TNUNWILRUL awymi

1ATINNT T2UUTINVDILTRRLTOLNRITRA DN L6 LTI LU
1U56 0 uNaAIL I Ui A ﬂm'm@”m;m LaENIIINDSUNINALTDTOR

A8ILRBDING

lag

WA.AT. NGNS WETTLT@

NOBNIAN W.¢1. 2559



fuaaafl TRG5780149

T mm%‘”mu”uawmf

1ATINTT T2UUTINVILTRRLTOLNRITRA DN L6 LTI UL
11U aUNFLHUITW ymm@”uga LaENTINasuIINRLTaTaR

ML RBDING

WA.AT. NGNS WETTLT@

ROUWLN ﬂI%IE‘] FINIZADNULNAILIN ﬂ UNRITAIONTZLI

aﬁuagﬂ@ﬂﬁ%’]ﬁﬂomﬂamuaﬁuagumﬁﬁﬂ LR

amﬁumﬂiﬂaﬁws:aamﬂﬁwL%’wqmﬂmim@mzﬂ“@

(@nuARlunsnuiiduvesdids ani. lidndudasiudaualyl)



unAaga

SRALAIINIS: TRG5780149

2 1 [ & a a & & o A o a v
’ﬁa‘[ﬂidﬂ'ﬁ: 52:‘].|1J3’]3J°118\1LgﬁaaL‘UﬂLWGG‘U%@BBT]VLG]J@LL?IGLLUTJ%’]Iﬂi@IB%Y]@]’]L%%G']%@']El

anuaugILazMIWesudanaiateadioiinilaing g

v A o a

ZFownIDY Uazan1dw: Nel.a%. YIGNT WETITLTA

sontwnaluladwizaauingn L%ﬁqmw%’ﬁm@ﬂszﬁd
= 6 .
alLNa: yaneepon.p@hotmail.com
Szaz12a11A39N9: 2 1

UNAALD:
6

Imamu’?ﬁ'ﬂﬁaaidLﬁuﬁﬂmm:mumm5@”[V\|W1ﬁ]’m'iwuimm AILTRRLTOLNRITRADON b6

o

wisnpuiihldsaaununszuiwmsinesuisaelasi laonszurwmsndaudalalasauiunuindan
FoTUUNINAA MW Nz BIgInTanRauAgbalasanlannyinle nazvinlat laaustauslunisuda
Invhannaalders uddnszuaumsiveiuiisdslaihazliTasazualduaudalalasaugefigaiio
a o A ' ' = o @ ea o a & A o A o
WHUAUNTZUINANTAB Y waaddlsnauuiasalazinlaannszuannisivesufiainiuia
& & A . o & A2 o o o & & o
aiuaulasanlodiladuagious dmulunuiduushldldmhousnuisniveulasenlodiuiy
nzuaunInasuds nimsuenuiaaiivenlessnlodldwsaununsvid fAseussmsuonuda
6 U e o aaa a 6 n' aq( A qzﬁv a &a o > ' o
amsuanlanasanmailjisenswesuils wenaniinsidenldibaiwdsiiinadaydenisinlylgly
wwaaigands dagtwsamdsdmivndauislalosiaudninguinywdvulaild (duw Sinw) uaz
a o ' a o A A X a A a v ' A
wywdould (1w nfiwases lamues wazufadinw) Sagamdsmwywisulddanuiaulaluud
ANNDUIATADFILINA DN Sl,uimomuﬁﬁdau’l,ﬁmﬁ:ﬁmamaamﬂﬁ%aLwﬁwgwﬁﬂuﬁ,mn@mﬁuﬁ
THAADANITDULVRILTRALTOLNAITRA 0N LA uTInuUiN lUTAau lasuuUINa0IU0ITRRTOLNES
P ¢ o o o & A ' a ea ' o
rhasanloduduvuihliieenldgniamndwinamdmnniimainlinnudn uaninudalalasian
EVIIONEA [HANNNITZUIRNIINTUTILED HIRINITONEANLTRALAN INT LaTRTRAaN Loe LT
A An o ' A A ¥ & o & o a A [ v o ¥ f o
F93TaINaI TN DI wa1 30901 NITNTUTATADFILIARDNAIN MEWR I AW LA INAI I
wywdou winmwdalalasananaaddianinglagdariiasanloduddsnsddgwuiiasandasns
wasiuWwgaann lunuiiuushldlissddidnintladanfizamwdtiasiasenlodudann:
RINIIDRANNNFDININAIINW NI N BRen la

3 [ a 24 = & A v & ¢ A a a
aAlnan : ﬂ’]‘iNﬂ@ltLﬂﬂ1€lTﬂ‘§L%% ﬂizﬂ‘)%ﬂ’]‘i‘iﬂﬂi&l&ddﬂ’)ﬂkl%’l LBRALDDINAIBTWA

¢ @& A & a a ¢ ® o
2ONIBAUTY LEARDLANING LATIBHADAN LEALDTY N1TINRAINIZUINAT



Abstract

Project Code : TRG5780149

Project Title : Integrated system of pressurized proton-conducting SOFC and glycerol

supercritical water reforming

Investigator : Asst. Prof. Dr. Yaneeporn Patcharavorachot

King Mongkut’s Institute of Technology Ladkrabang
E-mail Address : yaneepon.p@hotmail.com
Project Period : 2 years

Abstract:

This research aims to study an integrated system of proton-conducting solid oxide fuel cell
(SOFC-H+) and steam reforming process. Reforming process has an important role for power
generation because more hydrogen production can produce more electricity. Although steam
reforming process can provide the highest hydrogen yield compared with other reforming process,
synthesis gas obtained from steam reforming process always contains the high amount of carbon
dioxide. Therefore, the carbon dioxide removal unit is applied to steam reforming process in this
research. There are two main types of carbon dioxide removal considered: (1) carbon dioxide is
captured simultaneously with hydrogen production and (2) carbon dioxide is removed from synthesis
gas after reforming process. Moreover, the types of fuel have significant effects on fuel cell.
Currently, non-renewable (e.g. methane) and renewable fuels (e.g. glycerol, ethanol and biogas) can
be used for hydrogen production. However, the use of renewable fuels has been received much
interest due to being environmental friendly fuel. Consequently, effect of different renewable fuel
options on a performance of SOFC-H'. The electrochemical model of SOFC-H" is developed to
evaluate the unknown parameter. Besides the reforming process, hydrogen can be produced
through solid oxide electrolysis cell (SOEC) which only steam is reactant and is the cleanest method
when using electricity produced by renewable energy. However, SOEC still requires the high
electrical energy. Thus, the solid oxide fuel-assisted electrolysis cell (SOFEC) is proposed in this

research because it can reduce the external electrical energy demand.

Keywords : Hydrogen production, steam reforming, solid oxide fuel cell, solid oxide

fuel-assisted electrolysis cell
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Glycerol reforming: C3HgO3 + 3H,0 — 3C0O, +7H, (3.1)
Glycerol decomposition: C3HgO; +— 3CO +4H, (3.2)
Water-gas shift: CO+H,0 = CO, + H, (3.3)
Methanol reforming: CHZ;OH + H,O = CO, + 3H, (3.4)
Methanol decomposition: CH;OH +— CO + 2H, (3.5)
Reverse water gas-shift: CO;, + Hy, =— CO + H,0 (3.6)
Methanation: CO + 3Hy=— CH,+H,0O (3.7)
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Code Unit Model Standard Operational
Condition range
COMP Compressor - 200 — 300 atm
HEAT Heater - 500 — 1,000°C
SWREFORM | RGibbs Reactor 500 °C 500 — 1,000°C
240 atm. 200 — 300 atm
TURBINE Turbine 1.4 atm -
COOLER1 Heater 200 °C -
WSHIFT REquil Reactor 200 °C -
1.4 atm -
COOLER2 Heater 60 °C -
SEP Flash Separator 60 °C 0-60 °C
1.4 atm 1.4 — 50 atm
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UfAsunIWesuiafinu CH, + 2H,0 <> CO, + 4H, (4.4)
Ui nataasuiadn CO + H,0 <> CO,+H, (4.5)
U5 W iadndanalue H, <> H +2¢ (4.6)
UiAs v uadfidaualng  2H + 050, + 26 <> H,0 4.7)
UiAsenTwWriiediu H, + 0.50, <> H,0 (4.8)
athalsAanululisunsy Aspen Plus liaansndnaasmyanslanlasanwld sasiuioununs

a aaAaa $ aAaa ¥ { ¢ a &’ { QQ//
Wadasenesaaasiduwdfisonldwuaisin (gunisn 4.8)  deazifieduiaiuelna

(CATHODE)
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a S48 A . L. . o A A & & oA
maaﬂuﬂ‘nm‘nq@ (Gibbs free energy minimization) wUUdNaesvadtaIassnasuwasnldae
_ y , 4 .
RGibbs wazldaunis Soave-Redlich-Kwong (SRK) godusunisgniag (Equation of state)
Manasinlawing SUIUNITEIUIRIE AT AT I LAV ILATNRAA A (WiTa
o A o & & o & & 4 AV o
lalasian udadinu uisasuauvauanlss wigaisuanlasanbos wazii) Aldan
ATEUIUNNTAINGT LasuAanaaAmsimaItaznaadunisdina s nsunsanuwlI o
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YILTARLTOLNG S UAZAMNABILUBATZUE LNAN) Lm:ﬁmu@qmauﬁﬁmao*;”a@y,m:“[maa%”ﬁa
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YaILTARLTOLNAITRA 0N ITAUTS (191 AMUAWIVBIVY NN LRzBLENINT lad audT=dn’
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MIWNTVILARND WA uazaNurwLdunTzuaLantUfew LTudw) TaazaansadwIt
¥ a v o { v J 1 Q
RUITOUSVRILTABLTALNR G bANNUULT 8 8INaT 190w wlUSUNTY Aspen Plus SI0ALENANT
naidedl (aun1Ifl (4.9) Gesuniin (4.21)) lasazdeadouaunisaindnlugluoy
A +~ Qs H ] {
FORTRAN 1y Calculator block Tailunariguniagilulisunsa Aspen Plus 613190 4.3 uaa9
ANALAIN LT NI INTTLINANT
(1) dndlWwWin1engei) (Reversible cell voltage %38 Theoretical open-circuit potential,
‘& ¥ Q 4 k4 o L= g a 1=
E°Y) Sﬁaﬂizﬁﬂwmﬁ]wumﬁamamwﬂwm fNIUTTULTRSLTaIwAITaaan Lo

LDILUUN TR kAL ENNITDUEAS LA TN T

RT PHZO(ca)

E°Y=E°-—1In o8 (4.9)
0,(ca

oF | P,

2(an) )

4 5 ¥ { > A N ™
laaf E° Aadadnd lWWNaNuauuIseNn@ (Standard  pressure) Taidunansuaas
qmﬂgﬁﬁama:@i%ﬁmm AIRNNNT

E®=1.253-2.4516x10"T(K) (4.10)
2) andluvlunsduiinauniadnd lWnwia3s (The operation cell voltage %38 Actual fuel
A, @ P o « a 2 a @
cell voltage , V) azfiddasnindng IWnWinangejiaua 1Hasaniieanueunn

= a o ¢ & a = v & &
ﬂ']ﬂl%LLa$ﬂ73§fyLﬁﬂﬂﬂﬂwwflﬂflﬂluLsﬁaaL%aLwad mmmmua@ﬂ@maumiu
ocv
V=E T Tact — Mohm ~ Teonc (4.11)
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andlwvhgaiFuiiiasnnu fisenInwiadl (Activation overpotential, 7,) LinaNwa
aaa it A A d? a ‘lqt/ A di ni ¥ o aana = e
p03d JATe I aduTimiuizesiddidninie Weasidvhd fATendnasnugs
1 g v o Y Aa s ¥ { aaAa ¥ A
niwasnunzdu azldifadnd gy doiiasand jisen nwied Giaansom

1@ ngun13ua9 Butler-Volmer a9

77act - nact,anode + nact,cathode (4.12)
- - 2
n RT In ! + ! +1
actanode — . . (4.13)
F 2|O,anode 2'0,anode
} ) 2
RT I I
nact,cathode = = In 2| + 2| +1 (4.14)

0,cathode 0,cathode

é’ﬂﬂ"’l,wmgtyLﬁmﬁaamﬂmmﬁmmﬂwm (Ohmic overpotential, ypm)  HNAIINAN

dndlwvhgyiFofasananudumulndiiiiaannsinazaslesaunoludidning
& & YN a & & &

ladt Samansnuaasldlwmanvasguant@asdiininylad anungueslewu (Ohm s

law) AIFUNTT

- z-eletrolyte

Motn =1—— (4.15)

eletrolyte
ﬁ'ﬂﬂWﬂﬁgzyLﬁmﬁaamﬂmwLmﬂ@hamaamﬁmﬁwiumaams (Concentration
overpotential, 77 ) Lﬁ@]’mﬂﬂ’liﬁl,‘%mwﬁx‘igﬂl‘ﬂﬂE]Ehdi’mL%’Jl%ﬂﬁﬂﬁﬁ%ﬂﬂﬂﬁ%ﬂﬁ
USmARAszniTasianInsauasBiininglad v lwanududunianinuauas
AN InaS %“aﬁﬂﬁﬁaﬁ'nﬁ'lﬂﬂquy@mLﬁaaﬁnﬂmmLmﬂ@hwaammLﬁmﬁumaami

AIFNNT
nconc = nconc,anode + nconc,cathode (4.16)
77 _ RT |n pHZ(an)
conc,anode | (4.17)
2F sz(a”)
2
n _ RT In pOz(cat) szo(ca)
conc,cathode = (4.18)

ploz(ca) pHZO(ca)
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eI IALAzBLANINTIAE LazANARt AL ILARDD NTLAWLAS U NI RN HNFIZATN

ﬂqj A& 6 > d! 2 % d‘p
AR INALIZDLANINTIAE 1UaaL TINT LGNNI UNITAITh

I iRTz—anode
Pu, = P—(P_ sz(an))EXp 2FD,_ P (4.19)
IRT 74006
Po, = Po,ee) ~ —ZFDthﬁd (4.20)
I _ iR-l-z-cathode
Ph,0 = Pryo(ea) + IFD . (4.21)
c,eff

T NITNAIN T RYIIO WSV DITEUUIINTZRINIL TR T O LN AITRAaan laa DI uuUin
Tdsaauuaznszuiwnsanasuiea s latin tlafinuwa AR AT LR INWIAE &IN50
o 1 Qs ¥ 1 & 6 d‘i’ a [ 43 =3
Furmnadng W danitaloasitTalnds (voltage per cell) 1@ AN UAITRINITD
o 1 o s ¥ 1 & 6 A’l/ a 2 [
Fumaad I denitaaasiialwie (power per cell) 16 @IgNANT

Pw=1V (4.22)
HANAINHNITNINTINRNTINUSVAITZULTINTERIVILTARLTOLWAI T A O N b@ LTI LN
Tdsaanuaznizurwnmisnasudiaaslatin gisunsoni laannaunsdszanSa T nuadLsas
LDALNEY (SOFC electrical efficiency, Ngorc ) AIRNNIIN (4.23)

iVLW

_ x100% 4.23
Msorc (ﬁCH4,in LHV,,, +0H,, LHV, +nCO, LHVCO) (4.23)

PULAM I UANRINBANNTDWVBITTUUTIN TR T WA TRaaan loaudauuy
ildsaauuaznizuaumaineiuiisdinlath auninmldnnauganssnusay o toad
LTOLNRY AIENNITH

Qe = [zn:r;nh:r;nj{zn:zah:;aj : [zn::;hs:;}[znsz;h'ss;j _Pw
i i 0 0

(4.24)

T oA o a @ A & A a N
I@U ni ‘ﬂaa@T]ﬂ']ivl;ﬂaL"HGINaTqL"UqLLazaaﬂmaﬂaﬁlj I HIVLTRALDDLANRY RS hi ﬂaLauVﬂaﬁ
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MN1IIN 4.3 ATNITULER mﬂ‘*ﬁ’lumima 23NTUIUNIT

Parameters Value
Reformer

Temperature (T, , K) 1,073

Pressure (P, bar) 1

S/C 1

SOFC

Temperature (Tqoec , K) 973

Pressure ( Py, bar) 1

Current density (i, A/m’) 10,000

Cell length (L, m) 04

Cell width (W, m) 0.1

Faraday’s constant (F , C/mol) 9.65><104

Anode thickness ( 7,04 » MM) 500

Cathode thickness ( Tiynoge » MM) 50

Electrolyte thickness ( Zejecirolyte » MM) 20 \

Anode diffusion coefficient (D,  , mzls) 1'05X10-5

Cathode diffusion coefficient ( D , m2/s) 4.49x10
447x10° (1,892

Electrolyte protonic conductivity ( O eyoure - 1/Qm) T eXp( T ]

Lower heating value of CH, (LHV,,, , kJ/mol) 801.6

Lower heating value of H, (LHV,, , kJ/mol) 240.2

Lower heating value of CO ( LHV.,, kJ/mol) 305.2

Lower heating value of ethanol (LHV ,, o, kJ/mol) 1,239.7
1,472

Lower heating value of glycerol (LHV,, . ,

kd/mol)
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exchange current density , i ) 29ldd5189mluenaTITINT AIBUKAN laannThe

0,electrode
wuusaasmalWwefvesmasionassiasen todudouuuinlusaan (sumsh (4.9) i
FUMIN (4.21)) azgniuIsufisuiuran1Inased arwdieainlinmuel lag
manaaasfiinundsouiiouidunmmessswes Hou, J. uszam [33] I@ﬂi’&@;ﬁlﬁﬁw
daualua 81anInslad uazdaualnada NiO-BZCY BZCY uaz LNO-LNF  G9danaumun
WAL 1,000 20 waz 20 lulasiuas Mudey Howasnnlsenauday uRalalasian 97
wWasiFudlasTua 1 3 wWedfidudlaslua uazeina 21 Wesidudlaslus lasanzns
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diffusions [8,33] Gednasnand leuaasliluansed 4.3

gﬂﬁ' 4.4 ugasnamasoufisudnanginwinazanunwuinss v ldannis
180INITTLIBNTUREHNAIINATNAR D ‘ﬁ'qmv.{]ﬁ 973 LARI® NNANMIANBWUAINET Lo
91NN1351809NTEVIRNNFIz A1 TR RAUAT ldannIINaaasfdeLdo 1A uR LTI
nszuauaniasuvasdaua luauaziaualnadeyiniu 12,000 4@z 9,000 waNwlsAaa1319g
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5.1 25N15A L HWING
o @ d' o a fa & a a & & A
BTN 5.1.1 LAAINIIEURWITUWYDILTREALANINT LTI TRAD DN LTAUTILALLTRR
AN INT laGsN I TalwaITIaThaaan loauds lwymeNvITan 5.1.2 URAILLLIIAAIN
T advasaasalaning ladauiaaon loaudLastmasaLanINT laSaNAL T LNAITIL TR
¢ \ o o A A & o & fa «
aanloady FIWRATaN 5.1.3 TLRAINITINLADINLITIUAILITRNITOUSUDILTARDLANLINT 1A
a a 6 & A & a n{d n&’ a 1 a 6
FRTRAAN LIAUTILAZLTARALANINT LA TaNALTOLNAITILTRA AN lTA LTI
o Aa fa & A A ¢ ® A &
511 N1IAILHRITNUAILTARDLANINI AT AT RADAN IHALTILAZLBARDLANIN LA
A Ao & a 1 A ¢ ®
BANNBAINFITIYBRAD AN LBALDI
o a fa & a a 6 &
5.1.1.1 MIGILARITUVDILTRRALANINT IaTRTRAD AN Lo0a LT
ni o a fAa & a a 6 & o %
3N 5.4 (n) wsasnsdufiwuvagassidninsladarfiaeanloduisdniy
nIndanslalasian Vl,aﬁwzgﬂﬂaumﬁmdﬁm% LLﬂI‘ﬂ@LLa:LLWiLﬁTﬁ;jgwgumaw”’a walne
02 2’ o v a it & a
ﬁ]’]ﬂuuvl,au’ngﬂﬂ’ﬂ‘ﬂLL@m(ﬂ’JI@ﬂﬂiZLLﬁVLWWW%GQZVLGﬂ&JLaqamadVLa’fI@iLﬁ]uLLm:aaﬂ%Lﬁ]u
ni Ai’ a ' qq/’ A 6 % nq// a
loaau (@uMIN (5.1)) ™ ARAITEWINITILALINALAZBLANINT Iad KadINUUeanSTaulanan
ﬁ)zmﬁauﬁmu'&ﬁnimiamﬁlﬂz‘]’w"’aLLaIu@mezgﬂaaﬂé?j"l@m“l,@i”aanml,ﬂuimaqamaaLLﬁ”a
aandian (sun197 (5.2)) dfnsenwlunnfaudslalasaudiuimasaianing ladasia

2an kAT LFAIAIRNANIN (5.3)

fitaualna: H,0 +2e — H, + O* (5.1)

Ainualua: 0% — 1O2 + 2 (5.2)
2

Uansensu: H,0 — H, + %Oz (5.3)

o a A & a A A d‘y a I a 6 &
5.1.1.2 Msininuzadwasaidninyladaniibawdsiiosiasan loeuds
o a A & a A A g a 1 a & & o [ a

mMIduiinnuvamassianng ladandiTamwdstiosiasan loaudsfnsunsuaa
uwArlalasauuaasaizln 5.1 (2) idwdsniuaasadininiladesiasanloduds latgn
dawdhandinnauazgnidrfiduuialalasiauuazaandianlosau (sun13n (5.4)) Tunsdl

A & a Aa g a [ a 6 & 23 1 A :’
vadwaasianintladafidiromishorfiaeanlodudsufanausznitdinuuasloiazgn

k1 v 1 09’/ A a aaAaAa a v g/ { aaAaAa
ﬂaumqmuaiu@ Foiel fisenInasudsvasdinudasleri (aunsn (5.5) uszdfisenne
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H,0 +2¢ = H, +0* ——— H,O +2¢" > H, +0* ]
Cathode i i | T g Cathode o T -

i ¢
02~ | 02-
Electrolyte == Electrolyte

0" > 0, +2¢ [ H, + 0" - H,0+2¢ —

Anode m Anode
CH, +H,0 & CO +3H,

0, CH,, H,0 CO+H,0 & CO, +H, €O,.H,0
(n) ()
A A a fa & a a &
SUN 5.1 BWHWAWUBINTELIUMIHAAN & bELaTLaUaN (N) Lraasaning ladzviaaan loa

u

~ €A & a nid dql' a [ a 6 &
wdd uaz (@) Lasalaninsladandiawndsiiosinaan loauds

2 (7
va A a s

24 a { a &/ 24 ! a
W@asLAREW (RNNIN (5.6)) anunsaiiadulanwuiivestinelue uialaaasiauniiaann 2
UfAseainan azuniidhgiiueluauazindfitoanueandiaulassuinfoununnnds

wAlnaLNaNAANTZLR MW (RNNIN (5.7))

firaualne: H,0 +2e — H, + O* (5.4)
firaualua: CH, +H,0 <> CO+3H, (5.5)
CO+H,0 <> CO, +H, (5.6)
H, +0* — H,0+2¢ (5.7)
Uansensaw: CH, +2H,0 — CO, +4H, (5.8)

o A & a a ¢ ® €A
5.1.2 wUUIa0IN W INHIARN VI BARDIANINT LA TETRAD AN IBAUTILALLBAS D
® a { ‘g a 1 a [~
Wwnlnsladandisanas1gshaaan lsauds
wuUIaaIn9 HALada et lunsinuwsaiang iwWued LTasaLan NI la g R
a & & A & a dld d‘y a 1 a & & a tﬂ. L%
piaaan ladudiuazimanataning ladandivaindstrssiaean ladudy lapsuudgiuils
A o A A o A a o | A
da (1) miduduwnufiannzasds (2) nizuawnsuuubiinsgaidvanaion (3) lddany
) o A A a o P A A o . & oA
auaa (4) wiannafefingdnmsuuunuialugauad uaz (5) Ssudalalasiawrinuign

A 6 Aa (n:i u?: qq:
ElE]ﬂGIjVLWIjLLmQﬂSWJ‘]m%’JLLE]I%@LLaz“IJ’JLLﬂIY]@
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5.1.2.1 LUUINA0IUITRRDLANINT ladrTAaaan loaud
fa & a A ¢ & @ =i o v A
LsnaaaLaﬂimvl,aénammaaﬂvl,smLL°11<1@1aaﬂwaamuvl,wmﬁnﬂmwamwmwnimaqa
gasinlvdnlalasiantazaandian wﬁamuvl,wm@”aﬂﬁhnzgﬂLLamlumamjaamw
Awiuias I Ndawidn (power density input) GegunsadwInslaanardng e
AMURILUBUNTUF AN IRUN1T
Pooee = IVsore (5.9)

{ ' o b -2 ' o -2
lagf Poee Aoananwiuiduiias Wy (W m*) 3 dsanunwiniiunsza lWni (A m”)
U8z Vgoee Ramdndinwvasiaasaianinyladasiaoan laduds (V)

arandinwvmea93da (open-circuit  voltage) &1NNTAFIWINLLAINNFNNNTVE
A & @ “ cfa & P’ A ¢ & K
WHud lagardanglWwiamwzrsasdevadiaasataninyladzshaaan boaudinuionian

ang lWnWinita ﬂﬁq@ﬁﬁaamﬂummﬁ@LLﬁ"a"La@mLau

P, P?°
E—g0+ Ry Do, (5.10)
2F P.o

laofl E  @a drandlWnrvmersasida (v) E° fa erdndandlWwifannzainuan
' { o -1 -1 A o A ' {

A3 (V) R Aadrnifivaufia (J mol K') T Aegmngiilunisduiiunu (K) F fadiaaf
-1

294717Uad (C mol ) uaz P,

aandianuaz et awd ey (bar)

A o ' &V 23
P, Wiz P,, A8 arwdudasveiudalalesion ufs

A fa & a a & & o a 1 e ¥ A v Aa 1

Watsaastaninsladariaaanlodudsdiindn ardng iAWinuiass (@0
Qs ¥ 1 ] [ L ¥ $ 1 Qs ¥ a &J &
dndlwnn) azldminnirddndliWnmcisandaiiasnndddndiwwgaifoiiadn 9
Aeng NN ILRAIAIFNANT

VSOEC =E + Meonc + Mact T Mohm (5.11)

dnd lWvgaifoiiesannstiolauiin (7, ) iuddndlWwgaidonifiaan
mMytnelanNIaveiadiflsenauaaduia I BN INTa ANULTNT U IRNTAIGRITIA1aAR
Wasnmafiadjisonlusadianinse asnuanud unmumIunssasnisluildianinge

&/ ' = v v Q 2 | & a U 3 =) ~a

92N YIUaNTALIN AUTNTURIBAM VARV ILAFNABEIIZNITIBLEAN INTALAED
= & a ' o o @ Mt a oA '
Wnlnyladazdianuuandanugasnmsiwavesuda lasdrdndlnvgyiiodfiasannsng

Tawa a8 NN IO U LAGIRNATT

TPB

RT I:>H ca I:>H O.ca
Neoncca = 5= In 2—TZPB
“"2F | P, _P

H,,ca’ H,0,ca

(5.12)
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TP \0°

P
Mo = - In| [ 02 (5.13)
= "2F || P

1au@IRas “ca’ WAL “an’ WIUDI VILAINALRZIIL LG ATUEIAL are the cathode W&
o % % « ” =1 d' 3 A& A« 6 23
anodedNEIAU WAZAILN “TPB” wiudsaulaaniqb6ianinia laninslad wazuiau
v o o A A a ' , & a ' E A & A & ¢ £ a A
FUNEN® ¥3aL3uNNad19INTNRAITZTRINTIBLAN INTaLazBLANINT bad Gt TuuSiamn
Ujismmeinwueiiiiadn enuawvasuialalasion (B®) waz law (RI%?) Wuia

32nINRBLENINTaaLBLanINTlad sansadminlannaumsn (5.14) fi9 (5.15) [35]

RTJz,,

P o =P +W (5.14)
RTJ

PHTZ i’fca =P i (5.15)

H,0ca  ~eff
D, 2F
I A A & I eff A o a &% 1 a A
aLnNn 7, ADAINURARIVDIVILALNG (M) WAL Dw>ﬂﬂﬁuﬂizﬁﬂﬁﬂﬁiuWiﬂizﬁﬂﬁNﬂ
. . .. _ o { o < 2 A1 A A
(effective diffusivity coefficient) 294N TNAAUTILA NG (ms) FagnanTnasurslay

o a a% ' . . . g
FUUTZRNTNITUNTULLY ordinary ez Knudsen diffusions [35] @4&UN13

PH2O, PHZ,
o <[ P Joie [ Ty o 61
sullsrAnsnsunsUssAntnavasasdszney A (D) gt baan
];ff =é£—l = J (5.17)
Da £ Das Da

A A X & a = A & a = A
lapfl & Aeanuaaidndzedtndidninie € faanuniusastndianinia D, e
Qs a Q€ 1 =) 2 '1 e =) A‘ 1
sudszdninisuwivessns 2 ofie (m's ) uaz D, AasuUsz&NSNIUWsSLUL Knudsen 189

a 2 -1
F§1ITUA A(m's )

Wasnndiissuizeandiawiiadunmeauiiualua asnwauawTasLigaandian
dldql a ] & A& I A& I \Il 6 TPB a ] % SL &
uznieidianlnsauasaianinglad (™) aziiaanannuuandsrasnnuawlugd
ualaa uazufizeandianazgninalanludndidninsalasifnisuniru (permeation) unu

1 . . 6V a dld? a 1 < a & a 6
MIUNINTZAY (diffusion) uigeanFlauiiiuiireninswididanlnsauazdidninslad aansn

w1 laann

IJRT uz
e = P2, +| it (5.18)
2FB,
d' A = 6 [ a -1 -1 2 +~ (04'
laafn 4 Asanunilawamaasvesuizaandian (kgm s ) Goduwarntuad temperature
ez B, AaANa3NInlun1IunIvaia1s 59w 1anauduuives Kozeny-Carman 69
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3

£ 2
=—  (2r 5.19
g 725(1_8)2( ) (5.19)

dndiWwhgaiFoiitasnannd Jisolnuedl  (7,,) iudrdndlnvgydoniie
nnenlamdnveslfisenfigadidnlnia  sun13vad Butler-Volmer (FWN1371 (5.20)) AN
iunlgineabunoddnd lwvhgyiFoitiasanand §isenTwwad
2(1-a)Fn . —2aFn,,; .
( ) act,i _eXp T act,i , i= Ca, an

J= ‘]O,i exp T

(5.20)

d . { & a = -2 @ a af
lapf J,, AeanunwiwiunszuauaniUiounestadianinia (A m") usr o auyszdninig

fi’mmﬂsz'g TapUn@azidyinny 0.5 @1aNuRWILBNTELELANLAauTaIT2 818N INTa

URAIAIRNNTT
J,=—k exp — 1, i=caan 5.21
o 2F i RT ’ ’ (5.21)

: ) a4 2 o o -1

lagf K, fa pre-exponential factor (Q m ) uaz E ) WRIIUNITAUH (J mol )
and g dniiasananudunulun (7, rdudrdndlnvgaidoniiaan
ANAIUNIBAT AT losankaznTidianasenludianinsladuaza18ianlnga
o o A& P : o % A ¢ &
ANEAU Teazdiindunuanunmuazain1si (Inwnsa'lessun) vesesrdsznavvadaas

1 Q “ 4 £ ¥ & Y Qs
andndnvhgaidviiasananudumulndaduldawnguaslada sansouaasldas

RUNIT
mm=3(ﬂi+ﬂ£+ZﬂJ (5.22)
Gca O-ele Jaln
_ 3
o, =33.4x10%exp (%) (5.23)

lag 7 usz O fAsananwiwazainisih (IWnndslasow) savesddsznavasioss
ANAIAL.
NNuUUassns el sasnindauislalasiauaindfisen Iwnwadsansa

Uszilimenldanaunisn (5.24) Sodulderunguasmaiad
J
Rele pap—
2F
d o a |asa 3 12
las?l R, Aesanmaiadfisonianwued (mols” m”).

(5.24)
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Intlaganididainassrusiaaanladaziaidinindrdnd MW mersandavadioas
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Walwisrhaaanloaudy uaaziaiuinninaiang lWniame9asidauadioasalaning s
a 6 & o > d'l o A & a Ad dql' a 1 a
FRaaanlraudy aUEIaU lagtlan1IinaIwUadLTRaaLANINT LaTINALTaLWRITILTHA
6 o a ] o [} fa & a a 6 & 6 Sf a
2N kLI WAIEILAUNNTIINAUITR IR’ BLAN INT laTr TN oA LT ILRL LTa RTINS
a 6 & s qq: o ¥ a A & a a 6 &
FRAD AN MTALTI AIBWLLUINaaINII NN T VeI TaRDLaNINT LadaTHAa 0N Loa LT ILAE
6 gl’ a a & & K o Y o ™ fa & a aid 2!’ a 1 a
wwadiaindssiinaanladudsdagnihanldniuadaidninsladandizenistiosia
aan ke
fnsuasalanlng lndaniitaiwdstisaiaaanloduds arens WA (Ve ) 31
INNITNNNWVAIFNANE NNV ILTARBLANINT LD TRAD AN LT UTI LA LTANLTOLNAIT R

6§ = v
3] E]ﬂvl,‘ﬁ(ﬂ LU DIRINUITIDLLIN LL"i]\‘ivL(ﬂ AIFUNIT

Voree =Vsoee —Vsore (5.25)
Vsoree = (Esoc +77|oss,SOEc) —(Esorc _77|oss,50Fc) (5.26)

05

RT P, P
0 ,ca ,an
VSOFEC = ESOEC +2_| l;—z +77|oss,30Ec

H,0,ca

0 (5.27)
EO RT | H,,an" O,,ca
sorc T E P— ™ Mioss,sOFC
H,0,an

108901 Vioee 82 Vo A dndnd inwnvasimasaianinyladasiieaan loaudouazioas
\oiwRirhaaan loauds (V) aus1el Eqee Waz Egpe andng iWwnumersandavas

fa & a a & & [ dw a a & & o [
wasataninsladarhaoanlodudsuazioasidaiwdishaoanloauds (V) arudrau
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Az AadndndlnvgFnvesaasaiininyladarfiasanladudiuas

Mhoss,soEC Mhoss,soFc

6 Afl' Aa a 6 & o %
rasLTalwReTiaaan laauds (V) anusay.
dl Qq: A & a a 6 & 6 dw a a € & A
Wasannawsasaianing lndariasen lodudiazivasiiainwisriaoan loaudsldn
drdandang llwnanzanuanasgIwwdonns J9aumsazwart EL . usr EX . I
JUNIN (5.27) o asnuardnsd lWnwraswasoLan ins ladandiBaiwdstiosinaan boauds

AT ldNnaNNIN (5.28)

v — ﬂ |n PHz,ca I:)HZO,am
SOFEC 2F P P

| ' H,Oca’ H,.an

+ nconc + 77act + nohm (528)

dndlnvgiFoiiasannadielaunin (7,,,) s lann

[ pTPB
RT I:)HZ ca I:)Hzo,ca

Neoncca = E In =) TPB (5.29)
H,,ca” H,0,ca
RT | | RiomPr,an

Meonc,an = Eln P p™ (5.30)
H,0,an" H,,an

& a ana a A& a ' ://AGI AGI Vl.’fqzu?: TPB
L@JE]E?lll&l@]’)']‘]_]g:]ﬂiﬂ’]Lﬂ@]ﬂW%N’lizﬁ’)%‘i’ﬂ’lE]Laﬂ NIALLRZDLANENT RN AJIU Pszca LS

A RINTDAWIBHLANNFUAIN (5.14) LAz (5.15) MUS1ALU ANNAUILAR balaTIan

:’ Agl’ a 1 094’ A& 6 o v
Lz A NNWAITERI T IaLA BLAN INTIAd ’RINITAIWIDELA9TN

RTJr

TPB an

I:)Hz,an = PHz,an - Dae:f oF (5.31)
P = RTJz, (5.32)

= +—— a4
H,0,an H,0,an eff
D,, 2F

{ @ a af% : a a . . .. . . & _ ¥
las DI sudszAndnisunsusz@ning (effective diffusivity coefficient) vaIuiaa 1w
<& 2 1
2ualua (m's )
andlnwgniFsiitasnnand JisenIndefiuazdndluvgyiduiiiasainanna
dumulirvesisassidaninyladaniiTeindstiosiasenladudsausadurmlasls
guMTAdaununTdlioanaianInsladasiaeanloduds (FNAIN (5.20) B4 (5.21)) L4
a Fd‘ o J @ o 094/ Aa s
wndnainlslunsdwisnzdunuizguasmdiininee,
A % v a d! ;:? [ a 3 .:.i L% d‘yd v o
dasan liddayanedulawmdndadunuriiavasiagnls luauidslduuuiiaes
° a aaa a & A v :’ aaa 6 & A
w Azangs lwnsiwsnfad §iseniveiufisiislethussljisonameiufadun lay
1 A aaa a 6 A v :‘ aaa 6 & A o
Aasnaugazasljiseinasudadaslaiuazd jiteneineiudadn uaaadaunis
K5 =1.0267x10" exp(-0.2513Z* +0.3665Z° +0.5810Z* — 27.134Z +3.2770)

(5.33)
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Kquics =€xp(~0.2035Z° +0.63512% +4.1788Z +0.3196) (5.34)
z 1990, (5.35)
1 T 1 v
losfl K, o 482 K,ues A8 Anasnauqazasljifoinasuisdislatuazljitonainad

24 a A o
wAREW T911N191NI1UV8I Haberman was Young [36]
A & A da & a 1 ’N ¢ &
5.1.3 ANIIONLVDILBARDLANINT LABANN LB AINRITIYBHAD DN 1TA WD
A A ¥ P fa & A da & A A
LN U TS T bR NI TN WENI NN AR VB ILTARDLANINT LA TaN AL TaLNRITITHA
aanladudy dududasinuaswiavessad quanddvesizg anzmdufiuvnuad
(% D Auan uazasddsznavvauia) uazdanmiinalasluavaudis lasdan
mynalagluavasuizazni landatla In1IHRuwaa aINITLT LN LA L NALAZ a0 IIN1T
% ;l/ Aa dl qq/' fa & a d'd d? Aa 1 a 6 & > ai
I e IwaINILaluauadLTaaaLan NI SN NI TalNAITILTRAs N boauTy AIaNAITN
(5.36) U@z (5.37) oSO

JLW
Ugeamn =——— (5.36)
2F N H,0,in
JLW
Uy =—— (5.37)
2F NCHA,in
lasf U, uaz U, fa oansldlashuazaanmslsifiolwds awsen L uaz W da

ANMNBNILALANUNTIIVBILTAR (M) ANEIGU WAz Nroin Wae Nenn A8 8AIINTIARDN
. v i . o
wnuadla waziinu (mol s ) AuEIAL.
A & a nid 2!’ a 1 a 6 &
ammu:maaLsnaaamnimvl,aéﬁﬁﬂmmaLwaammu@aanvlsﬁml,mmmmuamlugﬂ

POIANURIUUUIRI NN (P ) Ua2UszBNEMWNMINGI® AIFUNS

LHV,,. N, o+ LHVgo Nco o
€sorec = , V>0 (5.38)

IV + 3 LHV i N etin

fuel

LHV,, Nt ou+ LHVo Neoau+ IV V<o
Esorec = . ' (5.39)
D LHV i N teetin

Tagfi  LHV,, ,LHV,,, LHV

CcO? fuel

= 1 . 123
fad1  lower heating value VadLAFIlATIAN

. . L ) ) _
ANSUAUNAKAN LTG LAz LTaINEd aus1au (J mol ) Nu,ou, Ncoou, N rerin A88031A13
Tnarnoanvasuislalasiaw uazarsuanuananlas wazdaaIINIT RAT TN VDILTALNGS

-1 o i
(mol s) NEIAL ez | @Aa NIz bw (A)
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5.2 mm‘naaaumwgnﬁawmmei’"laaa n3ITUIBNIT

2 0.15

0.05 o

Experiment |
| expl1173K
A exp1223K
e expl1273K

Cellvoltage (V)

A - Experiment __,
-~ ¢ CH4H,0:C0=10:40:80

Simulation result -7 4 CHg:H0:C0=10:20:10

Net cell voltage (V)
\

v 0.15 | .
sim1173K Simulation result

=== =-sim1223K CH4:H20:C0=10:40:80
— - —sim1273K
- = = - CHa:H20:C0=10:20:10

0.4 A

T T T T T -0.25
0 1000 2000 3000 4000 5000 6000 0 500 1000 1500 2000 2500
Currentdensity (A/m2) Currentdensity (A/m?)

(n) (2)

311 5.2 NS HUADUTEHININAT LAINNITINR0INTEUIUNITUAZNAT LA NNARDIFIRTL

(M) LTARDLANINT Ladariiaean loduds  waz (V) WUUII80IVBILTRRBLANINT bR TaN

dql' a 1 a 6 &
WaLWAITIETRAaaN ke
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waasnstlsouisuresddndlWwveasasaianinsladsrfinaanlodudnleaan
LLum‘hamLLaz‘*ﬁagam?ﬂ@aaaﬁqmﬂgﬁlums@ﬁ’nﬁumu@me] Foazdiuladnaiiledan

LLuuzﬁﬁaaaﬁmlﬂﬁtﬁmﬁuiagamsmaao

i
= a 1

o fAa & A Aa A & ®
5.2.2 WULUIIADIUDILBARDIANINI laBANN T DINRIBIATRAD N LHALDI
A o o ea A dAa & a a ¢ & o

NawvlmnmmumaawaaLeﬁaaaLanImVLamammaLwaammu@aaﬂ"l,emLLmQﬂmm
WU uAUAINAaaIvad Wang wazame [38] lasluniinasasitlaltimasaianiny lada
dld d‘y a 1 a & & a 23 dl a a 23 n:i 1 L%
nidemdshorfiasanladudslunsnfaudalalasiaungunni 973 08w uiandawudh
fualnadsznavlddrsaanaiuszniteleideudalalasiau (H,OH, ) Winnu 13 uae
% Z’ 1 04 Aaw A
AW laTNYiNAY 0.57 UITENM@ lapdaninTlad YSZ daunun 50 hulasiuas a9

agmsaﬂaﬂaszmwﬂﬁﬁLﬁﬂimﬁﬁﬁmwmm 15 wazr 300 lulasiuas twalwuuudnaas
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o [ (% % . 9 -1 -2 o
unTaSoufisunule sududasld pre-exponential factor = 854X 10 Q m” 1duauds
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5.3 Hauazn1sanilsana
v o X a & fa & A AdAa X a a
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m:mumsgﬂmm’;uvl,’i'l,umﬁaﬁ' 5.1 LAz 5.2 1ua1au laginduaalwiaaaatanIiny lads
%ﬁ@aaﬂvlsﬁﬁLLﬁa’S'a@qﬁlfﬁm%'w”aLLﬂI‘ﬂ(ﬂ ALANINTIAG wazaaualue Ao Ni-YSZ YSZ uaz
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M19191 5.1 WITALATVNTNIRIRITUNTINRAINITZUIUNITVAILTARALAN INT LaTINULTDLNES

Trasfiaaan loe
Parameters Value
Cathode pre-exponential factor, kg, 654 x 100 Q'm?
Cathode activation energy, E., 140 x 103 J-mol_1
Cathode electric conductivity, o, 80x 10" Q'm"
For the SOEC
Anode pre-exponential factor, ki, 235 x 10° Q'm”?
Anode activation energy, E,, 137 x 10° J-mol "

Anode electric conductivity, o, 8.4 x 103 Q'1m'1
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A19199 5.1 WITRLADTUNTIRIAITLNITIIRAINITZLIRMTUDILTARALAN INT bRTRN UL

[
I a

DALNR

Parameters

Value

For the SOFEC
Anode pre-exponential factor, k,
Anode activation energy, E,,
Anode electric conductivity, o,

Electrode porosity, &

Electrode tortuosity, f

Average pore radius, r

Cathode thickness, 7,

Electrolyte thickness, 7,

Anode thickness, 7,

For comparison of support structures
For cathode-supported cell
Cathode thickness, 7,
Electrolyte thickness, 7,
Anode thickness, 7,
For electrolyte-supported cell
Cathode thickness, 7,
Electrolyte thickness, 7,
Anode thickness, 7,
For anode-supported cell
Cathode thickness, 7,
Electrolyte thickness, 7,

Anode thickness, 7,

654 x 10" Q'm”
140 x 10° J-mol”
80x 10° Q'm’”
0.3

6

0.5 lulasiuas
500 lalasiuas
10 lulasiuas

50 lalasiuas

500 laulasiuey
50 lulasiuey

50 laulasiuas

50 lulasiuey
500 lulasiuey
50 laulasiuas

50 laulasiuas
50 laulasiuas
500 lulasiuas
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P o a a v Al ° fa < A A
M1379N 5.2 ﬁﬂ73$ﬂ73@7L%%G’]%Li&l@%ﬂlﬂuﬂ’ﬁ%’]ﬂ@ﬂﬂiz‘l.l’)%ﬂ’]i‘l]a\‘]L‘IiﬂﬂﬂLaﬂIﬂivLﬂ‘ﬁﬁ‘ﬂ

figainda
Parameters Value

Operating temperature, T 1073 K
Operating pressure, P 1 bar
Average mwwmuﬂum:uaﬂﬂﬂm J 7000 A/m2
Steam utilization at cathode 0.8
Fuel utilization at anode 0.8
Cathode stream inlet composition 10 mol% H,, 90 mol% H,O
For the SOEC

Anode stream inlet composition 100 mol% O,
For the SOFEC

Anode stream inlet composition S/IC=2
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A = A fa & a P ¢ & ea & A A
A19199 5.3 MILUSHULNEUYDILTRRBLANINT LT RTAA 00N lTALTILALTaaALANINT LaTaTN
a d‘» a 1 a 6 & o L a 3 A:i 1 ¥
ST wRITI8TRa 00 n loa LTI SR IUNITNRALAR LA laTIAUN AN AW BN TR TWWA
WinAL 7,000 wauklsdaannauag

SOEC SOFEC
Current density (A/m’) 7000 7000
Net cell voltage (V) 1.11 0.01
Power density (W/mz) 7801 81
Concentration overpotential (V) 0.0198 0.0168
Activation overpotential (V) 0.1752 0.1291
Ohmic loss (V) 0.031 0.031
Hydrogen production rate (mol/s) 0.00145 0.00145
Steam inlet flow rate at cathode (mol/s) 0.00181 0.00181
Methane inlet flow rate at anode (mol/s) 0 0.00045

5.3.2 NAYDIVWIAVDI L‘?jaiﬂ{
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Hydrogen is considered a clean energy carrier for the future. At present, the production of hydrogen via a
solid oxide electrolysis cell is of interest because water is the only reactant used; however, hydrogen pro-
duction through electrolysis technology is still costly due to high electrical energy consumption. To
reduce this energy demand, an addition of methane to the anode side of the solid oxide electrolysis cell,
where it behaves like the anode side of the solid oxide fuel cell and generates heat and electricity to
accomplish the electrolysis process, is one interesting method. In this study, modeling of the solid oxide
fuel-assisted electrolysis cell is performed based on an electrochemical model to analyze the performance
of the electrolyzer with/without the addition of methane in terms of the power input and the energy
efficiency. In addition, the effect on the electrolyzer cell by key operating parameters, such as current
density, steam fraction, steam-to-carbon ratio, temperature, pressure, steam utilization and fuel utiliza-
tion, is presented. The simulation analysis shows that the performance of the solid oxide fuel-assisted
electrolysis cell is higher than that of conventional solid oxide electrolysis cell, as it requires a lower
power input. Furthermore, it is possible to run the solid oxide fuel-assisted electrolysis cell without an
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external electrical energy input.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Currently, hydrogen is considered as a carrier of clean and sus-
tainable energy. Hydrogen can be used in a combustion device
without greenhouse gas emission, it is used as a reactant in many
industries such as the hydrogenation process [1], and it can be used
in a fuel cell for producing electrical energy and thermal energy [2].
To date, hydrogen is mainly produced via the thermochemical
process from fossil fuels [3-5]; however, because of the depletion
and the environmental problem of fossil fuels [6], the renewable
and sustainable processes have received more attention. Water
electrolysis via the electrochemical process is one of promising
processes for hydrogen production because it uses only water as
a reactant. This water electrolysis, which uses electricity to decom-
pose water into hydrogen and oxygen, is the cleanest method
when using electricity produced by nuclear energy or renewable

* Corresponding author.
E-mail address: Amornchai.A@chula.ac.th (A. Arpornwichanop).

http://dx.doi.org/10.1016/j.enconman.2016.04.100
0196-8904/© 2016 Elsevier Ltd. All rights reserved.

energy [7]. Among various types of electrolysis cells, the solid
oxide electrolysis cell (SOEC) has received considerable attention
because its high temperature operation (700-1000 °C) leads to
lower electrical energy consumption and higher reaction kinetics
compared with low temperature electrolysis cells (alkaline and
proton exchange membrane). Furthermore, heat generation is a
by-product in the SOEC because of voltage losses (activation
overpotential, concentration overpotential and ohmic loss), and it
can be used as a heat source for steam fed into the SOEC [8].

As mentioned above, the SOEC is an attractive process for
hydrogen production; however, it is expensive for competition in
the market due to two main reasons. Firstly, high temperature
SOEC has materials and catalyst limitations that lead to a high fab-
rication cost. Secondly, although thermal energy demand can
replace electrical energy demand with high temperature operation
of SOEC, the SOEC still requires high electrical energy consump-
tion; this in turn creates a high electricity cost. Although, the SOEC
is not used commercially to produce hydrogen, improvement and
development of the SOEC is still necessary and interesting [9].
Many of the recent efforts in SOEC development have been devoted
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Nomenclature

Dag molecular binary diffusion coefficient (m?s~!)

Dax Knudsen diffusion coefficient of species A (m?s!)

peff effective diffusivity of the gas mixtures at the anode
side (m?s™1)

DIt effective diffusivity of the gas mixtures at the cathode
side (m?s™1)

E open-circuit voltage (V)

E° potential at standard pressure (V)

E; activation energy of the electrode (J mol~1)

F Faraday’s constant (C mol™!)

] current density (A m2)

Joi electrode exchange current density (A m—2)

ki pre-exponential factor of the electrode (Q ' m—2)

Keq,sr equilibrium constants of steam reforming reaction

Keqwcs equilibrium constants of water-gas shift reaction

L cell length (m)

LHV; lower heating value of component i at inlet

n number of electrons participating in the electrochemical
reaction

Niin inlet flow rate of gas component i (mol s~1)

P pressure (Pa)

Py, partial pressure of hydrogen (Pa)

Pu,0 partial pressure of steam (Pa)

P%;B parqal pressure of oxygen (Pa) .

Py, partial pressure of hydrogen at triple-phase boundary
(Pa)

P{jgz) partial pressure of steam at triple-phase boundary (Pa)

Pg, partial pressure of oxygen at triple-phase boundary (Pa)

Psorc  power density of SOEC (W m~2)

Psorec ~ power density of SOFEC (W m~2)

R gas constant (J mol ™' K1)

Rele electrochemical reaction rate (mol m=2s1)
T temperature (K)

Usteam  Steam utilization

Utgel fuel utilization

Vsokc cell voltage of the SOEC (V)

Vsorc cell voltage of the SOFC (V)

w cell width (m)

Greek letters

o transfer coefficient

esorec efficiency of SOFEC (%)

€ electrode porosity

Nact activation overpotential (V)

Nconc concentration overpotential (V)
Hohm ohmic loss (V)

Oan electrical conductivity of the anode (Q ' m™!)
Oca electrical conductivity of the cathode Q1! m™1)
Cele ionic conductivity of the electrolyte (Q ' m™1)
Tan anode thickness (m)

Tea cathode thickness (m)

Tele electrolyte thickness (m)

& electrode tortuosity

Subscripts

an anode

ca cathode

Superscripts

TPB triple-phase boundary

to reduce its operating costs by a decrease in SOEC electricity con-
sumption. Pham et al. [10] first came up with the idea to reduce
electrical energy by adding a natural gas such as methane to react
with oxygen at the anode side of the SOEC. In addition, Martinez-
Frias et al. [11] proposed a novel and high-efficiency SOEC. In their
experiment, natural gas is fed into the anode side of single SOEC at
700 °C. It was found that natural gas reacts with oxygen produced
in the anode side through partial oxidation or total oxidation,
which causes a voltage reduction as much as 1V compared with
conventional SOEC. However, they found that carbon deposition
on the anode material can occur when the SOEC operates at high
temperature (900 °C). Avoidance of carbon deposition can be
achieved by feeding steam with natural gas at the anode.

Apart from this, the solid oxide fuel-assisted electrolysis cell
(SOFEC) has been the focus of much research. The mixture of
methane and steam is fed to the anode side of the SOEC, followed
by the steam reforming of methane and water-gas shift reaction.
Hydrogen produced is further reacted with oxygen; thus, the elec-
trochemical reaction occurs and leads to electricity production. It
can be implied that the anode side of SOEC works like the anode
side of solid oxide fuel cell (SOFC). Tao and Virkar [12] developed
the cathode materials for use in hybrid electrochemical devices
(SOFC/SOEC/SOFEC) that comprise the SOFC and the SOFEC for
co-production of hydrogen and electricity directly from distributed
natural gas or alternative fuels. Wang et al. [13] also developed
electrode materials, which are a Co-CeO,-YSZ cathode and a
Pd-C-Ce0,-YSZ anode, to replace Ni/YSZ electrodes and inhibit
the carbon deposition that occurs from methane at high operating
temperature. Moreover, Luo et al. [14] studied the performance of
the SOFEC fueled by carbon monoxide and methane based on

experimentation and elementary reaction modeling. It was found
that the performance of CH4-SOFEC is higher than that of CO-
SOFEC. The mechanism shows that methane is not electrochemi-
cally oxidized directly but converted into carbon monoxide and
hydrogen first through a steam reforming reaction and then
followed by electrochemical oxidation and hydrogen production.
As a consequence, the SOFEC can produce not only hydrogen at
the cathode but also generate electricity at the anode.

From above literatures, it can be observed that many previous
studies have focused on improving the materials of SOFEC. An
investigation into SOFEC based on mathematical modeling, which
is required to characterize the SOFEC electrical performance
related to reaction and mass transport processes that occurs in
the SOFEC, has been limited. Luo et al. [14] proposed an elementary
reaction kinetic model of SOFEC coupling with heterogeneous ele-
mentary reactions and electrochemical reactions. The proposed
model was calibrated and validated with the experimental data
and the predicted polarization curves agreed well with the exper-
imental data. Although, the SOFEC model is commonly governed
by the conservation equations and electrochemical reaction, an
electrochemical model of the SOFEC describing the conversion of
electrical power to hydrogen plays an important role in character-
izing the electrical performance of SOFEC. The inclusion of all volt-
age losses (i.e., activation, ohmic and concentration losses) in the
electrochemical model results in a more accurate prediction of
the SOFEC, and it could lead to a more optimal operating condition
and design of SOFEC.

In this study, the performance of SOFEC for hydrogen produc-
tion is investigated by considering its electrical characteristics
obtained from a detailed an electrochemical model. The perfor-
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mance comparison between SOFEC and SOFC is performed to
clarify the outstanding features of SOFEC. Furthermore, the
effect of key operating parameters such as current density,
steam fraction, steam-to-carbon ratio, temperature, pressure,
steam utilization and fuel utilization on the SOFEC performance
is analyzed.

2. Mathematical model
2.1. SOEC/SOFEC operation

2.1.1. SOEC operation for hydrogen production

Fig. 1a demonstrates the operation of SOEC for hydrogen pro-
duction. Steam is fed into the cathode channel and diffuses into
the porous cathode. Then, steam is decomposed by electrical
energy to form hydrogen and oxygen ions (Eq. (1)) at the triple-
phase boundary (TPB). After that, oxygen ions are transported
through the electrolyte to the porous anode and oxidized to form
oxygen gas (Eq. (2)). The overall reaction for hydrogen production
via SOEC is shown in Eq. (3).

At the cathode : H,0 +2e~ — H, + 0%~ (1)
At the anode : 0>~ — %02 +2e” )
Overall : H,0 — H, -‘r%Oz (3)

2.1.2. SOFEC operation for hydrogen production

The SOFEC operation for hydrogen production is shown in
Fig. 1b. Like SOEC, steam is fed into the cathode channel and
reduced into hydrogen and oxygen ions (Eq. (4)). In case of SOFEC,
the mixture of methane and steam is fed into the anode channel
and allow methane steam reforming (Eq. (5)) and water-gas shift
reactions (Eq. (6)) to be carried out on the anode surface. It is noted
that a high steam-to-carbon ratio fed into the anode channel is
needed to avoid carbon deposition on the electrode surface, result-
ing in the degradation of electrode materials [11,15]. Hydrogen
produced from these reactions is diffused to the porous anode
and reacts with the oxygen ions traveling from the cathode to pro-
duce electricity (Eq. (7)). It can therefore be observed that the
SOFEC operation is the same as the SOEC at the cathode side and
the SOFC at the anode side.

H,O0 +2¢" > H, +0* ——
Cathode -
............................................................. e

Electrolyte

0" > 0, +2¢

Anode m

(a)

At cathode side : H,0 + 2e~ — H, + 0%~ (4)
At anode side : CH4 + H,O « CO + 3H, (5)
CO + H,0 < CO, + H, (6)

H, + 0*" — H,0 +2e” (7)

Overall : CHy +2H;0 — CO, + 4H, (8)

2.2. SOEC/SOFEC electrochemical model

In this work, an electrochemical model is considered to predict
the cell potential of SOEC and SOFEC. The assumptions used for
modeling are as follows: (1) steady-state operation, (2) adiabatic
process, (3) no pressure drop, (4) ideal gas behavior for all gases
and (5) only hydrogen that can be electrochemically oxidized
and reduced at the anode and cathode, respectively. It is noted that
the model presented in this work is based on a macro-level model,
because the reactions occur at the electrode-—electrolyte interface
[16]. Although the model is developed from the basic assumptions,
it can be used to predict the effect of structural and operational
parameters on the cell performance and is suitable for a prelimi-
nary design phase of the electrolysis cell.

2.2.1. SOEC model

The SOEC demands external electrical energy for decomposing
steam into hydrogen and oxygen. Electrical energy (power density
input) can be calculated from cell voltage and current density (Eq.

(9))-
Psoec = JVs0rc 9)

where Psoec is the power density (W m2), J is a current density
(Am~2) and Vsogc is the cell voltage of the SOEC (V).

The open-circuit voltage (OCV), which is an ideal voltage of the
SOEC, can be calculated from the Nernst equation (Eq. (10)). The
OCV for the SOEC means the minimum voltage required to produce
hydrogen.

RT In {PHZ ng ]

)
E=E o M Ps

(10)

where E is the open-circuit voltage (V), E° is the potential at
standard pressure (V), R is the gas constant (J mol ' K1), T is the
operating temperature (K), F is the Faraday’s constant (C mol™'),

H,O +2¢ —» H, + [0k
Cathode =

Il
lo.‘- T
H, + o0* - H,O + 2¢
Anode J
CH, +H,0 & CO+3H,

CH,HO  CO+H00 & CO,+H, €O, HO
(b)

Electrolyte

Fig. 1. Schematic diagram of hydrogen production from: (a) SOEC and (b) SOFEC.



Y. Patcharavorachot et al. /Energy Conversion and Management 120 (2016) 274-286 277

and Py,, Po, and Py, are the partial pressures (bar) of hydrogen,
oxygen and steam, respectively.

When the SOEC is operated, the cell voltage is higher than the
OCV because of the voltage losses as expressed in Eq. (11).

VSOEC =E+ Neone T Nace + Mohm (11)

These voltage losses will be described as follows:

The concentration overpotential (#conc) is caused by the mass
transport of components in the porous electrode. The concentra-
tion of reactants is reduced because of reactions in the electrodes;
therefore, gas diffusion resistance in the electrode has obviously
occurred. The concentration or pressure of gases at the TPB is also
different from that at the bulk flow. The concentration overpoten-
tial can be written as:

RT PEPB PH 0O,ca
e | 12
Nconc.ca 2F |:PH2,CAPE;%,C3 ( )
05
_RT | (Poym a3)
Neonc.an = 2F Poz,an

where the subscripts “ca” and “an” are the cathode and anode,
respectively, and the superscript TPB is the triple-phase boundary

where the electrochemical reaction has occurred. Pressure of hydro-

gen (P*) and steam (P{{) at the TPB can be calculated from the

one-dimensional diffusion equation for equimolar counter-current
mass transfer (Eqs. (14) and (15)) [17].

RTJ7T
PP =Py, + @ (14)
H,ca > DifZF
RTJT
P-Il-lz%,ca = PH20~CE - Deffzc; (15)
ca

where 7., is the cathode thickness (m) and Dﬁf is an effective diffu-
sivity of the gas mixtures at the cathode side (m?s~!) that can be
explained by ordinary and Knudsen diffusions [17] as expressed
in Eq. (16).

Dgf _ (PHZI;)’Ca>D|e_|fo + (PHIZ).H)D;?O (16)

The effective diffusivity of the A component (Df\ff) can be calcu-
lated as follows:

1 &1 1
Df;ff & <DAB * DAk) a7n
where ¢ is an electrode tortuosity, ¢ is an electrode porosity, Dag is
the molecular binary diffusion coefficient (m?s™'), and Day is
Knudsen diffusion coefficient of species A (m?s~1).

Only oxygen occurs at the anode; therefore, the pressure of
oxygen at the TPB (P{;”) causes a pressure gradient in the anode,
and oxygen is transported in the electrode by permeation instead
of diffusion. The oxygen pressure at the TPB (Eq. (18)) is solved
from the oxygen flux using Darcy’s law [18].

RT UTan
bt (i) (18)

PTPB — P2

0y,an

where p is the dynamic viscosity of oxygen (kg m~! s~1), which is a
function of temperature [19], and By is the flow permeability, which
can be determined by the Kozeny-Carman relationship.

LG (19)
72601 —¢)?

The activation overpotential (#,,) is the voltage loss from kinet-
ics of the reaction at the electrodes. The Butler-Volmer equation

Bq

(Eq. (20)) is used to describe the activation overpotential, which
is related to the charge transfer of the reaction.

_ 2(1 B OC)Fnact,i 720{F’13ct,i .
J=Jo; {exp <T> —exp (TH, 1=ca,an

(20)

where Jo; is the electrode exchange current density (A m~2), and o
represents the transfer coefficient (usually taken to be 0.5). The
exchange current density, which is the kinetic parameter used to
determine the local electrode current density at open-circuit
voltage, can be expressed as:

1

RT .
Joi = ﬁki exp {ﬁ}’ i=ca,an (21)
where k; is the pre-exponential factor (Q 'm™2) and E; is the
activation energy (J mol™1).
The ohmic loss (#onm) i caused by the resistance of ions and
electron conduction through the electrolyte and the electrode,

respectively, and depends on configuration and cell conduction.
Ohmic loss that obeys Ohm'’s law can be expressed by

Tca | Tele | Tan
Nohm :]<7+ l +7> (22)

Oca Ocle Oan

~10.3 x 103>

" (23)

Oere = 33.4 x 10° exp (
where 7 and ¢ are the thickness and conductivity of each cell
component, respectively.

From electrochemical model, hydrogen production rate of the
electrochemical reaction can be evaluated from Eq. (24). It is based
on Faraday’s law as:

R (24)

1
ele*ZF

where R is the rate of electrochemical reaction (mol s~

m~2).
2.2.2. SOFEC model

Like the SOEC, steam is decomposed into hydrogen and oxygen
when the external electricity is applied to SOFEC. Eq. (9) is used to
compute the power density input. Because the SOFEC configuration
is composed of the cathode side of the SOEC and the anode side of
the SOFC, the SOFEC cell voltage is calculated from SOEC and SOFC
voltages. As mentioned above, the OCV of the SOEC means the min-
imum voltage required to produce hydrogen. In the case of the
SOFC, the OCV means the maximum voltage that can produce elec-
tricity. Due to irreversible losses, the cell voltage of the SOFEC is
lower and higher than the OCV of SOFC and the SOEC, respectively.
When the SOFEC is used with a SOEC coupled to a SOFC, the elec-
trochemical model of the SOEC and the SOFC are used to evaluate
the electrochemical model for the SOFEC.

For the SOFEC, the cell voltage (Vsorec) comes from the combi-
nation of SOEC and SOFC voltage that can be derived as:

VSOFEC - VSOEC - VSOFC (25)
Vsorec = (Esokc + Migss sorc) — (Esorc — Migss sorc) (26)

ﬂ In PH2~C3P8.25.an
2F PHZO.ca

RT PH anPO'S
_ 0 oL 2, 0,.ca
(ESOFC + 5F In |:PH20,an

Vsorec = (ESOEC +

+ Uloss.SOEC)

- Wloss,SOFC) (27)

where Vsopc and Vsopc are the cell voltage of the SOEC and the SOFC
(V), respectively, Esorc and Esorc are the OCV of the SOEC and SOFC
(V), respectively, joss soec and 7ioss sorc are the irreversible losses of
the SOEC and SOFC (V), respectively.

Because of the same standard potential between the SOEC and
SOFC, Egc and Eyc presented in Eq. (27) can be neglected. Thus,
the cell voltage of the SOFEC can be calculated from Eq. (28).
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Fig. 2. Comparison between model predictions and experimental results for: (a) SOEC and (b) SOFEC.
Table 1 Table 2
Model input parameters of the SOFEC for hydrogen production. Operating conditions of the SOFEC for hydrogen production.
Parameters Value Parameters Value
Cathode pre-exponential factor, k., 654 x 10°Q ' m™2 Operating temperature, T 1073 K
Cathode activation energy, E., 140 x 10% J mol ™! Operating pressure, P 1 bar
Cathode electric conductivity, oc, 80x10°Q 'm™! Average current density, | 7000 A/m?
For the SOEC Steam gFlllzgtlon at cathode 0.8
Fuel utilization at anode 0.8

235 x10°Q ' m2
137 x 103 mol "
84x10°Q 'm™!

Anode pre-exponential factor, ki
Anode activation energy, E.,
Anode electric conductivity, g,

For the SOFEC
Anode pre-exponential factor, ka,
Anode activation energy, Eap
Anode electric conductivity, ., 80x10°Q 'm!

Electrode porosity, ¢ 0.3

Electrode tortuosity, ¢ 6

654 x 10°Q "' m2
140 x 10% J mol !

Average pore radius, r 0.5 um
Cathode thickness, 7, 500 um
Electrolyte thickness, Teje 10 pm
Anode thickness, 7,, 50 pm
For comparison of support structures
For cathode-supported cell
Cathode thickness, 7c, 500 pm
Electrolyte thickness, Teje 50 pm
Anode thickness, 7a, 50 pm
For electrolyte-supported cell
Cathode thickness, 7., 50 pm
Electrolyte thickness, Teje 500 pm
Anode thickness, T, 50 pm
For anode-supported cell
Cathode thickness, ., 50 pm
Electrolyte thickness, Teje 50 pm
Anode thickness, 7., 500 pm

_ RT PHz,caPHZO,an
VSOFEC - ﬁ In {m + Neone T Nact + Hohm (28)
The concentration overpotential (#conc) can be written as:
RT PEPB PH O,ca
=—In |22 2 29
nconc.ca 2F |:PH2 @ P'll_-ll:%m ( )
RT P-l]-[p?) PH .an
Neoncan = ﬁ In {m (30)

Cathode stream inlet composition 10 mol% H,, 90 mol% H,0

For the SOEC

Anode stream inlet composition 100 mol% O,
For the SOFEC
Anode stream inlet composition S/C=2

It is assumed that these reactions take place at the electrode-
electrolyte interface. Py, and Py¢ ., can be computed from

Hjy.ca
Eqgs. (14) and (15), respectively. Pressure of hydrogen and steam
at the anode-electrolyte interface (at the TPB) can be calculated
from the one-dimensional diffusion equation for equimolar

counter-current mass transfer as follows [17]:

RTJT
PR = Pryan — —geem (31)
2an ? D2F
RTJan
Pt an = Phjoan + PEST: (32)
an

where Dsf is an effective diffusivity of the anode (m?s~1), which
can be calculated from Eqs. (16) and (17) for the anode gases.

The activation overpotential and ohmic loss of the SOFEC can be
calculated the same as the SOEC (Egs. (20) and (21)), but parame-
ters for calculation are dependent on the materials of the
electrodes.

As no kinetic information depending on the cell material has
been found in the literature, the equilibrium model is considered
in this work. Sanchez et al. [20] investigated the methane steam
reforming and water gas shift reaction equilibrium model to check
if it was proper for use as a zero'™™ dimensional model at the anode
channel of the SOFC. Thus, the SOFEC anode channel can be evalu-
ated by the equilibrium model the same as the SOFC. The equilib-
rium constant for the steam reforming and water gas shift is shown
as:
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Keqsk = 1.0267 x 10" exp (—0.251324 +0.36652°

+0.581022 727.134z+3.277o) (33)

Keqwes = exp (~0.29352° + 0.63512° +4.1788Z + 0.3196)  (34)
1000

T

where Keqsr and Keqwgs are the equilibrium constants of steam
reforming and water-gas shift reactions from Haberman and Young
[21], respectively.

V4

(35)

2.2.3. SOFEC performance
To evaluate the electrochemical performance of SOFEC, the cell
geometries, material property data, inlet operating conditions (e.g.,
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— L (36)
2FNom
Usuel ]LW (37)
2FNCH4 in

where Ugteam and Ug,e are steam utilization and fuel utilization,
respectively, L and W are cell length and cell width (m), respec-
tively, and NHZO,in and NCHm are the inlet flow rate of steam and
methane (mol s~1), respectively.

The performance of the SOFEC is represented in terms of the
power density (Psorec) and energy efficiency as follows:

LHVy, N Hyout + LH VcoN CO,out

. ESOFEC = 9 s V>0 (38)
temperature, pressure and gas composition) and molar flow rate of IV + 3~ LHV el Nyel in
gas are given. The molar flow rate of gas can be further determined LHVy, N, out + LHVcoNeo out + IV
when steam utilization at the cathode and fuel utilization at the &soFECc = 2 iLHV No : , V<0 (39)
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Table 3
Comparison of the SOEC and the SOFEC for hydrogen production at current density of
7000 A/m2.

SOEC SOFEC
Current density (A/m?) 7000 7000
Net cell voltage (V) 1.11 0.01
Power density (W/m?) 7801 81
Concentration overpotential (V) 0.0198 0.0168
Activation overpotential (V) 0.1752 0.1291
Ohmic loss (V) 0.031 0.031
Hydrogen production rate (mol/s) 0.00145 0.00145
Steam inlet flow rate at cathode (mol/s) 0.00181 0.00181
Methane inlet flow rate at anode (mol/s) 0 0.00045

where LHVy,, LHVco, LHVye are the lower heating value of
hydrogen, carbon monoxide and fuel, respectively (J mol~!);
Ni, outs Neoout, Nrwetin are the outlet flow rate of hydrogen, carbon
monoxide and the inlet flow rate of fuel (mols~!), respectively;
and I is the current (A).
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3. Model validation
3.1. SOEC model

To ensure that the proposed model can predict the SOEC
behavior, the SOEC model for hydrogen production was validated
with experimental data of Momma et al. [22]. The cathode inlet
composition is 60% H,0 and 40% H,. The thickness of the Ni-YSZ
cathode, YSZ electrolyte and LSM-YSZ anode are 100, 1000 and
100 pm, respectively. Fig. 2a shows the model prediction of cell
voltage for the SOEC operated at different operating temperatures
in comparison with experimental data. It is found that the simula-
tion result is in good agreement with the experimental data.

3.2. SOFEC model

The SOFEC model results were compared with the experiment
performed by Wang et al. [23]. They experimented with the hydro-
gen production using SOFEC at an operating temperature of 973 K.
The cathode stream inlet composition consisted of H,O/H, =13
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and Pu,0 = 0.57 atm. The YSZ thickness of 50 pm sandwiched
between 15 and 300 pwm thick porous YSZ layers. In addition, a
pre-exponential factor = 854 x 10° Q™! m~2 is used to manipulate
the model parameter. The comparison of the experimental and
model results in terms of cell voltage with different anode stream
inlet composition (CH4:H;0:C0,=10:40:80 and CHy4:H,0:
CO, =10:20:10) is shown in Fig. 2b. As a result, the model results
have demonstrated good agreement with the experimental data.
However, it can be observed that the OCV obtained from the model
is less than that from experiment. This is because of the low reac-
tivity of methane and the equilibrium not being established for
high methane concentrations on the anode materials. It is noted
that the available experimental data from the literature is the cell
voltage-current density curve and thus, this curve is used to vali-
date the models of SOEC and SOFEC. However, the amount of
hydrogen produced from the SOEC and SOFEC can be determined,
according to Eq. (24).

4. Results and discussion

The performance analysis of the SOFEC for hydrogen production
is presented in this section. To ensure the advantage of the SOFEC
stack, the performance characteristics of the SOFEC is compared
with the conventional SOEC. The role of support structure and
the effect of the key operating parameter (i.e., inlet compositions,
operating pressure and operating temperature and utilization)
are further examined based on a detailed electrochemical model
of the SOFEC.

The model input parameters and operating conditions used in
the simulation are listed in Tables 1 and 2, respectively. Generally,
SOEC materials for the cathode, electrolyte and anode are Ni-YSZ,
YSZ and LSM-YSZ, respectively. In case of SOFEC, the material used
for the anode is changed to Ni-YSZ because it is commonly used for
methane oxidation on the anode side. However, it is noted that the
methane oxidation has caused carbon deposition on Ni-YSZ
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material. To prevent carbon deposition on the anode, the steam-to-
carbon ratio (S/C) is more than 2 [24].

4.1. Comparisons between the SOEC and the SOFEC for hydrogen
production

As mentioned previously, the SOEC and the SOFEC have the
same operation at the cathode but are different at the anode. For
the SOEC, only oxygen gas is considered at the anode side, whereas
the gas mixture of methane and steam is fed into the anode side of
the SOFEC. Fig. 3 shows the comparison between the SOEC and the
SOFEC in terms of cell voltage, power density, voltage loss and
molar flow rate of gas at the inlet and outlet. As seen in Fig. 3a,
the cell voltage of the SOFEC is lower than the SOEC approximately
1V and has a negative voltage at a current density in a range of
0-7000 A/m?. This implies that the use of external electricity is
unnecessary for hydrogen production by SOFEC at this current den-
sity range. According to this operating condition, the SOFEC can
produce hydrogen simultaneously with electricity. In addition, it

can be seen that at zero cell voltage, the SOFEC can operate without
the external electricity requirement and no electricity production.
Considering the power consumptions as shown in Fig. 3a, it is
found that the SOFEC obviously has less power input than the
SOEC. The maximum power generation takes place at approxi-
mately 3000 A/m>. At negative cell voltage, the SOFEC can reduce
more than 100% of electrical energy demand compared with the
SOEC. This means that the SOFEC not only operates without electri-
cal energy but can also generate electricity. At positive cell voltage,
the SOFEC can reduce more than 90% of electrical energy demand
compared with the SOEC. Fig. 3b demonstrates the voltage loss
comparison between the SOEC and the SOFEC at different current
density. The simulation results show that activation overpotential
is a major voltage loss, followed by ohmic loss and concentration
overpotential. In the case of the SOFEC, activation and concentra-
tion overpotential are different from the SOEC due to the use of dif-
ferent materials and the inlet composition on the anode side.
Table 3 presents a comparison of parameters between the SOEC
and the SOFEC for hydrogen production at a current density of
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7000 A/m?. The hydrogen production rate is based on current den-
sity only; therefore, the molar flow rate of hydrogen obtained from
SOFEC is equal to that from SOEC as seen in Fig. 3c. From the sim-
ulation result, it can be concluded that the SOFEC has a better per-
formance than the SOEC in terms of electrical energy consumption.

4.2. Effect of cell configurations

4.2.1. Effect of support structures

A comparison of SOFEC performance with different support
structures (i.e., anode, cathode and electrolyte supports) is given
in Fig. 4a. It is shown that the electrolyte-supported SOFEC
required a power consumption higher than the electrode-
supported SOFEC. From Fig. 4b, the performance of electrolyte-
supported SOFEC is governed by ohmic loss due to its higher
electrolyte thickness. Fig. 4c presents the difference of concentra-
tion overpotential in each support structure of the SOFEC, and it
can be seen that the anode side of the anode-supported SOFEC

has a higher concentration overpotential than the cathode side of
the cathode-supported SOFEC even though they have the same
electrode thickness. This is because the transportation of gas
through the porous electrode has an important effect on concen-
tration overpotential. Hydrogen produced from steam reforming
and water gas shift reactions on the anode side of the anode-
supported cell is harder to diffuse to the TPB for the electrochem-
ical reaction than steam at the cathode side of the cathode-
supported cell. In addition, the anode side of the anode-
supported cell has lower effective diffusivity than the cathode side
of the cathode-supported cell; thus, the concentrations of steam at
the TPB and at bulk are obviously different and lead to a high con-
centration overpotential. However, the concentration overpoten-
tial is less compared with other voltage losses. The simulation
result shows that the power density of anode-supported SOFEC
elevates slightly compared with the cathode-supported SOFEC. It
can be concluded that the cathode-supported configuration is the
most favorable design for SOFEC.
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4.2.2. Effect of cathode thickness

In this section, the influence of cathode thickness on the perfor-
mance of a cathode-supported SOEFC is investigated. The cathode
thickness of 100 pm, 500 pm and 1000 pm are varied, whereas
the electrolyte and anode thicknesses are fixed at 10 pum and
50 pum, respectively. Fig. 5a demonstrates the cell voltage and
power density as a function of current density at different cathode
thicknesses. The simulation result indicates that the SOFEC perfor-
mance is decreased when the cathode thickness is higher. This is
because the diffusion of gases from the cathode channel to the
cathode-electrolyte interface is more difficult when the cathode
thickness increases; thus, the concentration overpotential
increases, as seen in Fig. 5b.

4.2.3. Effect of electrolyte thickness

The effect of the electrolyte thickness (10 pm, 30 um and
50 pm) on the performance of a cathode-supported SOEFC is
shown in Fig. 6. It is noted that the cathode and anode thicknesses
are fixed at 500 pum and 50 pm, respectively. As seen in Fig. Ga, the
electrolyte thickness has a significant effect on the SOFEC perfor-
mance. It can be found that cell voltage and power density strongly
increase with an increase in electrolyte thickness. This can be
explained by the increment of ohmic loss, as shown in Fig. 6b. From
the simulation result, it can be indicated that a cathode-supported
SOFEC should be fabricated with a thin electrolyte. In addition, the
thinnest electrolyte thickness that could possibility avoid cracking
of the YSZ thin film is 10 pm [25-27].

4.2.4. Effect of anode thickness

Fig. 7a presents the characteristic curve of cell voltage and
power density for a cathode-supported SOFEC at different anode
thicknesses (25 pm, 50 pm and 100 pm). It is noted that the cath-
ode and electrolyte thicknesses are kept constant at 500 pm and
10 pm, respectively. Increasing anode thickness has a very slight
impact on cell voltage and power density. An increase in anode
thickness increases concentration overpotential, as shown in
Fig. 7b.

From the investigation of SOFEC configuration, it can be con-
cluded that the cathode, electrolyte and anode thicknesses of
500, 10, 50 pum are set as the standard cell geometry for a perfor-
mance analysis of the SOFEC in the next section. The effect of inlet
gas composition and operating conditions (i.e., operating pressure,
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temperature and steam and fuel utilization) is further examined
with respect to power density, efficiency, cell voltage and concen-
tration loss.

4.3. Effect of inlet gas composition

4.3.1. Effect of steam fraction

For the SOFEC operation, steam is fed to the cathode coupled
with methane to produce hydrogen. However, not only steam
but also hydrogen is fed to the cathode channel because hydrogen
is a reducing gas that is used for avoiding oxidation of the Ni elec-
trode. To investigate the effect of inlet composition on the SOFEC
performance, the steam molar fraction at the cathode is varied
from 0.5 to 0.9, whereas the steam to carbon ratio at the anode side
is fixed at 2. As seen in Fig. 8a, it is found that when a higher
amount of steam is fed to the SOFEC, the power density consump-
tion is lower while the efficiency is higher. Although the concentra-
tion loss is higher due to the hindered diffusion of gas into the
interface, the cell voltage is reduced with an increase in the steam
mole fraction (Fig. 8b). This is because a higher steam mole fraction
causes a decrease in the OCV of the SOFEC according to the Nernst
equation (Eq. (10)); this dominates the cell voltage and corre-
sponds to power density. It is noted that the trend of cell voltage
is consistent with the published data [23].

4.3.2. Effect of steam to carbon ratio

At the anode side of the SOFEC, steam is added to avoid carbon
formation on the electrode materials. Thus, the steam to carbon
ratio has an effect on the performance of the SOFEC. The steam
to carbon ratio is varied from 2 to 6 while the steam molar fraction
at the cathode side is fixed at 0.9. From Fig. 9a, the power density
consumption is increased with an increase in the steam to carbon
ratio. This is because of low hydrogen production at the anode side
of the SOFEC. In addition, while the power density is found to be
higher, the efficiency slightly decreases because the fuel molar
flow rate is higher with an increasing steam to carbon ratio. As
seen in Fig. 9b, when the steam to carbon ratio increases, cell volt-
age increases due to the increasing OCV, whereas the concentra-
tion loss is less changed.
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Fig. 11. Effect of operating temperature of the SOFEC on (a) power density and efficiency and (b) cell voltage and each voltage loss.
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4.4. Effect of operating pressure

In this section, operating pressure is varied from 1 to 10 bar.
From the simulation result shown in Fig. 10a, the efficiency tends
to stay constant when the SOFEC is operated at higher pressure,
whereas the power density consumption can be divided into two
ranges. The power density consumption is decreased in a pressure
range of 1-3 bar and increased when the pressure increases from 3
to 10 bar. This can be explained by the results of the concentration
loss as seen in Fig. 10b. The variation of pressure from 1 to 3 bar
leads to a significant decrease in concentration loss. After that,
the concentration loss is decreased slightly while the OCV of SOFEC
continuously increases; therefore, power density is enhanced.

4.5. Effect of operating temperature

The operating temperature, which is varied from 873K to
1273 K, is a key parameter on performance of the SOFEC. From
Fig. 11a, it can be seen that power consumption decreases and effi-
ciency increases with increasing operating temperature. Not only
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the electrochemical reaction but also the steam reforming reaction
at the anode has a faster reaction time when the operating temper-
ature is higher. In addition, the reduction of electrical energy con-
sumption occurs when the operating temperature increases
according to the thermodynamics of the SOEC. Fig. 11b shows
the effect of operating temperature on cell voltage and each volt-
age loss. When the SOFEC operates at a higher operating tempera-
ture, cell voltage, activation overpotential and ohmic loss can be
obviously reduced, whereas concentration overpotential slightly
rises because of the partial pressure of gases at TPB. Consequently,
high temperature operation can improve the performance of the
SOFEC. However, a limitation due to the cell materials at high tem-
perature is noted.

4.6. Effect of utilization

4.6.1. Effect of steam utilization

The effect of steam utilization at the cathode side of the SOFEC
on SOFEC performance is presented in Fig. 12. Steam utilization is
varied from 0.5 to 0.9 and fuel utilization is fixed at 0.8. From the
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result depicted in Fig. 12a, the increase of steam utilization
strongly increases the power density while it has a less influence
on the efficiency. In addition, high steam utilization causes high
hydrogen production at the cathode side; thus, cell voltage and
all voltage losses are higher as seen in Fig. 12b.

4.6.2. Effect of fuel utilization

Fig. 13 presents the impact of fuel utilization at the anode side
of the SOFEC on the power density, efficiency, cell voltage and all
voltage losses. Fuel utilization at the anode side is varied from
0.5 to 0.9 while steam utilization on cathode side is kept constant
at 0.8. The simulation result indicates that power density and effi-
ciency can be enhanced with increasing fuel utilization (Fig. 13a).
Because the increase of fuel utilization increases high hydrogen
production at the anode side, cell voltage and voltage losses are
increased, as shown in Fig. 13b. The results are consistent with
experimental data published in the literatures [11]. From the sim-
ulation result, it can be observed that fuel utilization has a signif-
icant effect on the performance of SOFEC compared with steam
utilization because fuel can produce more hydrogen.

5. Conclusions

A solid oxide fuel-assisted electrolysis cell (SOFEC) is applied
from a solid oxide electrolysis cell (SOEC) by adding methane to
the anode side. To protect carbon formation, steam is also fed into
the anode side. Thus, the anode side of SOEC behaves like the
anode side of solid oxide fuel cell (SOFC) so that electricity is gen-
erated to use in the electrolyzer. In this study, a detailed electro-
chemical model of SOFEC that takes into account all voltage
losses (i.e., activation, ohmic and concentration loss) is developed
to perform a performance analysis. The simulation results reveal
that the net cell voltage of the SOFEC is approximately 1V lower
than the SOEC. Electrical energy consumption of the SOFEC
decreases more than 100% of the conventional SOEC when negative
net cell voltage occurs and decreases more than 90% of the conven-
tional SOEC when positive net cell voltage occurs. The SOFEC can
produce both hydrogen and electricity at negative net cell voltage
and produce only hydrogen at positive net cell voltage.

In the performance analysis, it is found that the cathode-
supported configuration is the most favorable design for SOFEC.
Furthermore, the simulation result indicates that electrical energy
demand can be reduced by increasing the steam fraction at the
cathode side, increasing the operating pressure to within a range
of 1-3bar and increasing operating temperature as well as
decreasing steam to carbon ratio at the anode side, steam utiliza-
tion and fuel utilization.
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Glycerol is expected to be an adequate renewable resource for hydrogen production in the future because it is
the by-product of biodiesel production. In this work, crude glycerol containing 80 wt% of glycerol and 20 wt%
of methanol is used to perform the thermodynamic analysis of hydrogen production via the glycerol
supercritical steam reforming process using the Gibbs free energy minimization method in AspenPIusTM. The
effects of operating conditions i.e., temperature, pressure and the ratio of supercritical water to crude glycerol
(S/G ratio), in the reformer were analyzed. The simulation results show that the suitable operating conditions
for the reformer giving 65 mol% H; in the gaseous product are at temperature, pressure and S/G ratio of 800
°C, 240 atm and 90. However, the purity of hydrogen is still not suitable for industrial application. Therefore,
the hydrogen purification processes including the gas-liquid separation unit and CO, absorption process using
monoethanolamine (MEA) as an absorption media were also investigated. The results show that the final
product of the absorption process using 5-stage absorber can produce approximately up to 99 mol% H..

1. Introduction

Biodiesel--a member of biofuel energy has received much attention in the recent year since it is a
biodegradable, renewable and non-toxic fuel. In addition, the burning products contains lower amount of ash,
carbon monoxide, sulphur dioxide, and incomplete burning carbon, than those of diesel. Although the capital
and production costs are still quite high, it is worth noting that the biodiesel production would be a promising
option while the crude oil price is in the crisis. With the growth of biodiesel production industry, it leads to large
amount of glycerol, the main by-product of biodiesel production in which vegetable oils or animal fats are
converted into biodiesel through the transesterification process. Glycerol can be used in many applications
that include food, cosmetics and pharmacy. One of effective ways for utilization of glycerol is the conversion of
glycerol to hydrogen. This is valuable added of the low-price glycerol without the requirement of glycerol
purification unit and reduce the dependent on petroleum source for hydrogen production.

Hydrogen is considered to be an energy source for the future because it causes no harmful to the environment
when it is combusted with oxygen. In addition, hydrogen can be used in many different functions including use
in chemical production industries and use as a feed for fuel cells. To date, hydrogen production from glycerol
can be accomplished by various reforming processes i.e., steam reforming (Authayanun et al., 2011), partial
oxidation (Wang, 2010), autothermal reforming (Pairojpiriyakul et at., 2010) and aqueous phase reforming
(Wen et al., 2008). Considering the steam reforming reaction, it can be found that this reaction can be used for
a commercial production because this process provides the highest yield of hydrogen (up to 70 % on a dry
basis). However, this reaction is highly endothermic reaction, therefore; it needs high energy to heat up the
feed of water and glycerol to the desired reaction temperature.

Recently, there are some researchers focused on the investigation of supercritical water reforming since this
can reduce the energy needed in the reactor. Moreover, the outstanding property of supercritical water is that

Please cite this article as: Patcharavorachot Y., Chery-rod N., Nudchapong S., Authayanun S., Arpornwichanop A., 2014,
Hydrogen production form glycerol steam reforming in supercritical water with CO, absorption unit, Chemical Engineering
Transactions, 39, 349-354 DOI:10.3303/CET1439059
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it can dissolve in the non-polar organic compound which can reduce the reaction time. Bennekom et al. (2011)
studied hydrogen production from pure glycerol, crude glycerin, and methanol (pure and in the presence of
Na,COs3) in supercritical water. Their experimental results indicated that glycerol can be completely converted
to Ha, CO,, CH4 and CO under temperatures of 460 - 650 °C, feed concentrations of 5 — 20 wt% and the
residence time of 6-173 s. Ortiz et al. (2011) performed thermodynamic calculations of glycerol reforming
using supercritical water to identify the operating conditions that maximize hydrogen production from a mixture
of water and glycerol.

However, hydrogen product from the reformer always gives considerably content of CO,. This is not suitable
for industrial use and thus, the hydrogen purification unit is required to achieve the final product purity (Collodi,
2010). In general, there are several techniques for CO, capture e.g., pressure swing adsorption, temperature-
swing adsorption, physical absorption, and chemical absorption. Among these techniques, the absorption
process using aqueous solution of monoethanolamine (MEA) has been widely used in the industry (Moioli and
Pellegrini, 2013). As a matter of fact that MEA is high reactive and low cost (Mofarahi et al., 2008). However,
the absorption process is selected for the CO; capture from exhaust gas of power plants, natural gas and
refinery gas. Mofarahi et al. (2008) studied the recovery of CO, by absorption process from gas turbine
exhaust of gas refinery power station. Chavez and Guadarrama (2011) simulated the CO;, capture by
chemical absorption process with MEA from the flue gases of the power plant. The CO, capture from
synthesis gas has not been reported in the open literature. As a result, the integration of the absorption
process with MEA and the steam reformer is seemed to be interesting and challenge task. Significantly,
hydrogen produced from reforming in supercritical water has high pressure and thus, it is easily and directly to
supply for the absorption process.

The objective of this work is to study the hydrogen production via the supercritical water reforming of crude
glycerol based on the thermodynamic principle. The Gibbs free energy minimization procedure in
AspenPlus™ is used to calculate the equilibrium composition. The effects of key operating conditions i.e.,
temperature, pressure, supercritical water to glycerol ratio were examined. The CO, absorption process
integrated with the reforming process is also proposed in this study. The effect of design and operating
parameters on the H, purification is analysed.

2. Process description

2.1 Hydrogen production from glycerol supercritical water reforming process

The glycerol supercritical water reforming process is composed of two main reactors i.e., supercritical water
reformer and water gas-shift reactor. This process is shown in Figure 1. The reactants are crude glycerol
(GLYCEROL) and supercritical water (W1). Generally, crude glycerol contains impurities for example
methanol, ethanol, water and catalyst. In this work, we assume that crude glycerol is pretreated to reduce its
effect on reactors and equipment. Pretreated glycerol is composed of 80 wt% of glycerol and 20 wt% of
methanol. At standard condition, glycerol is fed to the reformer with the molar feed rate of 100 kmol/h at 25 °‘C,
1 atm. Supercritical water is fed with the rate of 9,900 kmol/h at 500 ‘C, 240 atm. Therefore, the ratio of
supercritical water to glycerol (S/G) is 99. The mixture of supercritical water and glycerol is mixed in the mixer
(MIX) and then is fed to the compressor (COMP) and heater (HEAT) to adjust the temperature and pressure
before entering to the reformer (SWREFORM). The reactions occur in the reformer are shown in Table 1. The
operating conditions for the reformer and equipment, i.e., mixer, compressor, heater, turbine, water gas-shift
reactor, separator are shown in Table 2. Gaseous products from the reformer will be sent to turbine
(TURBINE) and cooler (COOLER1) for reduction of pressure and temperature to 1.4 atm. and 20 C,
respectively. This mixture is then fed to the water gas-shift reactor (WSHIFT) where the CO reacts with steam
to produce additional H, and CO, at 200 ‘C. The synthesis gas from water gas-shift reactor will be cooled
before it is separated in the separator (SEP) where the liquid water and gases i.e., CO and H, will be split.

2.2 CO; absorption process with monoethanolamine absorption media

Because the purity of hydrogen obtained from the supercritical steam reforming is not suitable for industrial
application, the next step of hydrogen production is to eliminate the impurity in the mixture of gas containing
hydrogen and carbon dioxide. In this work, CO, will be removed by absorption process using the MEA solution.
This solution can be regenerated and recycled back to the process. The process diagram is shown in the
Figure 2. The gas mixture from the reformer is fed to the 3-tray absorption tower (ABSORBER) where it is in
contact with 25 wt% of MEA solution. The CO3- rich stream flows to the 6-tray stripper tower (STRIPPER) for
the purpose of MEA recycling where the H,-rich steam flows to the flash drum (FLASH) for splitting of water
and Hz. The unit model and operating conditions for the absorption process are shown in Table 3.
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3. Methodology

This work performs a thermodynamics analysis for the hydrogen production from supercritical steam reforming
process using Aspen Plus. The gaseous components from reforming process at equilibrium can be calculated

MIX

1]
- Giveemor |

SWREFORM
WEHIFT COOLER2

TURBINE

COOLER1

O

Figure 1: Process flow diagram of hydrogen production from glycerol via supercritical steam reforming

Table 1: Reactions in the supercritical steam reformer

Reactions

Glycerol reforming: C3HgO3 + 3H,O0 == 3CO, + 7H: 1)
Glycerol decomposition: C3HgO3 +«—— 3CO +4H; 2
Methanol reforming: CH30H + H,0 +—= CO;+ 3H; 3)
Methanol decomposition: CHzOH +—— CO+2H: 4)
Reverse water gas-shift: CO, + H; +«—— CO+H0 (5)
Methanation: CO + 3H; +— CHs+H»0 (6)
Water gas-shift: CO + HO +— CO;+H: 7)

Table 2: The operating condition of reforming process

Code Unit Model Standard Condition  Operational range
COMP Compressor - 200 — 300 atm
HEAT Heater - 500 — 1,000 ‘C
SWREFORM RGibbs Reactor 500 °'C 500 — 1,000 ‘C
240 atm 200 — 300 atm
TURBINE Turbine 1.4 atm -
COOLER1 Heater 200°C -
WSHIFT REquil Reactor 200 °C -
1.4 atm -
COOLER2 Heater 60 °C -
SEP Flash Separator 60 °C 0-60"C
1.4 atm 1.4 - 50 atm

Table 3: The operating condition of CO; absorption

process
Code Unit Model Standard
Condition
ABSORBER Rad Frac Columns stage =3
10 atm
FLASH Flash Separator o’c
10 atm
STRIPPER Stripper stage = 6
1.4 atm
COOLER1 Heater 101-25°C
SPLIT SSplit Split fraction
0.2

Figure 2: Process flow diagram of CO; absorption -
MIX-MEA Mixer -
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from the minimisation of Gibbs free energy using RGibbs Model. The Soave-Redliche-Kwong Equation of
State is used. The effects of supercritical water to glycerol ratio, reaction temperature, pressure and operating
condition for separator in the reforming process were analyzed. In the absorption process, the electrolyte-
NRTL was used to analyse the absorption process of MEA. The effects of MEA concentration, number of
trays, pressure and the MEA feed rate on the performance of CO, absorption were analysed.

4. Model validation

To confirm the validation of the Aspen Plus model calculation, this work compared the simulation results with
the experimental results of Adam et al. (2008). It was found that the simulation results of the hydrogen
production from the supercritical reforming process and the experimental results on Ru/Al,O3 catalyst under
the same operating conditions were in a good agreement.

5. Results and discussions

5.1 Hydrogen production

The simulation starts with calculation of the hydrogen production in the reformer. According to the standard
operating conditions shown in the Table 2, the gaseous products from the reformer contain 12.48 % H,0,
42.73 % Hy, 23.29 % CO», and 21.29 % CH4 with glycerol conversion around 100 %. In order to improve the
efficiency of the reforming reaction, the effects of key operating conditions were analysed in the following
section.

5.1.1 Effect of temperature on the supercritical reforming reaction

Figure 3 reveals the effects of the temperature of heater and reformer on the mole fraction of gaseous
products. It can be seen that high operating temperature provides more H, mole fraction. It increases from
42.73 mol% at 500 °C until it reaches constant value of 65 mol% at temperature more than 800 ‘C. This is
because the glycerol reforming is endothermic, therefore; high temperature will shift the equilibrium to the H-.
However, the mole fraction of H, reaches constant value at temperature more than 800 °C due to the fact that
the reforming reaction is reversible and is controlled by the chemical equilibrium at this temperature. The
simulation results also show that 1 mole of glycerol produces 6 mole of hydrogen which is close to the
stoichiometric of reforming reaction (1 mole of glycerol to 7 mole of hydrogen). Nevertheless, mole fraction of
CHp, is reduced when temperature is raised because the reverse reaction of methanation reaction produces
more hydrogen.

5.1.2 Effects of supercritical water to crude glycerol ratio

The effect of supercritical water to crude glycerol ratio (S/G ratio) was studied at temperature and pressure of
800 °C and 240 atm, respectively. The results show that increasing in S/G ratio causes higher mole fraction of
hydrogen while mole fraction of methane is lower (Figure 4). However, at S/G of 90, mole fraction of gaseous
products becomes almost constant with 65 mol% H, and 0.1 mol% CH.. The mole fraction of other products
i.e., CO, COy, H,0 are insignificantly changed. The increasing of S/G ratio at constant glycerol feed rate is the
increasing of supercritical water feed to the reformer. This shifts the reaction equilibrium of the reforming
reaction to the product side while it also shifts the equilibrium of the methanation to the reactant side,
therefore; more hydrogen products can be produced from reforming and reverse methanation reactions.

5.1.3 Effects of pressure on the supercritical reforming reaction

As discussed in the previous section, the suitable temperature for glycerol supercritical reforming reaction is
800 ‘C. Consequently, this temperature is selected for studying the effect of pressure. The simulation results
indicate that the change in pressure (pressure of compressor and reformer) has insignificant effect on the
mole fraction of the gaseous products. Mole fraction of hydrogen is almost constant at 65 mol%.

5.1.4 Effect of gas-liquid separation operating conditions.

The suitable operating conditions of glycerol supercritical steam reforming at 800 °C, 240 atm and S/G ratio =
90 can provide only 65 mol% H,. To improve the efficiency of the process, the effects of gas-liquid separator
operating conditions were analysed. Figure 5 indicates that increasing of operating pressure in gas-liquid
separator causes better separation of water from gas mixture which results in lower in mole fraction of H,O
and higher mole fraction of H, and CO. in the gaseous products. This is because high operating pressure can
condense more steam. As shown in Figure 6, the simulation results show that low temperature improves the
water separation because more steam is condensed. From the simulation results, it can be found that the
optimal operating conditions of separator are pressure of 20 atm and temperature of 20 °C. Under these
conditions, the gaseous product consists of 1 % H20, 74 % H, and 25 % CO,. Although the highest purity of
H, from the reforming and separation is 74 mol%, this is not suitable for using in both industry and laboratory.
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Therefore, the CO, absorption process with MEA solution is implemented for production of higher purity
hydrogen.
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5.2 Integration of glycerol supercritical water reforming process with CO; absorption process
According to the previous study, the amount of CO- in the gaseous products is 24 mol%, this can be reduced
by the CO, absorption process. The CO, absorption process considered in this work uses MEA solution as an
absorption media. The key operating conditions were analysed as shown in the following section.

5.2.1 Effect of number of stage and operating pressure of absorber tower

From Figure 7, the simulation results suggest that at constant pressure, CO; in the gaseous products will be
reduced as more stages are used. This is because better contact has been established when more stages
have been used. However, the maximum absorption capacity is reached at 5 stages because the equilibrium
of CO, and MEA is reached. An increase in pressure causes better absorption due to the fact that high
pressure is a driving force that promotes the mass transfer between phases. This enables the better CO,
dissolution into the MEA.

It can be concluded that 5 stages and 20 atm is the most suitable operating condition for absorption tower.
Although, the pressure of 25 atm provides better capacity of absorption but the feed stream from process is in
the pressure of 20 atm. If the condition of 25 atm is used, this will cause the additional work load to the
process. The final product from the absorption process contains 99.1 mol% H; and 0.9 mol% CO..

5.2.2 Effect of MEA concentration

The concentration of MEA used in the study is varied in the range of 5-60 wt%. The absorption capacity
increases with the MEA concentration because more solution is available for CO, absorption. As seen in
Figure 8, at 50 wt% of MEA, the absorption capacity is 99.9 %. Therefore, CO impurity is in the content of 50
ppm and the hydrogen concentration is 99.99 mol%. However, MEA is a corrosive material; high concentration
would reduce the reactor life time. This work considers that 40 wt% of MEA which gives the absorption
capacity of 98 % and 99.3 mol% of hydrogen product is the better option.

5.2.3 Effect of MEA feed rate

The simulation results indicate that the absorption capacity is increased with an increase in MEA feed rate.
Higher feed flow rate enable the better mass transfer. At the MEA feed rate of 4,823 kg/h, CO, absorption
capacity is 99.98 %. This provides 50 ppm of CO or 99.99 mol% of hydrogen.
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6. Conclusions

This work conducted a thermodynamic analysis of the glycerol supercritical steam reforming process with CO»
absorption process. The Gibb free energy minimization method in the AspenPIusTM was used for computing
equilibrium composition. The simulation results at standard condition of the reformer (temperature = 800 °C,
pressure = 240 atm and S/G ratio = 99) indicated that the gaseous product composition contain 64.84 % of
hydrogen which is not suitable for use. Although the change in operating conditions such as increasing in
temperature and S/G ratio can improve the content of hydrogen production, this process is thermodynamically
limited by chemical equilibrium. Thus, the separation conditions were also investigated. It is found that
increasing in pressure and reduction of the separator would improve the hydrogen concentration in the
gaseous product up to 74 mol%. Further, the CO, absorption unit is integrated with reforming process to
improve the hydrogen purity. The simulation results showed that the integrated process can produce the
ready-to-use hydrogen with the concentration of 99 mol%. The optimal operating conditions of CO, absorption
process are the absorber pressure = 20 atm, number of stages in absorber = 5, MEA content = 40 wt% and
MEA solution flow rate = 4,823 kg/h.
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In this work, the sorption-enhanced steam methane reforming (SE-SMR) in which the integration of steam
reforming reaction and carbon dioxide removal can be carried out in a single step was investigated in the
thermodynamics aspects by using AspenPlus™. Thermodynamics analysis was performed on both
conventional steam methane reforming (SMR) and sorption-enhanced steam methane reforming
processes based on minimization of Gibbs free energy method to determine the favorable operating
conditions of each process. The effects of operating conditions (i.e., pressure, temperature and steam to
carbon ratio) on hydrogen production were examined. The simulation results show that the optimal steam
to carbon ratio is 6 and 5 for SMR and SE-SMR process, respectively. For SMR process, the maximum
hydrogen purity of 78 % (dry basis) can be obtained at 950 K. While, the SE-SMR process offers two
advantages over SMR process: (1) higher purity of hydrogen product can be achieved to 99 % (dry basis)
and (2) required operating temperature is lower in the range of 700-850 K which is 100-150 K lower than
SMR process, indicating that the SE-SMR process is less requirement of energy consumption.

1. Introduction

Presently, hydrogen plays an important role in many industries. Chemical industry uses hydrogen as a raw
material for chemical synthesis and production, such as ammonia production from hydrogen and nitrogen
via hydrogenation process. In petrochemical industry, hydrogen is required in hydrodesulphurization
process for removing sulphur from the natural gas feedstock. More importantly, hydrogen is one of the
alternative fuels for the future. It can be used in internal combustion devices or fuel cell without pollution
emissions since its by-products are only water and heat and thus, hydrogen is regarded as a clean energy.
With the aforementioned usefulness of hydrogen, the demand of hydrogen trends to be increased
continuously. As a consequence, there are many researchers being pursued in the development of
hydrogen production process. Steam methane reforming (SMR) which is traditional process for producing
hydrogen has been received interest in the industrial scale and extensively studied in recent years
(Caravella et al., 2009. However, the steam reforming retains some limitations that are main obstruction for
hydrogen production. Due to its highly endothermic reaction, this process is carried out under high
temperature operation and thus, the external heat source is required. In addition, the alloy-based reformer
must be used to tolerate the severe conditions which are expensive. The most important constraint is that
the reaction is limited by thermodynamics equilibrium of reversible reaction, higher operating temperature
is required to achieve high production of hydrogen. When the hydrogen production is limited, the content of
carbon dioxide always presents in gaseous product. This leads to the requirement of separation unit to
purify hydrogen. Collodi et al. (2010) reported that 1 t of hydrogen produced will also produce 9 to 12 t of
CO».

Please cite this article as: Likkasith C., Saebea D., Arpornwichanop A., Piemnernkoom N., Patcharavorachot Y., 2014,
Simulation of hydrogen production with in situ CO, removal using aspen plus, Chemical Engineering Transactions, 39, 415-
420 DOI:10.3303/CET1439070
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One approach to improve the hydrogen production process is through simultaneous separation of carbon
dioxide during the steam reforming reaction (Ochoa-Fernandez et al., 2009). This approach can be
performed by adding a carbon dioxide sorbent (such as calcium oxide) into the reformer (Liu et al., 2013).
When carbon dioxide is produced from steam reforming reaction, it will be adsorbed into adsorbent.
Removal of carbon dioxide causes a shift in equilibrium; and this leads to the achievement in hydrogen
production. This process is called “sorption-enhanced steam methane reforming (SE-SMR)”. Due to the
fact that the adsorption reaction is exothermic, overall reaction temperature can be reduced, resulting in a
decrease in energy consumptions (Dou et al., 2014). The combination of production and purification
processes results in the lower capital costs. In addition, the carbon dioxide capture on adsorbent can
eliminate the emission carbon dioxide into the atmosphere as the most important greenhouse gas.

Chen et al. (2009) presented a non-stoichiometric thermodynamic analysis of the sorption enhanced
steam reforming of glycerol. Non-linear equations were simultaneously solved to determine the equilibrium
gas composition. In the same way, Wang et al., 2011 studied the sorption enhanced steam reforming of
propane by using the thermodynamic approach. However, the design and development of this process in
AspenPIusTM has not been reported. The advantage of using Aspen Plus is that it is easily accessible to
design engineers in industry. This work aims to investigate a hydrogen production from the SE-SMR
process based on thermodynamics aspect, which is useful for providing the appropriate operating
condition for this process. The equilibrium composition of the gaseous product can be calculated based on
the minimization of Gibbs free energy method through the use of AspenPlus™. Effect of the operating
parameters (i.e., pressure, temperature and steam to carbon ratio) on hydrogen production is also
examined. Thermodynamics calculation of both conventional SMR and SE-SMR processes are
determined to define the most favorable operating condition of each process

2. Methodology

In this work, methane (CH4) and steam are main reactants for hydrogen production process. In general,
methane is main composition in natural gas along with other impurities. However, it is noted that in this
work, pure methane is used to minimize the negative impact and side reactions. For CO; adsorption,
calcium oxide (CaO) is utilized as CO- sorbents because it's inexpensive, easy to find and considered as
high adsorption ability. The thermodynamics calculation is performed by using AspenPIusTM. By giving the
operating condition, the equilibrium compositions in the product from reformer can be calculated by using
the minimization of Gibbs free energy method. The physical property method for thermodynamics
calculation is based on the Soave-Redlich-Kwong (SRK). In addition, the sensitivity analysis function
integrated in AspenPlus™ will be used to examine the effect of operating conditions.

3. Process description

Figure 1 illustrates the flowsheet of the sorption-enhanced steam methane reforming process. The process
begin with the mixture of pure methane (METHANE) and steam (STEAM) obtained from mixer (MIXER) is
fed through compressor (COMP) and heater (HEATER) to reach the specified reformer operating
condition. Then, the gas mixture is fed to reformer (REFORMER) along with the CO; sorbents (SORB-IN).

>
® ¥
MIXER D
COMP

BpNy!

COOLER

TURBINE

REFORMER

Figure 1: Flowsheet of the sorption-enhanced steam methane reforming process
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Table 1: Possible reactions in sorption-enhanced steam methane reforming process

Steam methane reforming  CH, + H,0 <> CO + 3H, AH,, = +206 kJ/mol (1)
Water-gas shift CO+H,0«>CO, +H, AH;, = -41 kJ/mol )
CO; adsorption CaO + CO, <> CaCO, AH;, = -178 kJ/mol ®)

Table 2: Specification detail of each unit models in sorption-enhanced steam methane reforming

. Initial condition
Name Unit model

Temperature (K) Pressure (bar)
MIXER Mixer - -
COMP Compr - 1
HEATER Heater 900 1
REFORMER RGibbs 900 1
TURBINE Compr - 1
COOLER Cooler 323.15 1
FLASH Flash2 323.15 1

Here the steam reforming and CO, adsorption reaction is carried out in this reactor. To calculate the
product composition at the equilibrium, RGibbs model reactor is utilized. The possible species in the
process are CH4, H>O, CO, CO,, CaO, CaCOs3 and H». In order to condense steam from the gas mixture,
the effluent from reformer (Stream 4) is reduced pressure and temperature by turbine (TURBINE) and
cooler (COOLER), respectively. The flash drum (FLASH) is further used to separate liquid condensates
from the gaseous phase. The possible reactions in sorption-enhanced steam methane reforming process
are shown in Table 1 whereas Table 2 lists a specification detail of each unit models in the process. The
initial flow rate of methane and steam is set respectively to be 1 kmol/h and 3 kmol/h and thus, the steam
to carbon (S/C) ratio is equal to 3. The CO; sorbent or CaO feed rate is 1 kmol/h which equal to the
stoichiometric value of CO, produced from water-gas shift reaction (Eq(2)). For the simulation of the
conventional SMR process, the CaO feed rate is set to be 0 for omitting the CO, adsorption reaction.

4. Model Validation

The simulation results from AspenPIusTM are compared with the experimental results of Balasubramanian
et al. (1999) to ensure model validation. Under same operating conditions, SMR process provides 94 % H
and 5 % CH. whereas the gas composition of 95 % H, and 4.7 % CH4 can be obtained in SE-SMR
process. It is found that the model validation shows a good agreement with the experimental data

5. Results and Discussion

Thermodynamics calculation is performed on both SMR and SE-SMR processes in which the equilibrium
composition of the gaseous product and the molar flow rate of each component are determined. The effect
of operating parameters, i.e., pressure, temperature and S/C ratio are investigated by using sensitivity
analysis function in AspenPlus™. Under the standard conditions as shown in Table 2, the SMR process
provides a gas product consisting of 75.23 % H», 9.31 % CO, 11.82 % CO; and 3.64 % CH, (dry basis),
the molar flow rate of H is 3.04 kmol/h and the methane conversion undergoes 85.34 %. For the SE-SMR
process, the gas mixture of 95.42 % H,, 1.54 % CO, 1.17 % CO, and 1.87 % CH4 (dry basis) can be
obtained whereas the molar flow rate of H, and methane conversion are 3.65 kmol/h and 92.86 %,
respectively. From the simulation results, it can be seen that molar flow rate of H, obtained from SE-SMR
process can be achieved close to its stoichiometric value (4 kmol Hx/1 kmol of CHa).

5.1 Effect of operating pressure in both SMR and SE-SMR process

Figure 2 presents the molar flow rate of product composition as a function of different operating pressure
(1-21 bar) at temperature of 900 K and S/C ratio of 3. From the simulation result, it is found that the low
operating pressure is favoured to the hydrogen production for both processes and the maximum molar
flow rate of H, can be obtained when the reformer operates at 1 bar. This is due to the fact that the total
moles of product are higher than those of reactant according to Eq(1)-(3). As a result, increasing of
operating pressure will shift the equilibrium backward to the reactant side. The simulation results indicate
that the low pressure is suitable operation for both processes.
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Figure 3: Molar flow rate of each component as a function of operating temperature at 1 bar and S/C = 3:
SMR (A) and SE-SMR (B)

5.2 Effect of operating temperature in both SMR and SE-SMR process

Figure 3 represents the effect of operating temperature in the reformer (REFORMER) on molar flow rate of
each component at the equilibrium state. The operating temperature is varied from 700 to 1,200 K while
the operating pressure and S/C ratio are kept constant at 1 bar and 3, respectively. For SMR process,
operating temperature has a great impact on molar flow rate of produced Hy, as illustrated in Figure 2A.
The molar flow rate of His increased with an increase in the operating temperature. Since steam methane
reforming reaction (Eq(1)) is endothermic, higher operating temperature can shift equilibrium to the product
side, therefore; higher H, can be obtained. The maximum molar flow rate of H, is 3.36 kmol/h at 1,000 K.
When the operating temperature is further increased, it is found that the molar flow rate of H, decreases.
This is because high temperature is not favorable to the exothermic water-gas shift reaction (Eq(2),
leading to inhibiting the additional H, production. The increasing in CO flow rate confirms the diminishing of
water-gas shift reaction. In the SE-SMR process, the molar flow rate of H; is steadily increased between
700 and 850 K. As shown in Figure 2B, it can be seen that the molar flow rate of CO; is in the trace
amount and CaCO3; was formed (result not shown). Maximum H, produced from this process is 3.66
kmol/h at 850 K. When the operating temperature is further increased, the H, molar flow rate becomes
decrease. This can be explained that high temperature operation inhibits the adsorption of CaO. The
increment of CO> molar flow rate indicates the deactivation of the sorbents.
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5.3 Effect of S/C ratio in both SMR and SE-SMR process

The effect of S/C ratio (1-12) on H; production is represented in Figure 4. For both SMR and SE-SMR
processes, the simulation results show that the H, molar flow rate is increased as the S/C ratio increases.
This is due to the equilibrium shift of the reaction from the increment of reactants (steam). The H;
production rate in SMR is increased rapidly with increase of S/C ratio from 1 to 6 and steadily increased
afterwards. For SE-SMR process, when S/C is increased in range between 1 and 5, the H, molar flow rate
increases significantly and relatively stable afterwards. In this process, the H, molar flow rate is close to 4
kmol/h and this indicates that the theoretical value of reforming reaction can be achieved in SE-SMR
process.

Although high S/C ratio can enhance both SMR and SE-SMR process significantly, it is known that higher
S/C will require more reactor volume due to higher steam volumetric flow. In addition, the heat duty input is
also increased because higher vaporization for steam is needed. From the simulation results, it is
suggested that the optimal S/C ratio for SMR and SE-SMR process is 6 and 5, respectively. Since
increases in S/C ratio more than these values are slight influences on H, production

5.4 Purity of H, produced from both SMR and SE-SMR process

One of the advantages of SE-SMR over SMR process is that higher purity of the H; products can be
obtained. As illustrated in Figure 5, the purity of H, produced by SE-SMR process at 1 bar and S/IC =5 is
close to 100 % (dry basis) when the operating temperatures are between 700 and 850 K. However, when
operating temperature is higher than 850 K, will cause the reduction of H, purity because high temperature
inhibit the CO; adsorption reaction of CaO. As seen in Figure.5B, when the operating temperature is higher
than 900 K,
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Figure 4: Molar flow rate of each components as a function of S/C at 900 K and 1 bar: SMR (A) and
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the CO; concentration is increased which in turn is no CO, adsorption. For SMR process, the maximum
H2 purity achievable is 78 % (dry basis) at 950 K which is far lower than SE-SMR process and need to
purify. Therefore, the purification unit is required for SMR process, and this leads to an increase in cost of
production compared with SE-SMR process.

5.5 Effect of CaO molar flow rate of SE-SMR process

In this section, the impact of CaO molar flow rate on H, production in SE-SMR process is investigated. The
CaO molar flow rate is varied in range of 0.1 to 1.5. The simulation results reveal that increasing CaO
molar flow rate can provide higher amount of H,. However, increasing CaO molar flow rate more than 1
kmol/h isn’t impact on Hz production. This is mainly since the CaO molar flow rate of 1 kmol/h is
stoichiometric value of Eq(2) and (3) and thus, no CO; adsorption is occurred when CaO molar flow rate is
more than this value.

6. Conclusions

The thermodynamics analysis of both SMR and SE-SMR processes has been examined with the
minimization of Gibbs free energy method by using AspenPlusTM. The effect of operating parameters was
investigated to find the favourable operating conditions of each process. The simulation results indicate
that low pressure operation is feasible for both SMR and SE-SMR processes. The most favourable
operating temperature for SMR process is 950-1,000 K which capable of producing maximum H;. While,
the optimal operating temperature for SE-SMR process is 950 K which is 100-150 K lower than SMR
process. The most appropriate S/C ratio is 6 and 5 for SMR and SE-SMR process, respectively. From the
simulation results, it was found that the addition of CaO as a CO» sorbent into the reformer can greatly
enhance the H; production compared with SMR process in which nearly 4 kmol/h (stoichiometric value)
can be produced at lower temperature (700 — 850 K). In addition, the purity of H> produced from SE-SMR
is over 99 % (dry basis) below 850 K which is very high compared with SMR process which can only
achieve 78 % (dry basis) at 950 K. All results indicate that improving hydrogen production process can be
achieved with sorption-enhaced process.
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ABSTRACT

In this study, integrated system of proton conducting
solid oxide fuel cell (SOFC-H") and steam reforming
process with different three renewable fuels, i.e.,
ethanol, glycerol and biogas is investigated based on
thermodynamics calculation to determine the suitable
fuel for SOFC-H*. The simulation results reveal that
biogas provides the highest SOFC efficiency and requires
the lowest energy.

Introduction

SOFC-H" is a high efficient power generation because of its
high theoretical cell voltage. Although the internal
reforming system has higher efficiency than the external
reforming, this approach leads to the possibility of carbon
formation on the SOFC-H" anode’. Thus, a power system
consisting of SOFC-H" integrated with a steam reformer is
proposed in this study, as shown in Fig. 1. Considering the
fuel options, the renewable fuels derived from biomass-
based resource have received considerable attention since it
is renewable and, theoretically, carbon dioxide neutral®. In
this study, integrated system of SOFC-H® and steam
reforming process with different three renewable fuels, i.e.,
ethanol, glycerol and biogas is investigated. Effect of
operating conditions of SOFC and fuel options on system
performance is examined.

BEFORUER angeE

T =
Fig. 1 Schematic of an SOFC-H" system integrated with a
fuel processor.

Methodology

Thermodynamic calculation is performed in AspenPlus™.
Equilibrium composition of gas in steam reformer is
calculated based on the Gibbs free energy minimization
method. The developed electrochemical model of SOFC-H*
is written in a calculator block by Fortran code. The
equation of state used in this calculation is the Soave-Redlich-
Kwong (SRK). When the operating conditions are specified,
the performance of integrated system is calculated. In
addition, the energy consumption of SOFC-H" system fed
by each fuel is considered.

Results and Discussion
@+

Cumar ety (')

Fig.2 SOFC electrical efficiency at different
(a) temperature, (b) pressure and (c) current density.

The performance of the SOFC-H" fed by gas obtained
from the steam reforming of three fuels was shown in Fig.
2. The simulation results indicated that the SOFC
efficiency can improve when temperature, pressure and
current density increases. In general, glycerol can produce
the highest amount of hydrogen, followed by ethanol and
biogas, respectively. As result, it can provide the highest
power density. However, since molar flow rate of gas
obtained from biogas was low compared with the
electricity produced and thus, the system fuel led by
biogas has the highest SOFC efficiency, followed by
ethanol and glycerol. When the total energy consumption
of integrated system was analyzed, it was found that
glycerol requires the most energy, followed by ethanol and
biogas, respectively.

Conclusion

The performance of integrated system of SOFC-H" and
steam reforming process with different renewable fuels
was analyzed in this study. The SOFC optimal operating
conditions of three fuels were 973 K, 5 bar and 12,000
A/m?. From the simulation results, it can be seen that
biogas was a suitable fuel for the SOFC-H" integrated
system.
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Abstract

Hydrogen is a primary fuel of fuel cell for electricity
generation. In this study, hydrogen production from steam
reforming process with different three renewable fuels, i.e.,
ethanol, glycerol and biogas is investigated to analyze the
optimal operating conditions and fuel for power generation by
a proton conducting solid oxide fuel cell (SOFC-H+). The
main target of hydrogen production for SOFC-H" is not only
to maximize hydrogen amount but also to provide less
contamination of carbon monoxide. The simulation results
reveal that under operating conditions at temperature of
1,073 K, pressure of 1 bar and S/C ratio of 1, ethanol can
produce the highest hydrogen amount, followed by glycerol
and biogas, respectively. However, the use of ethanol as fuel
provides the highest carbon monoxide compared with biogas
and glycerol. When a water gas-shift reactor is installed in the
steam reforming process, it is found that glycerol can provide
higher hydrogen yield than biogas whereas ethanol provides
the lowest hydrogen yield. From an analysis of total energy
consumption, the results indicate that ethanol requires the
most energy, followed by biogas and glycerol, respectively.

Keywords: Renewable fuel, Hydrogen, Steam reforming

process, Hydrogen production
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