 15 Tnedndlalihmindu 0.9 Taad dasduveslalasiaunarlulnsiay
fidriausluaviniu 1:1 enmadhiidauelun wasdiiunuiigamad 800 esawaidea
Saebea D. uazAny (2013) [12] An¥INITINNUTDITEUUTINTENINUYAA
demdwineenledudatuinnuiinnudugetusviuing neldlemusaliuansieiu nud
msifiamfulunsdliunuansaliulgssansamnmanliihvesssuuldd e
AUy Mnzanoglugag d vis 8 6 und anansaliuszansningsgalunsndnli
waznuharuoundeisfldnndmiuietugininnufeuiifesmsdmiussuuday ey
srvuimsEniaeadidomasvinoenledudeiuiatufieaunsadneianiaglunsg
fuduald fedieaneldinsdidunuiirnufugsssuuiudomnismaihauioumie
fanndauelnamvyuisunduanldluinasndfiesnussuuliduiunulaglidesd
AuSauINTEULAY winsivdndiunmsnyuisuresnusoumdefisanndaualnasil

Useansnmnisuanliilvesssuuanas
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35N15ALLUIIU

Tassnuiaulafnuannefmnganiieldliussansamgegalunisudalii
MNMsTUTessTUUTIsEwIensruIunsSrlesufisigletiniloingrannndigeseariu
wadilemdsndnoonledudauuunudugs Tneasauvuiaeinszuiunsdelusunsy
#3930 Aspen Plus Fstedveanslalusunsudnsagy Aspen Plus Aoanansaeenuuy
NILUIUNITHAALUILAUGAAINNTTULALTNANAANIAATITHASNAIIIUTDINTTUIUNITHER
dlosnTusunsy Aspen Plus Hrelinisiuiniidudeuansarldietuwazauise
U¥udesutiidelunszuiunsuanldine luidedl 3.1 wansmssenuuunszuiumsInesuis
felothuniloingrannniieesen Wendniglelnsaudmsulfidudemdafiodeudng
waddewawineenleduds uarluidedl 3.2 taueniseenuuueaditomawineonlemuds
fildemasiefalalasmuanmsnssuiunmsinesufivgledimileingranndiweses

3.1 mswanielalasianainnszuiusnesuiisarelaliuiiadngnainnawesen

nszvrumandnfiglelasiauainniwesoauarletiniledingn wansiasuil 3.1
UszneuseiaiosUfnaningdn 2 1a3esufninl Ae in3ednefuies (Reformer) uawiaTed
UfnsaiiAnUfisenoimesuiatn (Water gas-shift reactor) Lagsns197 3.1 LAAIANTIZA"S
ANHUITUTBINTEUIUNTIND UL

—— SYNGLS —p

[T % -
e af - . —
- HE R

<X HEEZ

LR

UM 3.1 wuudaeanszuiumswdninglalasiauainnssuiumssvesulissigletmileingy
NNGLYT0M
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o . dnngnseiiuaey
NUIWUHUANT KUUADY —
UIATFIU YRNFANW

HEATER1 Heater 500 °C -
REFORMER RGibbs Reactor 800 °C 600 - 1,000 °C
240 atm 200 - 280 atm

TURBINE1 Turbine 4 atm -

COOLER1 Heater 200 °C -

WSHIFT REquil Reactor 60°C .

4 atm -

3.1.1 @15n9Au

asmauiitoudigdnszurumandefelelnsausznaudae 2 diu fio
ﬁwmﬁaiﬂqmazﬂﬁ%aiaaﬁu Fausznoudie ndwesea 80 wWeddudlnslua warimnuea
20 Wesidudlaelua Tneuniloingauasndiweseasslousindrmilunioman (MIXER)
Mniugnifiugamniidneiiediieuou (HEATER) deugnasluruiateluedosdvosuwes

3.1.2 WSas3nasuuad (Reformer)

lun1s91aeenszuIunIsvanATesInesuweslduuuTIaeLAIasUnsal

wiin RGibbslagUfAzenanunsaiinvuladinad

a

& a a

Uinsensnesuienfwesen C3HgO5 + 3H,0 <= 3CO, + TH,
Uiseuansinaiyesen C3HgOs <> 3CO + 4H,
Ufisemeamasuiadm CO + H,0 <= CO, +H,
Ufisesvlesuiisuniuea CHsOH + H,O <= CO, + 3H,
UnseuanmLunIUea CH;OH <> CO+2H,
UfAseInsininu CO + 3H, <> CHg + H,0

(3.1)
(3.2)
(3.3)
(3.4)
(3.5
(3.6)

Tun1s@EnwazUsuUagUaN1IE NI RUIUTB AT DS WS LLLDS 11U

9o 600 fi4 1,000 arwALTYd Lavadaiy 200 §19 280 UTEINTA
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aaa 4

3.1.3 ip3eeufnsaliiinujisentainasuiadn (Water gas-shift reactor)

wAnAneiildanniedesinofunesazgnanausufie iy (TURBINE)
wagvilifuasieiaiosianuiu (COOLERD)  widslusuedesunsailfaufazen
10imeiufatn lnsfnsafuounousnledagsiufisenduildiglelasiauuasfng
asusulaoonlsd feil
UfAzendewmesuiaty CO+H,0 <> CO,+H, (3.3)

Y
a

3.2 LYAALTBLNAY
WAALYDLNAIUSENOUAIY 2 @IUNSN ADUILALNALATUILDLUA LABLNLAIN
NFEUIUNITVDULAALYDNEWAAIRIFUN 3.2 Warn15199 3.2 WAAEN1IEMIANTUNUITaE

& a a ¢ @
LGU'E]LWENSUUW@@ﬂ‘l‘ﬁﬂ LU

COMPRZ

TUSBINEZ

E4-TURBI

EX-ANODE

L—— SYNGAS N N-ANCDE
HEATES2

UM 3.2 LuuinasinszuiunIsveseadeindiinoanlanuds
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o . #nzMIA Ll
NUIWUHUANT KUUADY —
195§ Y NNAN
COMPR Compressor 4 atm 4 - 8 atm
HEATER2 Heater 800 °C -
HEATER3 Heater 400 °C -
CATHODE Separator Spit fraction
(Oxygen) = 0.22 )
ANODE RGibbs Reactor 800 °C 800 - 1,000°C
4 atm 4 -8 atm
AFTERBUR RStoic Reactor 1,100 °C -
4 atm -
TURBINE2 Turbine 1 atm -

3.2.1 #15A9AU

asmauioudngnsruiunisvensadidomasusznaudie 2 dau fio
Agduasizinazernia lngAreduasgiidufiefldainniszuiunisinesuiisfe
lothnileingranndigesea (SYNGAS) Usznauluine falelasiau faasueuteuenles
frgensvanlaeenled Aefinuuazi daazgniioudigdauelun (ANODE) daueinia (AIR)
wgnifiuawiulasdeudginiessaenia (COMPR) wagiiingamaiimeaseslianuiou
(HEATER2) 91ntudadngtaualng (CATHODE)

3.2.2 VIHANA

Tun1991899n38UUNTVITILALNALEUUUT AR LATRILEN (Separator)
g 4' & a by a 2- I )
wiudaualvg Weusningeandaulilusendiaulossu (O°) Jeuwdiguelun Avauns
- 2-
0.50,+2 <= O (3.7)

3.2.3 9L8LUA

Puolunldiuudnassasosufjnsaiutin RGibbs Tunsinassnseuiunisn
Tsluaigiimunazaniveuseusnlenieglufiedunsey wwiaugisesnesulisrigleu
aaa § & _a [ I < a a 23 A 6
waruisenieweiuiadniviy dadunisiindunavesinelalasinuntiuelun lagfine
lelasiuiiinanuisensnesuiismeleun wazufisenewesuiai wazfiiglalasauly

a o

edaasien awviuiseliieliduiwesndau Ineuisemiatuntiielun Jaadl
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UfAzendewmesuiaty CO+HO <> CO,+H, (3.3)
UfAsesvlesuiialnu CHq + 2H,0 <= CO, + 4H, (3.8)
Ufnzenlniled Hy+ O —>  H,0+2e (3.9)

Tun15AN®19zUSUWASUANIIZNITANTUIIUVDIYAALTDLNAT 1LY
9auuQil 800 fia 1,000 A waLTYd LavAuil 4 9 8 UsIEINIA

3.2.4 1A3a99 masiisuLuas (Afterburner)

dmdunszuaunswnlnivesdomndsiimdenndaueluauazeondiaud
wieandaualna aevhuiiselueieseminesidsuueiifiothanudoululdfuninedy
Tunsdnaesnszurumslduuudasnaiosufnsaivdn  RStoic lasngluaIesufnsal
fuffsefAnTuded
Az lbndvesinglalasiau Hy, + 050, —> H,0  (3.10)
ffsevnindvasfinvansueutewenlen  CO+ 050, — > CO,  (3.11)

T8fAUAAILUSHUNINATIVNAY 1 v09R91aln5Lau kasinuaAILUS
HUMLATNAU 1 vesfneesuauuauanlas [13]

3.3 35N1359194N32UIUNTS

Tassruiifunissiaesnszuaunisudalafiininnisinusiusswing
nszuaumssrlesufistsledmiedngnanndweseatuisadiemawineenlesuddnyld
TUsunsy Aspen Plus (@efiununinvosszuusinuanafegud 3.3) Wefnwimanniznis
sudunuivsnzanlunisnaaliinliduszansamgeiian Tnsanudgiuililunisdias
NITUIUNMIYRITEUUTI A (1) duflunuitaniizasi (2) lifimwsuasluusazgunsal
(3) UAseIlefuisuazdfisenamesufadniidaueluniintuiiaunaind @) Siftefe
lelasiauiviufisenlaiued

FBNn391a0aNTTUILNTVBTLUUTILARSAIFUT 3.4 TaeiFuainimunaniie
metuiunuvesaiedleduies (@uvnliuazanusulunsdifiunuveaniednodiumes
wazdnsndiuvedlevvileingadeniiwesea) ieldlunissiassnseuaumslunisdun
psAUsznouTsiedaTgifldnnIsUINNMTINe fuRdl B e A udaszvesiud
ﬁﬁ?ﬂﬁq@ (Gibbs free energy minimization) Feannissaesnszuaunisazlisnsinisine
Weluavesnandu (felalasiou Aeflnuy freaisueuususnlad Aaarsueulasenlyd
uazth) Tnefeduaszifldannnszuiunsivesufznanefunnivesvddmiuns
Furnanssaugvengaditends e munaniiznisaniunureneadidenas
vineenleduds (guuniuazanudulunisdiiunurensaditemds wazarumuiuy

nszualni) wazinupnuauifvesianuazlasadiwengadiiomndsviinoanluduis
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B Auruvestalwihuassidninslad wardudszansmsunsvesiedivalnd (Hudu
AzENsafAANISIUTTeuTad T oaTlEnuUUSae sTias e lulUsunsy Aspen Plus
Saudvannsmalniiedl dsieadouaunisianailuguuuy FORTRAN Tu Calculator block
Fauduilaiduiieglulusunsu Aspen Plus

Tunsdnaussauznsuaalniivessyuuiy Wefmuamdslniivesssuy
AU 10 Alades wanzdmsuildldluasasou [14]) azarunsaArurumardng i

AONNILYAABLNAI LA ANAUNTAIT

E= EOCY (Mact + Mohm + Neand) (2.6)
ocv _ po _ BT, 0 Prga
EZ = BT - gln P 20
%%a EUE‘I." — El:l _ E]n ¥l

2F (N, F) (g, PO

g Xuo D LAwEILlLavesIvas iy ANODE
Xy, A9 wwduluavaswlalasuluiedansieivazMinvuly ANODE
Xo, A9 LAwEIULNAY8INRRNTLUTLUT ANODE

wazilaAulAAng i seriasadiiamas avaunsamuIumAmadbilinfanils
LARLYBLNEY VINTUAIUIUNTIUIUTAALTDLNES 9RT1N5IELWaLWES (Fuel utilization, Uy)
UseAnSnmusswaditainas (SOFC electrical efficiency, Tsr) WazUTEANTNINVDITZUU

(System electrical efficiency, M)
TAgHALAB ST IUNITRANSUIFUTTOULVRITEUUIIN AD INSINIT UL DLNAS
UsEANTNNUDUTRALYBINAY warUTTANSNINVBITEUU TILEAIAIANNITN (3.13) D9 (3.16)

UIUAALYDNAIFIUITANIITUN A NANNTN (3.12)
Pw
n= F (3.12)
RTINS ML BLNA VD UYAADLNAIAINNS RSN LPINFNNTA (3.13)

iLWn
= . : _ (3.13)
2F(4ACH, jn+ ACO+AHZ i)

USLANS N NN 0AUTINULNITNANNTE WA T VBI58UUTINAWNTANANTU LA

INFUNITAIL

U5 ANS NNV NTAALTDLNA

Fso
Nsorc = LA _ x 100 (3.14)
I.'Ir..l'l_q,’iﬂl..H.'I."C].]q_'r n['.DiﬂLH"u'r;grnHE'iﬂLH‘u'H?
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YSLANTAINUDITZUU

_ _ Psopcac
NsysAC = Sriel LHV e < 100 (3.15)

mMsuUaanseualniinnszwansa Direct current, DO) Tidunseualnilnady
(Alternating current, AC) Taefiuszansninnisutisnlasnseualiiin (The dc-ac inverter
efficiency, Myer) YU 0.94 [11] Al

Psorcac = Psorcbe * MNinvert (3.16)
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Start
\ 4
Given Operating Given Operating Given Material
conditions of reformer conditions of SOFC property and cell

(T.ef, Pros and S/G) dimension of SOFC

(Tsorc, Psorc and )

A4

Calculate the molar flow rate

l

Molar flow rate of fuel Solve the SOFC model
(nFuel), hydrogen (ﬂHz), (fixed Pw = 10 kW)
carbon monoxide (nCO)

and methane (nCH,)

A 4

Calculate the voltage per cell (V/cell) and power per cell (Pw/cell)

\ 4

Calculate the number of cell (n), fuel utilization (Uy),

SOFC electrical efficiency (Nsorc) and system electrical efficiency (ns)

A\ 4

End

JUT 3.4 15N1391989NTEUIUNITVRITLUUTINTENINNTEUIUN TINRSUIsUwa AL aINES
yilnoonlgAuds
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Parameters Value
Reformer
Temperature (T, °C) 800
Pressure (P, atm) 240
S/G 90
SOFC
Temperature (T, °C) 800
Pressure (P, atm) q
Current density (i, A/m’) 5,000
Power (Pw, W) 10,000
Cell length (L, m) 0.4
Cell width (W, m) 0.1
Faraday’s constant (F, C/mol) 9.65x10"
Anode thickness (Tgn0ds, UM) 500
Cathode thickness (Teamde, UM) 50
Electrolyte thickness (Terecerotyee, HM) 20
Pre-exponential factor of anode exchange current 6.50x10""
density (kanode A/m°)
Pre-exponential factor of cathode exchange current 2.35x10""
density (kearhode » A/m°)
Activation energy of anode exchange current density 140
(Esnade, ki/mol)
Activation energy of cathode exchange current 137
density (Eqthade, KJ/mol)
Anode diffusion coefficient (Desy anade m/s) 3.66x10°
Cathode diffusion coefficient (Dgy cathode > mz/s) 1.37x10°
Anode electrical conductivity (dggade, 1/QmM) 4.2 ; 10° exp _ LTZOO
Cathode electrical conductivity (geappds, 1/QM) 9.5 ; 10° exp 1,11150
Electrolyte electrical conductivity (geiectratyre, 1/QmM) -10,300

33.4 x 10% exp

T
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12

Experimenial
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5UN 4.1 NamISuiguNanIINaeIn sy uIUNSIUNGINNINARBIYEY Zhao Wae Virkar [16]
serieeavunssialihiudng i Maamgil 873 973 uay 1,073 whaiu
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| = 20000
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JUN 4.2 namsilSeuiigUNanIInNaensEuIUMINUNaIINNTNAGeeY Zhao uax Virkar [16]
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%‘U%"ULU?UuLawwzqquﬁmaqLﬂ'%laﬁWaifmua%ﬁ 600 800 way 1,000 |IALIALTE
Tnefuusduaiidiaeit Tour Ay 240 vsseania Sasdruszuinsleduniedngmsie
nAlgasoawiniy 90 amasmwﬁLﬁumwﬂawﬁaéuﬁaLwaqﬁqmmﬁ 800 @eFLYALTYA
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desanujisendvesuiaiuufiitegaauiou Taudnduldiie

1%

puvnfigstu Aefudlegamgivenndosinosumesifindufayinlviufisondeuludrandy
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dervdruluavesinglelasioulundndnsiinty dwalddndlifives
wadiomanfintunulugie esiniinadoniududesvesfnglelasiouluaunis
Andlniin nangud (@unis (2.4) yonaninmsiiiutuveavauluavesielalnsiou asvi
Tnsundvesinglelnsaulugnguludsiiufisenindaluihidu dndlifhanydeidosnin
nsdrelounaisdaanandedndlnimmguiidindu uazdndlifigapdeidesainnis
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WAdLYaAINAeINS I lunsHAR W anas
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4.2.3 navewnsduszuIgledmiledIngarendigesea
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WuTy denalidndlvirveswadiomauintunuliie Wesindnaneauiudoeuss
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dnglowranviueluavilvididranas (aun1s (2.15) mewgildnalidndliivevead
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200 0.575 0.083 57 ppm 0.918 54.454 = 55 82.04% 64.11%
600 240 0.552 0.103 52 ppm 0.916 54.567 ~ 55 82.16% 64.81%
280 0.529 0.123 48 ppm 0.914 54.687 = 55 82.23% 65.38%
200 0.671 0.002 86 ppm 0.925 54.029 ~ 55 81.32% 60.14%
800 240 0.670 0.003 85 ppm 0.925 54.032 = 55 81.19% 60.10%
280 0.668 0.004 85 ppm 0.925 54.041 ~ 55 81.41% 60.31%
200 0.674 46 ppm 87 ppm 0.926 54.017 =~ 55 81.21% 59.95%
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70 0.668 0.004 110 ppm 0.925 54.041 = 55 81.32% 60.48%
90 0.671 0.002 86 ppm 0.925 54.029 = 55 81.32% 60.14%
110 0.673 0.001 70 ppm 0.926 54.020 = 55 81.15% 59.95%
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A139991 N.1 NANITIIABINTZUIUNITTIAN1IZAIALTUNUAT0LATBITNOTUWES Lazdnsdulaumileingadonaisesealriniu 30

gaungil iy | nsimsivadisluavesaneningdo GRS

(pamwaLTed) | (Us58IN79) (Alaluasiatalua) felalasiau ey | AMearsusuulsuenlee lovh
200 0.184 0.389 0.240 85 ppm 0.044

600 240 0.175 0.360 0.265 76 ppm 0.044
280 0.167 0.335 0.287 68 ppm 0.044

200 0.315 0.626 0.040 220 ppm 0.044

800 240 0.303 0.613 0.051 207 ppm 0.044
280 0.292 0.600 0.062 196 ppm 0.044

200 0.365 0.671 0.002 272 ppm 0.044

1000 240 0.364 0.670 0.003 261 ppm 0.044
280 0.362 0.669 0.004 269 ppm 0.044




A13199 N.2 NANITINABINTZUIUNITTIAN1IZAIA TR TOLATBITNOTULBS Lazdnsdulalmileingadonadigesealrindu 50

gaungil iy | nsimsivadisluavesaneningdo GRS

(pamwaLTed) | (Us58IN79) (Alaluasiatalua) felalasiau ey | AMearsusuulsuenlee lovh
200 0.219 0.480 0.163 189 ppm 0.044

600 240 0.206 0.452 0.187 180 ppm 0.044
280 0.196 0.426 0.210 172 ppm 0.044

200 0.350 0.659 0.012 149 ppm 0.044

800 240 0.343 0.653 0.018 235 ppm 0.044
280 0.335 0.646 0.023 233 ppm 0.044

200 0.368 0.673 358 ppm 240 ppm 0.044

1000 240 0.367 0.673 542 ppm 240 ppm 0.044
280 0.367 0.673 774 ppm 240 ppm 0.044




A131991 N.3 NANITINABINTZUIUNITTIAN1IZAIALTUNUAITOLATEIITNOTUWES tazsnsdulalmileingadonaisesealriniu 70

gaungil iy | nsimsivadisluavesaneningdo GRS

(pamwaLTed) | (Us58IN79) (Alaluasiatalua) felalasiau ey | AMearsusuulsuenlee ot
200 0.248 0.537 0.115 64 ppm 0.044

600 240 0.234 0.511 0.138 58 ppm 0.044
280 0.221 0.486 0.159 52 ppm 0.044

200 0.361 0.668 0.004 110 ppm 0.044

800 240 0.358 0.666 0.007 108 ppm 0.044
280 0.354 0.662 0.010 107 ppm 0.044

200 0.368 0.673 112 ppm 112 ppm 0.044

1000 240 0.368 0.673 171 ppm 112 ppm 0.044
280 0.368 0.673 246 ppm 112 ppm 0.044




A13099 N.4 NANITINABINTZUIUNITTIANTIZAIANTUNUAITOLATEIINOTULES Lazdnsdulalmileingadonaisesealrindu 90

gaungil iy | nsimsivadisluavesaneningdo GRS

(pamwaLTed) | (Us58IN79) (Alaluasiatalua) felalasiau ey | AMearsusuulsuenlee lovh
200 0.273 0.575 0.083 57 ppm 0.044

600 240 0.257 0.552 0.103 52 ppm 0.044
280 0.243 0.529 0.123 48 ppm 0.045

200 0.365 0.671 0.002 86 ppm 0.044

800 240 0.364 0.670 0.003 85 ppm 0.044
280 0.362 0.668 0.004 85 ppm 0.044

200 0.368 0.674 46 ppm 87 ppm 0.044

1000 240 0.368 0.673 70 ppm 87 ppm 0.044
280 0.368 0.673 102 ppm 87 ppm 0.044




A13099 N.5 NANITINABINTZUIUNTTIAN1IZAIALTUNUAIToLATBsTNOTUWeS tazdnsdulaumileingadondigosealriniu 110

gaungil iy | nsimsivadisluavesaneningdo GRS

(pamwaLTed) | (Us58IN79) (Alaluasiatalua) felalasiau ey | AMearsusuulsuenlee ot
200 0.293 0.602 0.061 52 ppm 0.044

600 240 0.277 0.581 0.078 48 ppm 0.044
280 0.263 0.560 0.096 44 ppm 0.045

200 0.367 0.673 0.001 70 ppm 0.044

800 240 0.366 0.672 0.001 70 ppm 0.044
280 0.365 0.671 0.002 70 ppm 0.044

200 0.368 0.674 22 ppm 71 ppm 0.044

1000 240 0.368 0.674 34 ppm 71 ppm 0.044
280 0.368 0.674 49 ppm 71 ppm 0.044
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A197199 9.1 NANITNAVINTTUVIUNITNANIZNTANTUITUAN VD USAATBLNES LazA1l

MULUUNTERE AU 3,000 LaULUSABAITINBUAT

Qounll . fnglndveswas | | R
v AUGTY ¥ . FIUIUTAATONES | vy -
(297 BRRIGE . RTINS DLNA
- (UT5810"FA) . (1988)
\waldua) (la)
4 0.979 85.119 =~ 86 76.97%
800 6 0.990 84.169 ~ 85 76.11%
8 0.998 83.536 =~ 84 75.54%
q 1.040 80.142 =~ 81 72.47%
900 6 1.052 79.210 = 80 71.63%
8 1.060 78.591 = 79 71.07%
q 1.046 79.672 = 80 72.05%
1,000 6 1.059 78.662 =~ 79 71.13%
8 1.068 77.992 = 78 70.53%

a a ¢ & a - f & (3 a a [
WHULUR YILANTNNUDIDARLIBLNAY b1NU 60.14 LUBTEUR WaTUIEENTNINUBITEUU LNNNU

68.41 1Uasidua

AN99N 9.2 NANTTNADINTLTVIUNITNANIZATANTUITUAN | VDUSAALTDLNGS hazA11w

MULUUNTELE AU 5,000 LaULUSABAITINHUAT

Qaunll . fnglniveawas | | R
v AUGTY P FIUIUTAATONES | oy -
(29 RRRIGE . RSN LU TDINA
- (UF5810"FA) . (1988)
\waldud) (la)
4 0.925 54.029 =~ 55 81.32%
800 6 0.937 53.340 = 54 80.28%
8 0.945 52.888 = 53 79.60%
4 1.030 48.553 =~ 49 73.08%
900 6 1.041 48.046 ~ 49 72.31%
8 1.052 47.532 =~ 48 71.54%
q 1.051 47.570 =~ 48 71.60%
1,000 6 1.066 46.914 =~ 47 70.61%
8 1.076 46.490 =~ 47 69.97%

wnewie UszAvBnmaeawadideinds Wi 60.14 WWesidud uazUszdnSnmuessyuu wihiu

68.41 1Uasidua
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A1999 9.3 NANITNAVINTTUVIUNTNANIZNITANTUITUAN|VDUIAATBLNGS LazA1w

nudunszualniiniu 7,000 LOULUSABANSILUAS

Qounll . fnglndveswas | | R
v AUGTY ¥ . FIUIUTAATONES | vy -
(297 BRRIGE . RTINS DLNA
- (UT5810"FA) . (1988)
\waldua) (la)
4 0.864 41.355 = 42 87.14%
800 6 0.876 40.749 =~ 41 85.86%
8 0.885 40.359 =~ 41 85.04%
q 1.003 35.606 = 36 75.03%
900 6 1.017 35.105 = 36 73.97%
8 1.027 34.783 =~ 35 73.29%
q 1.038 34.413 = 35 72.51%
1,000 6 1.057 33795 = 34 71.21%
8 1.064 33.564 =~ 34 70.72%
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Abstract

This study aims to investigate the power generation consisting of glycerol
supercritical water reforming process and pressurized solid oxide fuel cell. The
performance of an integrated system can be determined by using a flowsheet simulator in
AspenPlus™ which was applied with the electrochemical equations taking into account all
voltage losses. The developed model was employed to study the effect of operating
conditions of the reformer and SOFC on the performance of the integrated system (i.e., cell
voltage, number of SOFC stack, fuel utilization, SOFC electrical efficiency and system
electrical efficiency). When the desired power generation of integrated system is set as 10
kW, the simulation results indicate that the optimal operating conditions of the reformer
are 800°C, 200 atm and supercritical water to glycerol ratio of 90. While, the optimal
operating conditions of the SOFC are 900°C, 4 atm and current density of 7,000 A/m?.
Under these operating conditions, the integrated system can provide the cell voltage of 1
V, number of SOFC stack of 36, fuel utilization of 75%, SOFC electrical efficiency of

60% and system electrical efficiency of 68%.

Keyword: Integrated system, Glycerol supercritical water reforming, Solid oxide fuel cell
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1. Introduction

Solid oxide fuel cell (SOFC) is the most promising type of fuel cell for distributed
power generation due to having high efficiency and presenting clean technology [1]. In
general, there are two approaches proposed for the SOFC operation: external reforming
and internal reforming. Although the internal reforming system has higher efficiency than
the external one, this approach has some problems: the possibility of carbon formation on
the anode and the presence of a large thermal gradient within SOFC stack [2]. As a
consequence, a power system consisting of SOFC integrated with an external reformer is
investigated in this study. The attractive feature of this system is that the SOFC always
provides a high-temperature exhaust gas which can be used for other heat-requiring units
in the SOFC system. Furthermore, the investigation of an integrated system can extend to
the design of heat integration or heat exchanger network to minimize energy demand in the

system.

Among available fuels and reforming processes, there are many researchers focusing
on the glycerol supercritical water reforming process [3-4]. Glycerol becomes an attractive
alternative fuel for hydrogen production since it is a by-product from biodiesel production
by biomass-derived feed. The utilization of supercritical water (374°C and 22.1 MPa)
instead of steam in the reforming reaction offers some benefits over the conventional one;
it can improve space time yield, thermal conductivity and specific heat, which can shift

endothermic reforming reaction toward [4].

Although, hydrogen produced from supercritical water reforming has high
temperature and pressure, the compressor unit is strongly required to reduce pressure of
synthesis gas before feeding to the conventional SOFC operated under atmospheric
pressure. In order to eliminate the external energy requirement for hydrogen compression,

an integrated system of glycerol supercritical water reforming and pressurized SOFC has
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been proposed in this study. The pressurized SOFC is referred to the SOFC operated under
higher atmospheric pressure. It was reported in many previous investigations that higher
pressure operation of SOFC can provide an improved power generation and enhanced

efficiency [1-2,5].

In this study, glycerol supercritical water reforming process integrated with
pressurized SOFC is designed and developed in the Aspen Plus simulator. The
performance of integrated system is examined in terms of cell voltage, number of SOFC
stack, fuel utilization, SOFC electrical efficiency and system electrical efficiency. The
operating conditions of both reformer and pressurized SOFC are carefully determined to

optimize the system performance.

2. Processdescription

Figure 1 presents the schematic of an integrated system of glycerol supercritical water
reforming process and pressurized SOFC designed in the Aspen Plus flowsheet. The crude
glycerol (80% glycerol and 20% methanol) and supercritical water are mixed in a mixer
(MIX) and then, the mixture is increased temperature that specified for the reforming
reaction in a heater (HEATER1). When the gas mixture is supplied to the reformer unit
(REFORMER), the possible chemical reactions are carried out in the reforming process.
RGibbs reactor is used to calculate the product composition under the conditions that
minimize of Gibbs free energy. The components consisting of C3HgO3, H,O, CO, CO,, H,
and CHy are considered as the possible species in supercritical water reforming of glycerol.
Then, downstream from the reformer is reduced the pressure and the temperature in
turbine (TURBINEL) and cooler (COOLER1), respectively before feeding to the water
gas-shift reactor (WSHIFT). REquil reactor is used to model the water gas-shift reaction to
remove CO and additional generate H,. The exit stream (SYNGAS) is further sent to the

SOFC stack at the anode side (ANODE) as modeled by RGibbs reactor. At this side, the
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remaining CHy is reformed via steam methane reforming, CO is shifted via water gas-shift
reaction and H; is oxidized via electrochemical reaction. It is noted that since the ions
transfer cannot be modeled in Aspen Plus and thus, the overall electrochemical reaction
(Hz + 0.50,> H,O ) is used instead of the cell half reactions [6]. While the stream
‘SYNGAS'’ is fed to the anode, the stream ‘AIR’ which is compressed (COMPR2) and
preheated (HEATER?2) is simultaneously fed to the cathode side (CATHODE). For the
cathode side, it is modeled as SEP to separate out the O, required for the electrochemical
reaction. H, produced from the reforming and water gas-shift reactions and in the synthesis
gas reacts with oxygen to generate the electrical power and steam via electrochemical
reaction. Then, the depleted fuel from anode and oxidant from cathode are supplied to the
afterburner (AFTERBUR) where complete combustion of the remaining fuel occurs.
Finally, the exhaust gas is further fed into the gas turbine (TURBINE2) to generate more
electricity.
3. SOFC model

The compositions of hydrogen and oxygen are used to determine the performance of
SOFC (e.g., cell voltage, power density and cell efficiency) through the detailed
electrochemical model. The open-circuit voltage which is the maximum voltage of SOFC
can be determined by the Nernst equation. However, the operating cell voltage is always
lower than open-circuit voltage since there are three main voltage losses occurred in real
operation: activation loss, ohmic loss and (3) concentration loss. Table 1 lists the
electrochemical equations of SOFC used in this study which were reported in our previous

work [1].

4. Solution approach
In this study, the thermodynamic calculation is performed by using AspenPlus™. The

model is performed based on the following assumptions: (1) isothermal and steady state
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operation are considered; pressure drops are neglected; reforming and shift reactions reach
chemical equilibrium; and only H; is electrochemically oxidized. Figure 2 show a solution
approach for determining the electrical performance of an integrated system. Firstly, for
given operating conditions of reformer (temperature (Tref), pressure (Pref) and supercritical
water-to-glycerol ratio (S/G)), the equilibrium compositions in the reforming process can
be determined. The molar flow rate of CH4 (NcHs), CO (nco) and H, (ny2) obtained from
reforming process is further used as the input parameters for the SOFC calculation. It is
noted that the electrochemical equations, as described in Section 3, is performed by a
calculator block in the Aspen Plus flowsheet. When the operating conditions of SOFC
(temperature (Tsorc), pressure (Psorc) and current density (isorc)) and physical parameters
of cell components are specified, the voltage per cell (\V/cell) and power per cell (W/cell)
can be calculated. When the desired power output of integrated system (Py,) is set as 10
kW, the number of cell stack (n), fuel utilization (Us), SOFC electrical efficiency (€sorc)

and system electrical efficiency (gsys) are determined as follows:

n=—* (10)
ISOFCV
I LWnh

Uf — SOFC (ll)
2F (4ngy,, + 1y, +Ngo)

Core = i x100% (12)

Moy, LHV, + 1, LHV,, +neo LHV,

e, =— " x100% (13)

New, I—HVCH4

5. Resultsand discussion
Table 2 shows the values of operating conditions of reformer and SOFC and cell
geometry of SOFC used for simulation under nominal conditions. It is noted that values of

structural and material property parameters for the SOFC are the values reported in the
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literature [7]. Under the standard condition, it is found that the product stream consists of
67% H, 0.3% CHy,, 85 ppm of CO, 4.4% H,0 and 28.3 % CO.. In addition, the simulation
results indicate that the integrated system can provide the cell voltage of 0.925 V, number
of SOFC stack of 55, fuel utilization of 81.19%, SOFC electrical efficiency of 60.10% and

system electrical efficiency of 68.41%.

5.1 Effect of operating conditions of refor mer

In this section, the influence of operation conditions of reformer is studied. Table 3
shows the effect of temperature and pressure on equilibrium product compositions and
system performance. As expected, the reformer temperature has a significant effect on
hydrogen production. Since glycerol steam reforming reaction, as a reversible and
endothermic reaction, can be shifted to the product side (right hand side of reaction) at
higher temperature and thus, the mole fraction of H, can be improved from 0.552 at 600°C
to 0.670 at 800°C. However, when the temperature is higher than 800°C, it is found that
the mole fraction of H, is almost constant (0.673). This is in turn the fact that the chemical
equilibrium is thermodynamically limited at this temperature. Unlike the temperature
effect, the simulation results indicate that higher reformer pressure leads to decreases in
mole fraction of H, and CO and an increase in mole fraction of CH,, according to Le

chatelier’s principle.

Considering each performance of SOFC, it is noted that product composition of H, has
an important effect compared with that of CH, and CO. From Table 3, it can be seen that
the cell voltage slightly increases with increasing H, concentration. This is because higher
H, concentration leads to higher open-circuit voltage and lower concentration loss. In
general, the SOFC operated under higher cell voltage requires lower area of SOFC

(referred to number of cell stack). However, since there are a few differences of cell
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voltage and thus, the number of cell is almost constant. In addition, the results also indicate
that when the power generation of SOFC system is fixed as constant, an increase in mole
fraction of H, can reduce both fuel utilization and cell efficiency. It is noted that since the
molar flow rate of glycerol (0.04 kmol/hr) and supercritical water (3.6 kmol/hr) are fixed
as constant for all case studies, the system efficiencies depending on molar flow rate of

fuel feed are same (68.41%).

Effect of supercritical water-to-glycerol ratio on hydrogen production and system
performance is further examined, as shown in Table 4. Higher S/G is meant that higher
H.O is fed into the system; it is more favorable to steam reforming and methanation
reaction and thus, mole fraction of H, can be achieved. However, increasing S/G more
than 90 insignificantly affects to mole fraction of H,, a choice of S/G should be carefully
determined. As described in temperature effect, higher concentration of H, can improve

the cell voltage whereas fuel utilization and cell efficiency are lower.
5.2 Effect of operating conditions of SOFC

Table 5 present the system performance in terms of cell voltage, number of cell and
fuel utilization as a function of wider range of temperature (800-1000°C), pressure (4-8
atm) and current density (3000-7000 A/m?). It is noted that for all case studies, the
synthesis gas from reforming process (Tret = 800°C, Pres = 200 atm and S/G = 90)
consisting of 67.1% H,, 0.2% CHy, 86 ppm of CO, 4.4% H,0 and 28.3 % CO; is fed into
the SOFC stack and thus, the SOFC efficiencies are constant as 60.14% whereas the
system efficiencies of 68.41% are also constant when the fuel is fed at a constant value.
From Table 3, when Psorc and isorc are kept constant as 4 atm and 5000 A/m?, it can be
seen that increasing SOFC temperature can achieve higher cell voltage. This is mainly

caused by an increase in open-circuit voltage and decreases in all voltage losses. Since
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higher cell voltage is meant that the required area of SOFC is lower and thus, number of
cell can be reduced under high temperature operation. Since the operating condition of
reformer is constant (molar flow rate of inlet fuel is constant), the fuel utilization is similar
trend to number of cell. As a result, when the number of cell is lower, the fuel utilization is

also decreased.

In order to study the pressure effect, Tsorc and isorc are kept constant as 900°C atm
and 5000 A/m?, respectively. In general, the SOFC operated at high pressure can provide
higher cell voltage since higher partial pressure of H, can increase an open-circuit voltage.
In addition, at high pressure operation, fuel and oxidant gases can easily diffuse to the
reaction site and thus, the concentration loss is decreased. When cell voltage can be
achieved, the number of cell and fuel utilization is reduced, as mentioned in the SOFC
temperature effect. However, in this simulation, it is found that increasing SOFC pressure

in range of 4-8 atm has a slight influence to cell performance.

Finally, the effect of current density is further investigated and found that
increasing current density, varied from 3000 to 7000 A/m? can considerably reduce a
number of cell and fuel utilization. Higher current density leads to increases in all voltage
losses, resulting in a reduced cell voltage. When the desired power output is kept constant
at 10 kW, decreasing cell voltage can provide higher power per cell, resulting in a decrease
in number of cell. This implies that the SOFC operated at higher current density requires a

lower area and thus, the cost of manufacture can be decreased.

6. Conclusions
An integrated system of glycerol supercritical water reforming process and
pressurized SOFC is proposed in this study. An integrated system is designed and

developed via the Aspen Plus simulator. Among various parameters considered in the
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reformer operation, it is found that the reformer temperature and S/G are significant
parameters on hydrogen production. Higher temperature and/or higher S/G lead to an
achievement in H, concentration, resulting in an improved cell voltage. For SOFC
operation, it can be seen that increases in SOFC temperature and/or current density cause a
considerable lower required area of SOFC stack; therefore, the lower fixed and operating
costs can be possible. The simulation results indicate that the optimal operating conditions
of the reformer are 800°C, 200 atm and S/G of 90. When the product stream consisting of
67.1% H,, 0.2% CH,, 86 ppm of CO, 4.4% H,0 and 28.3 % CO, is supplied into the
SOFC stack and the desired power generation of integrated system is set as 10 kW, it is
found that optimal operating conditions of the SOFC are 900°C, 4 atm and current density
of 7,000 A/m?, respectively. The integrated system can provide the cell voltage of 1 V,
number of SOFC stack of 36, fuel utilization of 75%, SOFC electrical efficiency of 60%

and system electrical efficiency of 68%.
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Figure captions

Figure 1 A schematic of glycerol supercritical water reforming process integrated with

pressurized SOFC.

Figure 2 A solution approach for determining the electrical performance of an integrated

system.
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66

Start
A 4
Given Operating Given Operating Given Material
conditions of reformer conditions of SOFC property and cell
(Tref, Pres and S/G) (Tsore, Psorc and i) dimension of SOFC

A 4

Calculate the molar flow rate

\ 4

Molar flow rate of fuel
(Nrer), hydrogen (nyo), Solve the SOFC model

carbon monoxide (nco) (fixed Pw = 10 kW)
and methane (Ncha)

A\ 4

Calculate the voltage per cell (\V/cell) and power per cell (Pw/cell)

Calculate the number of cell (n), fuel utilization (Us),

SOFC electrical efficiency (nsorc) and system electrical efficiency (ngys)

A 4

End

Figure 2 A solution approach for determining the electrical performance of an integrated
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Table 1 Electrochemical model of SOFC used in the present study
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Table 2 Model input parameters and operating conditions [1,7]

Parameters Value

Operating conditions of Reformer

Reformer temperature, Tyef 800 °C
Reformer pressure, Pres 240 atm
SIG 90

Operating conditions of SOFC

SOFC temperature, Tsorc 800 °C
SOFC pressure, Psorc 4 atm
Current density, isorc 5000 A/m?
Power, Pw 10 kW

Dimensions of cell e ement

Cell length, L 0.4 m
Cell width, W 0.1m
Fuel channel height, ht 1 mm
Air channel height, h, 1 mm
Anode thickness, t an 500 um
Cathode thickness, t¢, 50 um

Electrolyte thickness, tee 20 um
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Table 3 Effect of temperature and pressure on hydrogen production and system

performance (at S/G = 90)

TRef Pref Mole fraction \Y n Us €SOFC
(°C) | (atm) H, CHy, CO V) | (cell) | (%) (%)

200 0.575 0.083 57 ppm | 0.918 55 82.04 64.11

600 240 0.552 0.103 52 ppm | 0.916 55 82.16 64.81
280 0.529 0.123 48 ppm | 0.914 55 82.23 65.38

200 0.671 0.002 86 ppm | 0.925 55 81.32 60.14

800 240 0.670 0.003 85 ppm | 0.925 55 81.19 60.10
280 0.668 0.004 85 ppm | 0.925 55 81.41 60.31

200 | 0.674 | 46ppm | 87 ppm | 0.926 | 55 8121 | 59.95

1,000 | 240 | 0.673 | 70ppm | 87ppm | 0.926 | 55 8133 | 60.04
280 0.673 | 102 ppm | 87 ppm | 0.926 55 81.31 60.03

Table 4 Effect of supercritical water-to-glycerol ratio on hydrogen production and system

performance (at Tret = 800°C and Prer = 200 atm)

Mole fraction \Y n Us €S0FC

SIG
H, CH,4 CO (V) | (cell) (%) (%)

30 0.626 0.040 | 220 ppm | 0.922 | 55 81.67 62.24
50 0.659 0.012 | 149ppm |0.924 | 55 81.52 62.24
70 0.668 0.004 | 110ppm |0.925| 55 81.32 60.48
90 0.671 0.002 86 ppm |0.925| 55 81.32 60.14
110 0.673 0.001 70 ppm | 0.926 | 55 81.15 59.95




Table 5 Effect of operating condition of SOFC on system performance

70

iSOFC = 3000 A/m2

iSOFC = 5000 A/m2

iSOFC = 7000 A/m2

Tsorc | Psorc
\Y n Us V n Us \Y n Us
(°C) | (atm)
(V) | (cel) | (%) | (V) | (cell) | (%) | (V) | (cell) | (%)
4 0.979 86 76.97 | 0.925 95 81.32 | 0.864 | 42 87.14
800 6 0.990 | 85 76.11 | 0.937 | 54 | 80.28 | 0.876 | 41 | 85.86
8 0.998 | 84 | 7554 | 0945 | 53 | 79.60 | 0.885 | 41 | 85.04
4 1.040 | 81 7247 | 1.030 | 49 | 73.08 | 1.003 | 36 | 75.03
900 6 1.052 80 71.63 | 1.041 49 72.31 | 1.017 36 73.97
8 1.060 79 71.07 | 1.052 48 71.54 | 1.027 35 73.29
4 1.046 80 72.05 | 1.051 48 71.60 | 1.038 35 72.51
1,000 6 1.059 79 71.13 | 1.066 47 70.61 | 1.057 34 71.21
8 1.068 78 70.53 | 1.076 47 69.97 | 1.064 34 70.72
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