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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 calcutated 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 (ie. temperature,
pressure and supercritical water to glycerol ratio) and the operating conditions of the SOFC (ie.
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 Am”. Under these operating conditions, the integrated system can
provide the cell voltage of 1V, -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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2.2 waaewdsvineanlududs (Solid oxide fuel cell, SOFC)
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ssrgadia Ingtoivesnisaudunuiguvgiasde annsaldidamasddvainvans
Wy Agsssuyd wiefnediuna wavaruisadaluvszynaldlussuunaaliuas
Aweusan Snldainiusaniuiaiufediaifiniswdali (1) Tnswadidamas
fidwuusenaunan 3 dau (6] fe

1) 910alun, (Anode) Taneiildvdusanelun Wud Ni Co Ru uas Pt
Tae lanz Ru asvimthiduneluald@mmeeionuaios udilsiaune Sedonld Ni Feisnan
gniimiiidunelunlddweanaisuazoglulamsiifuiiesudvld venaniiiendls
BenAN YUY VOIA MY Jalduslualugy Cermet woslanzAv Stabilized zirconia #1910
M73denuin Nijyttria-zicconia Wiudanildviualualdadianluvasd

2) d2uplvm (Cathode) Tneviluagilivisualneluwadidemaiin
sonlenudsfie Doped La-manganite(LaMn0O;) SautRiduansaesini Uaguuieuly
Sr doped La-manganite (LSM) mﬂﬁq@ uwsin sy Sr ivedeuazdeidsde vinlvinns
dlnid vauzideafuduussaninisvenedavesualnafuiniudae dawavilviia
mswasuwasiuinafdudassriualnauay didnnslasigaduusnaiiinuiisouad
wazBadlenaninluinnuilsmsidsusasiinnunalude dwalinisunssinuvosing
antayas

<

3) Bidinlnsladt (Electrolyte)  ansiiléiudidninsladiafignluivad
Femds  vilneenlududsde Zirconia (Zr0,) 7 Doped #1® Trivalent metal oxide L7y
Y,05 Yb,05 Sc;0; %38 Divalent metal oxide 1@u CaO MgO (Jusiu {]aqﬂ’uwaét,%amaa
yiinoanleudanlilumanisdiBanndedesld¥osar 8 Yitria-stabilized zirconia (Y57

Wudiannslad Tnsanunsaduilunuldfigumaivszana 1,000 ssawaidea Jamndn



“UENmaaL‘UaLwawuﬂaaﬂlﬁmmﬂaammwmaammuaamulﬂ mmmmmaawmmuw
mmulwamvmmwvmﬂaﬂmuwwaamaﬂmﬂ LLa.,aaﬂﬂL‘UumL*Uama‘uawaaalfznmaﬂu
Vlﬂm.lﬂ’]'i’)ﬁ]ﬂL‘WEJSNLUUW]LLU’)V]’NVW]ﬂML‘UaaL‘UE]Lwaxﬁ‘tju@]aafﬂ.‘dﬂLL‘UG@’]LUUO%&I@VI@W‘VH]M
aad Feonarhlalaenslsidninslasvawds wu Ceria (CeO,) Doped M8 CaO Y,0s
Sm,05 Gd;05 Wag Lanthanum gallate wIaviliauvuivesdidninslasuisas Wudu

VOZ:

02

Ha

Hz

IU# 2.1 dadszneuiugiuuazvdnmsinnureraddemasiineanloiuda
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2.2.2 ¥ANNSVNIUYBLYAALI Y IWAITTInean lua LT

frelelasiougnilouirguadifeindsuvvaanledudsidaualun
\faujAseneendndulididnnseu Sildnnseuazindouiitnuisnsmeueniilinssuanss
mmxLamﬁ’ummﬂgﬂﬂam%ﬁﬁﬁmﬂiwmﬁmﬂﬁﬁ%m%’é’fﬂ%u lngsudidnasouainufisen
pandiatu efwaandiau (O, wnndudusendiaulessy (0°) fiidnlnslas sendiay
loouanidvifisertuilelasiou ()  Idndedusiduiditauelusuaziianutou
indy aunsnsiAnUFRTenadiie

Uiisenidauelun H, + 0 —> HO+2e (2.1)
Ufjisemvualng 050,+2 —> O (2.2)
Uisevaueaa Hp 40505 “=—> H,O + Electrical + Heat (2.3)

2.23 MIMEUTIOULVINYATTOINWES [7]

Andlnilmimeud] (Reversible cell voltage %38 Theoretical open-
circuit potential, E° ) dutndsutssinihseuisasivii Tnetinainamuansiasyning
Fndvasufizunadififintuivalii (Blectrode) ammsauanaladivaunsvoaiuar (Nemst
equation) 44l L\

potv Ligal \ K7y (_.p_l__H 2 ) 2.4
S1n ™ (2.9)

a

lagil E Aedndluihfinmidiuyssennaa (Standard pressure) Faluiledduvasgumnd
AN gAMLY AIaunTs

E® =1.253 = 24516 x 10*T(K) (2.5)

~ 1 v 1

Angluiia3e (Actual fuel cell’ voltage, E)”azilansunindnglndia

g Wesnaniimadunmsluwadifomds wagnisggdsdndlniifady

1
o4 a

Wesnnmaiiaufisealwiiuad (Electrochemical reaction) fusnamuiasywineda v

wazdidninslasfitinuiisen (Electrode-electrolyte interface)

E= EOCV = (nact + NMohm T+ T]conc) (2'6)

1) findlwihgaydoidesninuijiselwiluadl (Activation overpotential,
Nac) Wunisgadedndiituiosanninfnufasemmsliineidiiusnaivedalnih 4
dos  fwdanunaifaufitewnnnimasanunsedu (Activation energy, Ea) Sewiliiinns
aydedndliiidesannujizentwiladl deaums

Nact = Nactanode + Nact,cathode (2.7)

: 4 2
Nact,anode = gln l -+ ( l ) ) - (2.8)

2ig,anode 2ig,anode



i = RT Eanode

lganode = Ekanode exp (_ RT (2.9)
RT i i :

Nact,cathode = —lg] - = ( 5 ) +1 (2.10)
E 2lp,cathode 21g,cathode

: = Ecathode

lg,cathode = —Z_E kcathode €xp (— T (2.11)

2) dndlvihaydaitissninarusiumuldin (Ohmic  overpotential,
Mo HHun1sgapdedndluiiosanauiunuliwestalvi waganusiuniuns

Inavessyglwitludidnivslas deaunis

Nohm = iRehm (2.12)

T Telectrolyt T
Rohm = anode 3 electrolyte 4 cathode (213)

Oanode  Oelectrolyte — Ocathode

[ 1

3) Andlrgadeiiossanrasosnisatgleunia (Concentration
overpotential,” N tUUANIMSgREsAndln#TiosannIsanawetnI i duturesing
Wawmasmvihugndealwiuativinuiulasynineabildwazsidniuslad  (Electrode-

electrolyte interface) IAIMHAUNIUYBIATANEMNINGETS (Mass transfer) LARTY AIann13

Ncone = Nconc,anode 1 Nconc,cathode (2.14)
RT PH,0TPB PH
Nconc,anode = _Fln( y P ) (2.15)
2 PHyo PH, TPB
ARRY PO
Tconccathode = Eln( 2"') (2.16)
Po, TPB
RTtanode - (2
= e 17)
pHZ'TPB pHZ 2FDeftanode
RTTanode -
= 3 (2.18)
PH,0,TPB = PH,0 e S
RTtcathode -
=P—-(P- ex (——— —cathode _; . (2.19)
pOZ'TPB ( pOZ) P 4FDeffcathodeP

4) NIINAUTIOULVDUTARLYDINAY

aussouzvBTadidoImAsannTngliaInnI WA Ld RS s EN I
mmuiunszualad (Current density) fudinglvidh (Cell voltage) uansfagui 2.2
InewduuszAedndlihmanguiidiferdngluihgigaidulld uanduiiviednglriiese
Lﬁanszu,alwﬂﬂmaﬂsmws'«mﬁﬂmsgmLﬁaﬁnﬂW‘Wﬁ (Voltage loss) 970 3 duman
fio dndliihgadelosanufiselwiied arusummilwih uaskavesnstelownaens



P e Activation overpotential \ £

Dominated

(o]
(&4

)
] /
oA N4
m V.
¥
g Ohmic overpotential
% 0a Dominated
U /
0.2 Concentration overpotential
Dominated
Cerrent Density (mA/cm2)

JUN 2.2 A5 AT dS s e wmamiunsualihAudndliih

mmaaﬂmsmmumwuaamaamaLwaaﬁwmm"mwmmmu 394N mmﬂammﬂsmalﬂﬁw
T,@mniwﬂummsﬂﬂﬂﬂwﬁwamLaamﬂﬂgniﬂ'ﬂﬂﬂ%ﬂnawaumwaﬂ Luaqmm%aamamaﬂ
mlummﬂgnsmmm samaalsﬁwawwumimmlgnsm‘lv&mnmwwmqwuﬂivmmwa
TAnUAATE T I LuaatamﬂiaumuaLaﬂIvri'Lama“mlwﬁﬂﬂmawsmauan
miamaEmﬂfﬂﬂﬁwmaamnmmmumulﬂﬁ') Faldunsidudunsensaunisn (2.12)
maamaiwﬂsww‘lumaﬂmauumumuma LLav‘lwmqammamsammameﬂwﬂqmnwamaa
mamsﬂaumami nwamnmamuaamnLmaLwaamnawuﬂlﬂ fatlunsiansanaussous
YoUTASLTDINES ﬁ)ﬁﬁ’]&l’ﬁﬂﬂlﬂmnﬂﬁWﬂ’nmﬁuwuﬁu‘WJNﬂi‘”LLﬁlWﬁ’]ﬂUﬂﬂEﬁWﬁ’l ot
Foamsendinnulisadidoinadianssaus muummsamlﬂmﬂsuam's AU
Msamiaammu’lﬂmaumswﬂmsﬂﬂﬁw3mﬂﬂamﬂﬂeﬂw%quw{]mfw\am

¥

23 \Fewadmiuwadidamasviineenlunuds

Lfgaméaﬁ‘lsﬁ"ﬁm%’uwiaa‘ﬁ?mwawﬁﬂaanl%ﬁu%aﬁaﬁwlﬁimwu wBNANLANTa
T¥ansusznevlalasaiuoudug Wy Messsuyd Medinu teniuea nuea Wusy
Judemadldwuiu u,mmamﬂLﬂaaulmaa‘lusﬂﬂwlaiﬂmuﬂaumm’l‘nLﬂumamaq wagle
fweanduluemeadusiiesndlad mwamnzumwawaaalﬂvmnﬂ.;]nsmmmamuafvmmsau



2.4 nsuaninglalasiau (Hydrogen production)
2.4.1 Anwlalasiau

m«dlaiﬂ'iLﬂumwuﬂuLmaawaamumaLaanwuﬂﬂamwuavﬂmmww
mmmhmLmuwamuwamam‘[mnaamlmm Iﬂamswammmlaimmmwa“lmﬂumLwaq
dwsuwadiiomadivaiesds wy nsuentdaensyualiin ( (Electrolysis of water) Faldf
i eusniduitelildfelalasiaunasfsasndiau nseandiaduundiy (Partial
oxidation) mmmﬂ‘dimmmmﬂmam%aaﬂmﬁm‘lumsLwﬂ,vmLwalm'lwl,ﬂﬂmSLmlwuauusm
wazns3Wesudisdasleth (Steam  reforming) L‘UUH’IS‘VI’I‘UQﬂi&J’]S’J&JﬂUlEJU’}LLa“I‘mTILS\‘i
ujisen lumsudnfnelelasiou defasanddefiuazdaidevesnisudnmelelnsiou nss
Was‘mﬁaﬁasﬂ,a‘u:']L‘fJuﬂ'ss‘Uuunwsﬁmau'lmws1316’1’545@:‘1’&4%51%181@13Lﬁ)uqd fafulassnuiise
aula mInanmalalasauannsivesuiismelein

2.4.2 msvlasuiissaglota (Steam reforming)

i’]fﬂﬂ)‘uumﬂT.uIaﬂwuﬂivawsmwaﬂumswamm?ﬂaimwu flo ATTUIUATS
3wesufisnglov Wuwmalulagiitasnimneg vaulunsuanfnelalasimuieldludeandve
wazdwsiognIvuIunsnisrdanszualnfiashead damAmuvoenlesudeld (1] Taed
arsasuiuRaes TSR e usa WipReTane U aenssuauntsivle Suiedaslonh
Usznoudng 2 Tuney A

1 msm‘ugnsmsxmNmsmmunulamwammu 750 1§13 800 93A"
Al d mmamm%ﬁl&aﬂam%mmswvw (m‘amsuauuauafﬂmua.,n'mla‘[ﬂsmu) AIAUNTT

ColHnt 0H,O - <= nCO + (M/2 + n)H, (2.20)

2) UfjituMewesuiiadn (Water-gas shift reaction, WGS) mmﬂﬂgﬂim
soiilosantumeuiil sewimsususausnledtuilagldiassiiten nansosiilafot e
msvaulaeanlasuazielelanau feums

CO+ HiO >0+ H, (2.21)
wihludagiunsinesusivhelodniuisiteulunmsuaamelslngiay
Lﬁaamnawmialﬁmé‘mﬁmﬁﬁﬂﬂdmLauaa [8] usnsldiunileingaunumsidlethagyinly
1ﬂwamnmsnmszslaimmuuamwnuama YAUAUFA mmmmﬁammawaauuamaa
«numaafﬂ,mLtmalﬁimalumaawmmwuammuua zanaudunauteudisadidoinds
muummumﬂqmmmﬂumqLaaﬂ“lwuwmaauauaﬂ‘lumauu

243 ﬁ'lmua?mqsl [3]

ihlugeuzveavaafianie una (ammﬁ 25 IANFALTUALATAI LAY
1 ussernia) Wusvhazaefifdmivasuseneuiitiiauasindeaiunds meaaeﬂuamau
ma‘Lmammuu,aummauawmuaamnqmaqm (amwnmnqm 373.95 srwaliud uay
ANNALINGR 2205 winghama) m'lw-nmauumaau'lmumﬂqmu UNANUEWBUANY
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UNENYUTIMIIBUYBUNAT LTy mmwumjaqmmumﬂqmummmmmam’auﬂnmu,av
ANNNSENELNINAATS N1TATUANNITUNS s’mmmmammmsaummmmumnqmnawu
Lufiu aqwa’tmﬂmauuwmumsmammmsaumamgamwaamuﬂ%‘lumsawgﬂsm
‘Lumﬁmﬂgﬂimiwgmmmalamlﬂ

2.4.4 nawasea [9]

nAwaseanuilundndusmassldannizuiunisudnlulediea Fendwwesea
ﬂuuamaﬂuaamnmuﬁmﬂaummn m‘smnaLena'iaalﬂ'tﬁuﬂsﬂaw‘lumuammmssu
nAwaseanidmsiundlvesoauigns mmsmﬂamaiaaﬂulﬂmuﬂsvmumsmﬂwusawﬁ
JzilAdiiunnsAaudnegs Iu{]aauuumaamau‘lamuuam‘tmunamasaamu Tasnnsin
namaseanvlvlfiduassdudmivndnflelasiay Faanunsntndweseanuunlglunis
wﬁmlma‘almﬂ,mawwuﬂs:smumiwﬂwﬂuﬂamasaamqwﬁ

2 4.5 psuanfiglalasuduiulgaairawas (2]

31Jmmmﬂ%t%amé‘ﬁimmnmsﬂsznaulaimm%uau‘lumaéﬁaméq
yilneenluauds 1pga180u 2 JULUY A9 nivmum‘siwgsnmmﬂu WarNITUIUNTT
Svlesudianieuen IﬂmmausﬂLm‘umwazmammu
1) nsy mumiswasumma‘lu (Internal reforming)
Ugﬂsa"amﬂmmsaumﬂﬂgnsmsﬂasmmLLa.,th]nimmammsau
mmJQnsmaaﬂsmmummuwsamuma‘luwaawamm lriinsanemANIuIauIENINa
A0IN5LUIUNAT LA mmsmﬂmmmsauuﬂmaﬂumsmLuumuuuuaaimmasuaa
(Autothermal-operation) fufe hisnuduseasunasnnuainaeusn Lummnmmmmmm
3au€u1ﬂﬂgnimmammsaulwnuﬂgnsmsﬂammléﬂmama wiaSeufidesnsdmsu
Ugﬂsmsﬂaiummﬁﬂuwm1~aunummsauwlmmﬂmwaamaamaL‘waa VRV IGIE PR
Lmnmwaaamwﬂuma'lumaawamaammﬂmuaauamwuavmmmnwﬂm ANYULNIT
mLuumwuaaﬂimaumsswasummaiuuammsﬂw 2.3(a)
2) psEuluMTINesTianBuen (External reforming)
Ugmmswammmmmuwmmﬂaiuma%‘lumswammﬂﬂmmu
nauﬂaumamaaLszsat,waamﬂgﬂsmaanmmu Felifimsanewanuieulaunssseninens
mLuumumaamaawmsummmsammmsauwlﬂmnﬂgma1ma‘lumaammwaﬂﬂ‘t«n
Aumiaeduls aﬂwmvmsmmumwmn'ﬁvmunwsswasummauanuammsﬂw 2.3(b)



11

(@) Internal Reforming (b) External Reforming

H,10 H, HO
A mo  coco, 10O B0 [T oo 1900,
~ZYy e e =
, e \ /L

Anode Anode

Electrolite 00C Electrolvte

Cathode Cathode
g Jai0) \AK ¢ jAr (0)

CH, 5O

3Uiit 2.3 nsvvaumsdesudiansly (a) wagnszuaunminesuianeuan (b)

2.5 UIWANEIVB
251 nsuaafiaglalasiauainnszuiunsivesufisdaeleuwiiaingaainna-
\wosea

i3 1Resan Lasd3iad yowed (2012) [10]. Anwinnsdiduauves
nsrvruntmaainglalasisuninndwesealasldufise e suisiaeloviniiaingeuiiel
lfalslasianuanign wumss L dunureuaiaSrestwesimnzaiigade guvnd
800 asrwalaLazAIMI 230 VsTEINIA drudesduloiwilaingrsonaleseaiu
mnzaufignuviiu 90 Fsadlvfendntasiiussneudetwldnsou 65 weswuslaglua
ﬁwméuaulmaaﬂ%ﬁ 23 Wasurlaglua uavloth 12 Wasiudlaslua wazAnwanny
msmuuumumaumauwﬂnw YBIUNA? Lwam‘lvmwwamnmmwimummmawﬁmm
falslasiauifiumnidy wuahiianaay gnusaniuuimnzauRegamall 30 ssrsaida
uATAIIAY 20 UsSEIMIA SaglviendnSusivivssneudiefwlslasiou 74 wWeddudlnelua
fwansueulaoenled 25 Wefidudlaslia uasfedus 1 Wesidudlaglua

2.5.2 mswanliihanigadidawdrinesnleduduuuanudugs

, Recknagle P.K. wazAmue (2010) [11] @3 NuUUTI@89NEUIUNTINBSY
fadiny é‘f’aalaugm1&J'luwaév‘z’;amﬁwﬁﬂaan"lmﬁu%uﬁaﬁwLﬁuwuﬁmmﬁuqa \iie
AIAN13aiN1INIEAN8YRedRTINTINesuianely gamgll uaznszualwiiidnasents
ci’nﬁumw?immé‘fuaa msai’waaawamsﬁwLﬁumuﬁmmﬁuaame‘lﬁtﬁm‘wmmsnﬂ%’uma
UszanSnmenudeusaziviliagy wmwammmaaauauamwnmaaaﬂﬁummaaammiaa
ar 3 v3e 20 svrwaliea wazdndlwiiuiudesas 9 Wesbunudinusufuiun 1
UFI8INIA D4 10 UTTEINA

Seidler S. wavAme (2010) (4] Anwimsvhaouvensadidewasie
sonledudaiuiiuimianudiuginiussemasuiueiestafufelasnismaasuarais
wwuiasuiednwdvinalumsiiliunuiianud 1.4 11d 81 3 11f YesadiTomErin
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1 v
S

niivuelundulasiadnesesiu 5 wadaudin wuinUssans nmmuesnisyiuasisausie
sudiunuiieusugedu taedddlwiidisguann 248 Tadsndsemsaeuims fasdy
1.4 u1s Ju 307 fadiadsdomaaeuiiuns finudu 2 Ung uway 323 TadiRssenisn
wuing feudu 3 1S ledndlwihuindu 0.9 Tad Sandiuvedlelnsisuuaslulnsiou
fiirdausluainiy 1:1 emmedhiisauelus warshuunuiigumai 800 asruwaidea
Saebea D. uazame (2013) [12] An¥INSHIIUYIBITEUUTINTEWINNYAE
L%atwﬁwﬁﬂaanl%éu%qﬁwLﬁumuﬁmmé’uqaﬁuﬁaﬁ’uﬁw Tneldionusaduansaaiu wuin
m'sLﬁmmmé’u‘lumiﬁﬂLﬁumummsnﬂ%’uﬂswiuﬁw%mwmswémlw%%miuuulﬁﬁ e
AUAU wmmuauas’luma 4u1s B 6 1S @nsalvise ammwamw’lunwmamlﬂﬁ’]
u,auwmwm'smaumaamﬁl@mnmwunwuuaqmwmmsau‘wmaamsmwsmywsm ety
ssuUTNsEnIngadidematteeonleduferudiuieanunsasnwiantizlunis
antiuanula mamLaqma‘lmmsmLuumuwmmmuaasvwswmaamsmsmmmsaumaa
‘mmnmLmimuwuunaunaumlﬁﬂuﬂsmmmﬂtwainmsuwlvzﬂnuumulmlwmu
ANuSauIINSTYUBY meimuaﬂmumsmunaumaammiaumaammﬂmLmimmlw

Uszansnmnisuas iniussszuvanas



U 3
A5N15ALEUSY

: IﬂsQQWuﬁaulﬂﬁﬂmamu”ﬁmm"auLﬁ@lﬁlﬁﬂsvﬁw%nﬁwaqa@"lummamlw%
INNINNIUVDITEUUIIUTENINNTE mums‘swammm&JlammumﬂqmmnnaL%asaan‘u
LsuaaL‘naLwawuﬂaafﬂ,ﬁmuwwummmuaa lngasruudnassnszuiunsnielusunsy
mmgﬂ Aspen Plus %wamaqms‘lﬁﬂmﬂsumLsagﬂ Aspen Plus Ainau1sneanuuy
N3TUIUNISHAR ST AURAIMNITILaYALAaNIAA T TLAT N 1 IUVBINTLUIUNITHER
\leannlusunsu Aspen Plus tagl¥nisdunaiisudouannsoyhldiedunazannsa
VSuasutadelunszurunsudaldiie luden 3.1 uaasnseanuuunssuiumssnesad
msﬂ,ammumﬂqmmnnamasaa Lwawammsulaimwuamsu’lmﬂuLﬁuamauwaﬂamma
wadilemdsineanladids uacluvadari 3.2 mmuamsaammumaamamawuﬂaaﬂlsmusm
wuvual,waaﬂamsalaimmumﬂm’snizmun’133Wasummalammuaaﬂqmmﬂnawjasaa

3.1 msuaaielslasisuainnszuiuiwesufisielatimiladngaainnawesea

mwmumimammﬂﬂmwmmﬂawjasaauaylammumﬂqm uammsﬂw 3.1
inﬂaumamsawgmmwan 2 miaqﬂgnsm fa 1ATasiWesnes (Reformer) uazAT
UgﬂimmmﬂuQnimaamamnamw (Water gas-shift réactor) 4agmIsafi 3.1 WaRan1Iens
ANTUUYRINTEUIUNITINE ST

REFORMER

Ui 3.1 wwuiaesnszuumskiniglelasiauainnszuumsivesuiisnglevunieings
NNNAYDTOR
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2 ams i anMmrMIs iy
nBUHUANIS TIEYGRN =
UINTHIU YR

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 3

4 atm -

3.1.1 d@15099u

ashviunteudgnszvaunisudemalalasiaulsenoudie 2 d1u fe

Uwnileingauagnilgaseaiu Julstneusiy nawesea 80 wesidudlaglua wazumiuea
20 Weiduilaglua lasvaniaingauayndiweseasgtousiudnuluaiomean (MIXER)
Vndugniingamgiineietedirawiew (HEATER!) feugndsiivinfiseluedesivesuses

3.1.2 \n3asinefaes (Reformer)

lunisaednizuruntsveeiesinesuwesiduuudiasuniosfnsal

wiin RGibbslmgUAze M sainuleiiad

Ujisenivleufiandwesea

Uijiseuansinalvesoa C5HgO5
Uisenawasuiad CO + H,0
Ufisenivesuiinumuea CH;OH + H,0
Uiseuanmiamiuea CH5OH
Unsensinadmu CO + 3H,

C3Hgo3 G = 3H20 tS> 3COZ + 7H2

3CO + 4H,
CO, + H,
CO, + 3H,
CO + 2H,
CH; + H,0O

bl

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

lumsfinwasusudsuanisnisaduaureunsassnesuwas lugas

gamnil 600 & 1,000 ssriwaIdea uazaueu 200§ 280 UTIEINA
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3.1.3 wsssUfjnsaliiiaufiiteiainasufialn (Water gas-shift reactor)

nanfusiilsniadasinesumesargnana Uiy (TURBINE)
wazvhlfilfuasieiniasitainudu (COOLER1) udrdslugunsssufnsaifianuiizen
wiaeiuiadn lnsfwasveunsuenledagyiujiserfuinldinglslasiaunas fng
aduaulasenles fail

Ujnsemewmaiuiadv B+HO =2 CO.+H, (3.3)

3.2 Wasidanag

Wwadlawdssznoumie 2 diuudn fetaualnauardiuelun lasuaunn
NIPUIUNMIVBUTAGLTBINAWANINIIUT 3.2 Wagminedi 3.2 aasannensefivnususad

X o ¢ &
NiRING] Q%u@@@ﬂlﬁ@ LU

' AFTERBUR

COMPRZ HEATERZ TURBINEZ

ANOCE

JUT 3.2 wuudnassnssuiunsveaadaiwassinesnlenuds
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i anzn1saiiuau
heUfuRanis wuudnaes =
UIRIFIU YRNANY
COMPR Compressor 4 atm 4 - 8 atm
HEATER2 Heater 800 °C :
HEATER3 Heater 400 °C .
CATHODE Separator Spit fraction
(Oxygen) = 0.22 2
ANODE RGibbs Reactor 800 °C 800 - 1,000°C
4 atm 4 - 8 atm
AFTERBUR RStoic Reactor 1,100 °C 2
4 atm -
TURBINEZ2 Turbine 1 atm E

3.2.1 @15099u

msﬁaﬁuﬁﬂauvﬁwém:mummaamaét%aLwﬁaﬂixna‘uﬁm 2 dufe
Meduasigitarennid lneiedaaszmdufieiilasinorszuiunssnesuigae
lethwileingmarnndisesan (SYNGAS) Uszraulugas fslelasioy feaniueuusvenles
famiveulaeantes Mefivuuaziii §wsgnilemdagiauelun (ANODE) dausinie (AIR)
a}sQﬂLﬁuﬂamﬁ'uiﬂaﬁam%ajm%‘m5ﬂmmﬂ (COMPR) uamﬁmqmvxgﬁﬁuam‘%‘aﬂﬁmm%’au

(HEATER2) 9ntudndagualng (CATHODE)
3.2.2 $2unlva

lumsdrassnszurunsvestiualnalduuuiiassadeauen (Separator)
& - o a v a 2- v o4 @
unutiualna ieueniwesndiaulviiiusendiaulessu (07) Jeudguelun faunis
= i
850+ 28 > D (3.7)

3.2.3 vaualun

Twelualiuvuiaeuaissfnsaiviia Raibbs Tunssasenszuaunsd
Tusluaieiimunazaiveuseuanluieglufedunse ssinufasedvesudisieledh
aaa § & a v s <, a a & P o
wazlgnsgmewesunaynnuiy Judunmsiiuliunawesinglalasiauitiuelun lnefie
lalasiuiiinanufisedviesuiivhulew uasufisoneweiufiadn warivlelasiouly

Medunsne ssdwingitenlwihadifufeeendiau Tasuinseiintuiidouslun fis
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Uffseneawasuiatv Ol S5 0. +H (3.3)
UisenInasuiistimy CHe+2H,0 <> (O, + 4H, (3.8)
Ufisenlniuadl ; Hy + o~ —>  H,0 + 2e (3.9)

TunisAnwiaguSulasuaniznisanduiuvsueadidamas luyas
grunndl 800 e 1,000 sarmiwal@ed uazAue 4 fis 8 UssEINA

3.2.4 \p3099 mesiisuLuas (Afterburner)

fwdunszvaunsuninivedomdsiivisvindaueluataresndioud
wsantaualng awvuiseluedesemimediiuesitorhaudoululifumieiu
Tunsfraesnszurumsliuuudasaesesyfnsaindn - Rstoic  Tneneluiaissujnsal
ARSIt
Uiseumnlnivedinglalnsiauy H=3050, NN HO  (3.10)
ufnsewnivdvadfingausuleusnles - CO + 050, —= . CO,  (3.11)

TagmMuusmUsiumaaiiviidy 1 votelalasiou wazivuaaiuls
HuMmaLAiivindu- 1 veafnegansuaulavenlye [13]

3.3 951159789952 UIUAIST

Tassuilidunissaasnssuaunsnaa liiignnaIs i 1usening
nszuumsInesfishsladvisingeanndweseatusaditewdmwinoanladuidasly
TUsunsu Aspen Plus “@edlununwasssuus muansdaguil 3.3) ednwmaniiznis
silunuivenzasluniswdalii liidssansawgediga TasauRsdldlunisdass
nIwUIUNTITeITE LU A (1) duliuamiianzasii (2) Lifianudvanluudargunsel
(3) Ujisendvesuilaagujitenamesufadniitaualuniniuiunaindl (@) e
lelasiauiigisenlniuad

5nsTiaeanszuIunIsvessEUUT IbanIiagUT 3.4 Tastsuaindvunaniie
mssiunuveaeiedne e’ (gamgiivararusulunsdudunuvenaiesiveiued
uazdnsrdruaslevnileingarendivesea) iielilunissiasinszuiumslunisduan
asrUsEnevrasedaunseinldannszuunisinesudddisnsmamdanudastuesivd
#isnilan (Gibbs free energy minimization) 991nMssanenszuIuNIseElesnsInsiva
Weluavewdndu (Telalasiou Aefimu fMeansusunausnles fMearsusulasenled
wazii) lasfedaaszifldannszuaumsivefuliseznanaumsfivesnudhdmiuns
AMuluaNsTIuEYaNTadIT oA Wermuaan1iznsiduuve ead T oA
yineanleduds (guvgivasainudulunisdiiiuiuveswadifends uasaumuiuny

nszualni) warivunauanlivesiaauariasiadwuouvadiiowdsvineanladuda

142891
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Wy AMunYet i uarsidninslas warduUsEAnnmsunsvoafeiienluiy Hudy
a]smmsnﬂ"m'zmamsﬂummLwaéL%aLwﬁalﬁawnLLUU%"waaaﬁa%ﬁu‘lﬂﬂmmu Aspen Plus
smvaunsmaliiued dafendeuaunsiinariluzuuuy FORTRAN Tu Calculator block
%"%ﬁuﬁaﬁ%’uﬁaq’lﬂﬂsumu Aspen Plus

lumsewnaaussaugnsnan i ve sz uusiy dorwuardsiwivesssuy
iy 10 Alades (anzdwiuihluldluasadou [14) aATaALINIAFNg LN

sontlauvaalamnaslaanaunisaad

E=EY— (Nact + Mohm + Nconc) (2.6)
EOCV _ go _ gln (%;‘é;-) (2.9)
e B0V = ((XHZ:;Z;:P)O'S)
1oy X0 A8 \rvduliavenimvasly ANODE

xy Ao ivduluavesielalasnulufeduansvuazianauly ANODE
Xo: P9 lawdullava e onBlauiiie 1 ANODE

wazloAuILAIANE WA o T a s [ TaINE AWITAAWIUMIATONE I W avile

WWATLTONEY VINUUA RIS I AAEaINEY 55575 H T inE (Fuel utilization, U;)

a a

Usgansnmuadimaaifainis (SOFC electrical efficiency, Nsore) #azUsEdNEAMVBITEUY
(System electrical efficiency, Nsys)

Tnsuratnasaldlunisfisnsunasssousva9s ULy fe DAIANS LT LY DINA
UszaNS N W UR ABaAABNEG 1 LA UTEEVSNMUBISEUY FIlanas saunisit (3.13) 94 (3.16)

o P 8 a a v =
"i]WU’B‘UL‘UaaL?JE]LWENE’]M']?QWR]'\SQJ']IWQ']ﬂﬁilﬂ']iﬂ (3712)
Pw

n= s (312)

9nsINsIdPaInasnvadiomasansaiasan ldainaunsi (3.13)
iLWn
2F(4flCH4lin+ ﬁCOin +hH2,in)

Us = (3.13)

Ussﬁw%mww?aamsausmsmﬁmﬂszualw“ﬂwaqsxuui’mmmmﬁﬁ)ﬁmléf

INFUNITEIL

Usgandnmvaawaaltaingg

Psorcac
= : x 100 3.14
Nsorc NCH,inLHVCH,+ NCOju LHV o +Hy i LHVy ) (3.14)
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USLANTNNYDITLUU

Psorcac
= —_—— el
Nsys.AC = Frvel, LHVaa 100 (5.15)

nsulasnszualuiinszuanss (Direct current, DC) Tdunszualwihadu
(Alternating current, AC) lneiiuszansamnisnuisutainszualuini (The de-ac inverter
efficiency, Mier) AU 0.94 [11] fail

Psorc,ac = Psorcpe X Ninvert (3.16)
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Given Operating
conditions of reformer
(Tref, Pref and S/G)
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Start

Given Operating

Given Material

conditions of SOFC property and cell

(Tsorc, Psorc and i)

dimension of SOFC

v

Calculate the molar flow rate

:

. Molar flow rate of fuel
(nFuel), hydragen (nH,),
carbon monoxide (nCQ)

and methane (nCHy)

Solve the SOFC model
(fixed Pw = 10 kW)

A4

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

v

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

SOFC electrical efficiency (Nsoec) and system electrical efficiency (1)

v

End

3T 3.4 FBnsdaeanszuiunsvessruuswsEnInsruIumesuilviueadidomas

a S o
Yinoanlynuds
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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/mz) 5,000
Power (Pw, W) 10,000
Cell length (L, m) 04
Cell width (W, m) 0.1
Faraday’s constant (F, C¢/mol) 9.65x10"
Anode thickness (Tznode, M) 500
Cathode thicknessAT ashode, M) 50
Electrolyte thickness (Tegectroytes M) 20
Pre-exponential factor of anode exchange current 6.54x10""
density (kgnode » A/mz)
Pre-exponential factor of cathode exchange current 2.35x10'""
density (kcathode » A/mz)
Activation energy of anode exchange current density 140
(Eqnode, KNgOY
Activation energy of cathode exchange current 137
density (Ecqthodes kd/mob)
Anode diffusion coefficient (Doff anoge » m’/s) 3.66x10°
Cathode diffusion coefficient (Desf cathode » m’/s) 1.37x10°
Anode electrical conductivity (6anege, 1/Qm) 42 f; 107 exp (—1500)
Cathode electrical conductivity (6,4¢node, 1/2M) 9.5 : 107 = (—1:1}50)
Electrolyte electrical conductivity (eiectrotyte, 1/Q2m) ~10,300
334 x 103 exp( )
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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.c., cell
voltage, number of SOFC stack, fuel utilization, SOEC 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 Jimproved 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. Process description

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 C3HgOs, H,0, 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 (TURBINE1) 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 CHjy 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
(Hy +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 (TURBINE?2) to generate more
electricity. V
3. SOFC model

The compositions of hydrogen and oxygen are used to determine the performance of
SOFC (e.g., cell voltage, power density and ecell efficiency) through the dctailed
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 degermining the electrical performance of an integrated system. Firstly, for
given operating conditions of reformer (temperature (7ref), pressure (Pger) and supercritical
water-to-glycerol ratio (S/G)), the equilibrium compositions in the reforming process can
be determined. The molar flow rate of CHy (ncu4), CO (nco) and Ha (nyp) 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 (7sogc), 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 (P,,) is set as 10
kW, the number of cell stack (n), fuel utilizati;)n (Uy), SOEC electrical efficiency (esorc)

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

n=—= (10)
ISOFCV
I LWn
L/f _ SOFC (1 1)
2F(4”c14, +hy + Aso)
Esorc = b x100% (12)
Ny, LHV oy +ny LHV, +nq,LHV,,
P
8, =——2———x 10U (13)
Ay, CH,

5. Results and 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% CH,, 85 ppm of CO, 4.4% H,0 and 28.3 % CO,. In addition, the simulation
;esults 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 reformer

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 Hj 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 CHj, according to Le

chatelier's principle.

Considering each performance of SOFC, it is noted that product compositioﬁ of Hj has
an important effect compared with that of CHs 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 Hs, 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 ccll 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 (Tres = 800°C, Pres = 200 atm and S/G = 90)
consisting of 67.1% H,, 0.2% CHs, 86 ppm of CO, 4.4% H,0O a1.1d 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 isopc are kept constant as 4 atm and 5000 A/mz, 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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system.



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, Tref 800 °C
Reformer pressure, Pref 240 atm
S/G 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 element

Cell length, L 0.4m
Cell width, W 0.1m
Fuel channel height, A¢ 1 mm
Air channel height, A, 1 mm
Anode thickness, 7 500 pm
Cathode thickness, 7 50 pm

Electrolyte thickness, e 20 pm
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Table 3 Effect of temperature and pressure on hydrogen production and system

performance (at S/G = 90)

TRef Pret Mole fraction V n Us ESOFC

(°C) (atm) H, CH,4 CcO (V) | (cell) (%) (%)

200 | 0.575 | 0.083 | 57ppm | 0918 | 55 8204 | 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 2 81.32 60.14

800 240 0.670 0.003 85 ppm | 0.925 3 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 81.21 5095

1,000 | 240 [ 0673 | 70ppm | 87 ppm | 0.926 | 35 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 Trer = 800°C and Pges = 200 atm)

Mole fraction vV n Us ESOFC

S/G
H, CH4 CO V) | (cell) (%) (%)

30 0.626 0.040 220 ppm | 0.922 55 81.67 62.24
50 0.659 0.012 149 ppm | 0.924 55 81.52 62.24
70 0.668 0.004 110 ppm | 0.925 55 81.32 60.48
90 0.671 0.002 86 ppm 0.925 355 81 32 60.14
110 0.673 0.001 70 ppm 0.926 55 8115 59.95




Table 5 Effect of operating condition of SOFC on system performance

70

isorc = 3000 A/m’

iso[:c = 5000 A/m2

isorc = 7000 A/m”

Tsorc | Psorc
V n Us |4 n Ur V n U
(°C) | (atm)
V) |(el) | (%) | (V) [(eel) | (%) | (V) | (cell) | (%)
4 0.979 86 7697 | 0925 < 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 75.54 | 0.945 53 79.60 | 0.885 41 85.04
E 1.040 81 72.47 | 1.030 49 73.08 | 1.003 36 75.03
900 6 1.052 80 71.63 | 1.041 49 7234~ 1.00 % 36 13.97
8 1.060 79 71.07 | 1.052 48 71554 1.027 39 13.29
4 1.046 80 7205 |1 1.051 48 71.60 | 1.038 35 12.51
1,000 6 1.059 79 71.13 |.1.066 : 47 70.61 | 1.057 34 74200
8 1.068 78 70.53 | 1.076 47 69.97 | 1.064 34 70.72




a

UszIRnae

u

¥ - uwana (Mwing) HALAT. YIINT YT
¥ - wwana (Mw1dannw) Asst.Prof.Dr. Yaneeporn Patcharavorachot
Funialagiu HY8A1anT115E

' S ada v 2 T N fa & a . &
'Viu’JEN'IULLaSaﬂ'\u‘l’l@q‘ﬂ@]ﬂﬂiﬂﬂﬂ%ﬂ')ﬂ WiaﬂJWNWﬂLﬁ‘UI‘VﬁﬂWVI I’Vﬁ'd'ﬁ LLaz"L‘leumaaLaﬂmauﬂa (e-

mail)

AMAIVIFINTIUAL AL IFINTIUFAIERS

anuwmalulagnszasuinaniinummsainnsz i

0. AABINTI UVW/LURANANTEUS NTUNNIMILAST 10520

sl 02-3298360-3 sio 151

nsas 02-3298360-3 na.4

E-mail: yaneepon.p@hotmail.com.itas kpyaneep@kmitl.ac.th

Useianmsdnw
UStyeyas WIS uAsUNI s 36.u. (AFnsTuad), 2548
USeysyian NRINSRINMIINE A 7.9, (3mINTILad), 2553

#10139NTANANNT UYL (LANARIINIANSANYY) SEYaUVINIT

Process simulation/Renewabte energy/Hydrogen production/Sotid oxide fuel cell
Usraunsaliifgtasiunsyimsnuiieviineluaznouanyszma Tngszyaniuninlunisvin
33 indugsaureni s nudle Wniilasiniside viedsuidelusdasnainuide

6.1 WIvinlasen1siae

6.1.1

6.1.5

n9ikeTIERalTIar TanYa sl ewnAsrinaenledadeduiilysnoudinns
Wnufisensneiudsealdmeifanvunislu daenuidsantusislanue
IAINTIUAIANS anrvuivaluladnszasuindndnagunnisalansyds Yszdnd
Juuszanal 2555
sTuUTINTesAAaImATInoenlsRu U IusReuUSEUIuM s AnIasuR
wvveslamefilavenemuea maviferntuseliauimnssumans aaiu
wealuladnszeuinaiganmsainn syl vseardaudseanm 2556
msfraeenszvaumsranglslanauiifinsuenfeasveulnoenlafluduneuien
laansld ASPEN PLUS saenuideainiusielanuzimnssumans andumalulad
WizBUNAUAUNIITAIANSTU Uszahdaudszanu 2557
izwiamaamaév’%LwﬁwﬁﬂaaﬂlﬁﬁuﬁauuuﬁﬂﬂmauﬁoﬁwLﬁuwuﬁwmmﬁ’uﬁa
wazmsivleuiiandiweseadstmioingn fenuiseandinnunesmuaiuayy
n5338 (an3.) waz antuwalulagnszasuinandiaummisainnse s Uszand
suuszunu 2557
sruUTnmasnsruIuNMsInesufisiglothwieingfveindiweseauavivad fomas
yineonledudauvunuduas meonuideanidunglaaurinnssuamans any
walulagnszasuindaninaumsatanszda Ysedrteudseanu 2558
msUszdiuanssouzvetsTUUT YR sadaInAstneanlududuaziaiasinesy
wesvesnfieseadilinsruaumsusnaisuaulasenledfiunnsiedu Fevuideain



12

neswIdsaniumalulagnszasunaninummsainnsz s Ussindeudszanm

2558

6.2 NATuNvLasIud)
6.2.1 HANUIIUANUWEELNS (H3us 2011)

6:2:1:1

6:2.1:2

6:2.1.3

6.2.1.4

6.4 R5

6.2.1.6

b2 1.7

6.2.1.8

Thanomijit, C., Patcharavorachot, Y., Ponpesh, P., and Arpornwichanop,
A., Thermodynamic analysis of solid oxide fuel cell system using
different ethanol reforming processes. International m
Hydrogen Energy 40 (2015) : 6950-6958.

Chutichai, B., Patcharavorachot, Y., Assabumrungrat, S, and
Arpornwichanop, A., Parametric analysis of a circulating fluidized bed
biomass gasifier for hydrogen production. Energy 82 (2015) : 406-413.
Authayanun,— S, ~Saebea, = D., — Patcharavorachot, Y. and
Arpornwichanop, A, Evaluation of an integrated methane autothermal
reforming and high-temperature proton exchange membrane fuel cell
system. Enerey 80 (2015) : 331-339.

Patcharavorachot, Y., Sangduan, K., Ponpesh, P., Assabumrungrat, S.,
and Arpornwichanop, A., Integration of Ethanel Processor and CO,
Absorption to Produce Hydrogen for Fuel Cell. Energy Procedia 61
(2014) : 2215-2218.

Saebea, D, Authayanun, S, = Patcharavorachot, Y. and
Arpornwichanop, A., Thermodynamic Analysis of Hydrogen Production
from’ the Adsorption-enhanced Steam Reforming of Biogas. Energy
Procedia 61.(2014) : 2254-2257.

Authayanun, S., Patniboon, A., Saebea, D., Patcharavorachot, Y., and
Arpornwichanop;-A., Effect of Flow Pattern on Single and Multi-stage
High Temperature Proton Exchange Membrane Fuel Cell Stack
Performance. Computer Aided Chemical Engineering 33 (2014) : 1471-
1476.

Patcharavorachot, Y., Tiraset, S., Wiyaratn, W., Assabumrungrat, S., and
Arpornwichanop, A., Using a membrane reactor for the oxidative
coupling of methane: simulation and optimization. Clean Technologies

and Environmental Policy 16 (2014) : 1295-1306.

Patcharavorachot, Y., Chery-rod, N., Nudchapong, S., Authayanun, S.,
and Arpornwichanop, A., Hydrogen Production from Glycerol Steam



6.2.1.9

6.2.1.10

6:2.1.11

6:2:1.12

6.2.1.83

6.2.1.14

6.2.1.15

6.2.1.16

6:2. 117

6.2.1.18

i3

Reforming in Supercritical Water with CO, Absorption Unit. Chemical
Engineering Transactions 39 (2014) : 349-354.
Likkasith, C., Saebea, D., Arpornwichanop, A., Piemnernkoom, N., and

Patcharavorachot, Y., Simulation of Hydrogen Production with in Situ
CO, Removal Using Aspen Plus. Chemical Engineering Transactions 39
(2014) : 415-420.

Arpornwichanop, A., Suwanmanee, U., Saebea, D., Patcharavorachot,
Y., and Authayanun, S., Study on a Proton Exchange Membrane Fuel
Cell System Fuelled by a Mixture of Bio-ethanol and Methane.
Chemical Engineering Transactions 39 (2014) : 1033-1038.

Saebea, D, Authayanun, S., - Patcharavorachot, Y. and
Arpornwichanop,A., Enhancement of Hydrogen Production for Steam
Reforming of Biogas in Fluidized Bed Membrane Reactor. Chemical
Engineering Transactions 39 (2014) : 1177-1182.

Authayanun, /| S.,. ~Aunsup, P, = Patcharavorachot, = Y., and

Arpornwichanop, A., Theoretical analysis of a biogas-fed PEMFC system
with  different hydrogen purifications: Conventional and- membrane-
based water gas shift processes. Energy Conversion and Management
86 (2014) : 60-69.

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

Patcharavorachot, Y., Tiraset, S., Saebea, D., Paengjuntuek, W., and
Arpornwichanop, A., Optimization of a Membrane-based Oxidative
Coupling of ‘Methane ‘Reactor Using Surface Response Methodology.
Chemical Engineering Transactions 35 (2013) : 121-126.
Arpornwichanop, “A., and Patcharavorachot, Y., Investigation of a
proton-conducting SOFC-with-—internal autothermal reforming of
methane. Chemical Engineering Research and Design 91 (2013) : 1508-
1516.

Saebea, D, Patcharavorachot, Y. Assabumrungrat, S., and
Arpornwichanop, A., Analysis of a pressurized solid oxide fuel cell-gas
turbine hybrid power system with cathode gas recirculation.
International Journal of Hydrogen Energy 38 (2013) : 4748-4759.
Saebea, D., Authayanun, S., Patcharavorachot, Y., Paengjuntuek, W.,
and Arpornwichanop, A., Use of different renewable fuels in a steam
reformer integrated into a solid oxide fuel cell: Theoretical analysis and
performance comparison. Energy 51 (2013) : 305-313.
Patcharavorachot, Y., Wasuleewan, M., Assabumrungrat, S. and

Arpornwichanop, A., Analysis of hydrogen production from methane



6.2.2

6:2.1.19

6.2:1.20

6:2.1.21

6.2.1.22

6.2.1.23

74

autothermal reformer with a dual catalyst-bed configuration.
Theoretical Foundations of Chemical Engineering 46 (2012) : 658-665.
Thanomijit, C., Patcharavorachot, Y., and Arpornwichanop, A., Design

and Thermal Analysis of a Solid Oxide Fuel Cell System Integrated with
Ethanol Steam Reforming. Computer Aided Chemical Engineering 30
(2012) : 287-291.

Saebea, D., Patcharavorachot, Y., and Arpornwichanop, A., Analysis of
an ethanol-fuelled solid oxide fuel cell system using partial anode
exhaust gas recirculation. Journal of Power Sources 208 (2012) : 120-
130.

Chaichana, K., Patcharavoracheot, Y., Chutichai, B., Saebea, D,
Assabumrungrat, .S;; and Arpornwichanop,. A;, Neural network hybrid
model of adirect internal reforming solid oxide fuel cell. International

Journal of Hydrogen Fnergy 37 (2012) : 2498-2508.

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

Arpornwichanop, A., Wasuleewan, M., Patcharavorachot, Y., and
Assabumrungrat, S., Investigation of a Dual-Bed Autothermal Reforming
of. Methane ~for = Hydrogen  Production. Chemical —FEngineering

Transactions 25(2011) : 929-934.

nanuiitiauslunsUszgaidvans (Raus 2011)

6.2.2.1

6222

6.2.2°3

6.22.4

Rattanachai, W., Saebea, D., and Patcharavorachot, Y. Thermodynamic
analysis of glycerol. supercritical water reforming with different CO2
removal process. The 4th TIChE International Conference 2014, Dec 18-
19, 2014, Chiang Mai, Thailand.

Mahisanan, C., Patcharavorachot, Y., and Arpornwichanop, A.
Optimization of an Integrated SOFC-SOEC System for Clean Power
Generation. The 4th TIChE International Conference 2014, Dec 18-19,
2014, Chiang Mai, Thailand.

Thongdee, S, Wiyaratn, W, Patcharavorachot, Y. and
Arpornwichanop, A. Theoretical Analysis of the Solid Oxide Steam
Electrolysis Cell: Effect of Methane Addition. The 4dth TIChE
International Conference 2014, Dec 18-19, 2014, Chiang Mai, Thailand.
Sampavapon, A, Saebea, D., Authayanun, S., Patcharavorachot, Y.,
and Arpornwichanop, A. Effect of Different Feedstock Types on a
Biomass Gasification. The 4th TIChE International Conference 2014, Dec
18-19, 2014, Chiang Mai, Thailand.



6.2.2.5

6.2.2.6

6.2.2.7

6.2.2.8

6.2.2.9

6.2.2.10

6.2.2.11

62212

75

Patcharavorachot, Y., Chery-rod, N., Nudchapong, S., Authayanun, S,
and Arpornwichanop, A. Hydrogen Production from Glycerol Steam
Reforming in Supercritical Water with CO, Absorption Unit. The 17th
Conference “Process Integration, Modelling and Optimisation for
Energy Saving and Pollution Reduction” (PRES 2014), 23 - 27, August
2014, Prague, Czech Republic.

Likkasith, C., Saebea, D., Arpornwichanop, A., Piemnernkoom, N., and
Patcharavorachot, Y. Simulation of Hydrogen Production with In Situ
CO, Removal Using Aspen Plus. The 17th Conference “Process
Integration, Modelling and Optimisation for Energy Saving and Pollution
Reduction” (PRES 2014), 23 — 27, August 2014, Prague, Czech Republic.
Arpornwichamop; A., Suwanmanee, U., Saebea, D., Patcharavorachot,
Y., and Authayanun, S. Study on a Proton Exchange Membrane Fuel
Cell System Fuelled by a Mixture of Bio-Ethanol and Methane. The
17th Conference “Process Integration, Modelling and Optimisation for
Energy Saving and Pollution Reduction” (PRES 2014), 23 ~ 27, August
2014, Prague, Czech Republic.

Saebea, D., Authayanun, ' S. ' Patcharavorachot, Y. and
Arpormwichanop, A. Enhancement  of hydrogen production for steam
reforming of biogas in fluidized bed membrane reactor, The 17th
Conference  “Process ' Integration, Modelling .and" Optimisation for
Energy Saving and Pollution Reduction” (PRES 2014), 23 — 27, August
2014, Prague, Czech Republic:

Patcharavorachot, Y., Tanthaworn, P., and Urailert, P. Integrated
system -of ¢lycerol = supercritical = water. reforming  process and
pressurized solid oxide fuel cell. The 4th International Conference on
Engineering. and ‘Applied Science (ICEAS 2014), 22-24 July 2014,
Sapporo, Japan.

Patcharavorachot, Y., ‘Assabumrungrat, S., and Arpornwichanop, A.
Integration of ethanol processor and CO, absorption to produce
hydrogen for fuel cell. The 6th International Conference on Applied
Energy - ICAE2014, 30 May - 2 June, 2014, Taipei City, Taiwan.

Saebea, D., Authayanun, S., Patcharavorachot, Y., Arpornwichanop, A.
Thermodynamic analysis of hydrogen production from the adsorption-
enhanced steam reforming of biogas. The 6th International Conference
on Applied Energy — ICAE2014, 30 May - 2 June, 2014, Taipei City,
Taiwan.

Saebea, D., Arpornwichanop, A. and Patcharavorachot, Y. Integrated
system of a proton-conducting SOFC and ethanol autothermal

reformer: Design and. performance evaluation. Fifth European Fuel Cell



6.2.2.13

6.2.2.14

62215

6.2.2.16

6.2.2.17

6.2.2.18

6.2.2.19

6.2.2.20

76

Technology & Applications Conference, Piero Lunghi Conference,
December 11-13, 2013, Rome, Italy

Saebea, D., Authayanun, S., Patcharavorachot, Y., Arpornwichanop, A.
design of energy recuperation in a solid oxide fuel cell-gas turbine
hybrid system with ethanol as fuel, Fifth European Fuel Cell
Technology & Applications Conference, Piero Lunghi Conference,
December 11-13, 2013, Rome, Italy

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

Patcharavorachot, Y., Chery-rod, N.; and Nudchapong, S., Hydrogen
Production from Glycerot Steam Reforming in Supercritical Water with
CO, Absorption-—Unit. . The 5th Regional Conference. on Chemical
Engineering (RCCHE2013), Feb 7-8, 2013, Pattaya, Thailand.
Patcharavorachot, Y., and Arpornwichanop, A., Investigation of a
proton-conducting SOFC 'with intemal autothermal reforming of
methane. the 22nd European Symposium on Computer Aided Process
Engineering (ESCAPE22), Jun 17 - 20, 2012, London.

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

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

Saebea, D., Authayanun, A., Patcharavorachot, Y., Paengjuntuek, W.,
and Arpornwichanop, A, Performance Analysis of SOFC Systems
Integrated with Steam Reforming of Different Renewable Fuels.
International Conference on Renewable Energies and Power Quality
(ICREPQ’12), Mar 28 - 30, 2012, Santiago de Compostela (Spain).
Tippawan, P., Patcharavorachot, Y., Assabumrungrat, S., and
Arpornwichanop, A, Thermodynamic Evaluation of Ethanol Steam
Reforming via Acetaldehyde as an Intermediate. The 21th Thai Institute
of Chemical Engineering and Appiled Chemistry International
Conference (TIChE 2011), Nov. 10-11, 2011, Hatyai, Songkhla, Thailand.



6.2.2.21

62222

6.2.2.23

6.2.2.24

77

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

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

Arpornwichanop, A., Wasuleewan, M., Patcharavorachot, Y., and
Assabumrungrat, S., Investigation of a Dual-Bed Autothermal Reforming
of Methane for Hydrogen Production. 14th International Conference on
Process Integration, Modelling and Optimisation for Energy Saving and
Pollution Reduction (PRES11), May 8-11, 2011, Florence, Italy
Sangduan, K, Patcharavorachot, Y., Assabumrungrat, S., and
Arpornwichanop, A., Analysis of €O, absorption for purification of
hydrogen. in ' ethanol ' reforming 'processes. ' The 3rd Reginonal
Conference on Chemical- Engineering (RCCE), Jan. 20-21, 2011, Metro
Manila, Philippines.



5z =i v o o v - = ) 1 v o v %% v
nansiiluenanshanulidwsunisldanunenisfinyvingu lieygraliihluldussleviaunism

lidnsdllag viedu Bnvievnudilvidiaudailent uavdesgdiadivesenarsynaseniiniailuly



iy



	ปก
	ส่วน1
	ส่วน2
	ปกหลัง



