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Research Title: Simulation of hydrogen production with in situ CO, separation using
ASPEN PLUS

Researcher: Dr.Yaneeporn Patcharavorachot

Faculty: Engineering Department: Chemical Engineering

ABSTRACT

In this work, the hydrogen production with in situ carbon dioxide removal was
studied by simulation of sorption-enhanced steam methane reforming. The thermodynamics
analysis was performed on both conventional steam methane reforming (SMR) and sorption-
enhanced steam methane reforming (SESMR) in order to compare between each process.
The AspenPlusTM simulation software was used to calculate the equilibrium compositions of
the products based on the minimization of Gibbs free energy method. The effect of operating
conditions, i.e. temperature (700 - 1,200 K), pressure (1 - 21 bar) and steam to methane
ratio, S/M (1 - 12) was examined to determine their effect to hydrogen production and
energy used. The simulation results show that low pressure is suitable for both processes.
The most favorable temperature for SESMR is 850 K which is 150 K lower than SMR process
(1,000 K) and capable of producing hydrogen more than SMR processes. The appropriate S/M
is 6 and 5 for SMR and SESMR respectively. The advantage of SESMR is the purity of hydrogen
product which is over 99 %mole (dry basis) and can be achieved at 700 ~ 900 K compared to
SMR process in which the highest purity is 78 %mole (dry basis). Furthermore, the energy
analysis shows that SESMR process requires less energy than SMR process. All results indicate
that SESMR process could be the solution for improving the hydrogen production.

Keywords : Hydrogen; Steam methane reforming; CO, separation; in situ process
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1.1 anudunuazarudidgyvesldym

lalasiuiinsddgysevarsgnamnisy gramnssuaiildlelanauduasaiuly
nsudnaisiadisneg wu nszuaunislelasinudu (Hydrogenation)  Liendawexluideain
lulasiau 1Uudy geannssullinsiaiildlalasiaulunszuiunislalasadaalsiady
(Hydrodesulfurization) iilerndatame feenanufasssunAdaiuingiundnvesgramnsnd
Tnsadl venanillelasieuadunildudomdmadendmiveunanieldlugunmue 1esan
wdaunnlelasufundinuagon dewnlndudlfaudounaslotndunanassld alai
Hunanmesedunden neillelasaudilimisnuaaiou (Heating value) gandndaimds
wilndu [1-3] S linaumidendsiidoglutagiu iy tiu wlasssuei Wudu us
Samilsunumiidfyreslelasiauluewanfe Wdusunanlnfirusadidomas Fudunils
madeniimadldmnuauladiueghann mnwwadidemnasiussansnmlunsudnlvifinn
gUnsaldue [2]

nszuumadautalelasauiioddlutiagiud 3 assuiums fe nssuumsiviesadls
elevi (Steam reforming) NszunuMssendind UL (Partial oxidation) uagnsyurumsesln
wieueaivesaiis (Autothermal  reforming) Inenssuaumsarlesufisssleviiunssuaunisede
lalnsiauiiienlddnulvglutiagtu ilewnldndadusiiduuidlelasiaunnnitnssuiumsdu
Uﬁﬁ"%m?vxla%mﬁaé’halaﬁfqLﬂumiﬁwﬂﬁﬁ%Ems'mfwalaﬁ”lﬁ'umslaiﬂsm%uauLm Wiy du Tnsiwy
vuea uaziovnuea Wudu Iondedusidunidlalnseuuaznanasslfiiufiansvauusuenlen
wasuamivaulasenies fadedumsuieululalasauiindnld nszvumsndalelasauisies
Ussnaudae 2 dufle mruumsianuasnszuTumaivlelanauiaraniqvs nelutiagtiunis
wenufiaansusulaeenlaneenanunsavinlanans s wu wmallan1sgagu (Absorption) wellAnsgadu
(Adsorption)  waflalasletada (Cryogenics)  uazinatianisidenkulagldiuuiusu (Selective
permeable membrane) Ssnsidenmaluladfina magtuegfudnungvefanauiifotu [4)

andsslenisunarnvasuazauantlunsidudemamedlslasiawihliviue
mdeamsiuun ity dwalisammsudnuntunulise aghlsinmunszuiunmsndn
lelnsiouanufiseninesuiisielodhildaglutegtudiuifes ineguarsetn wu UjAsend
Aintudunuugaarmdougann (Highly endothermic reaction) Sefesldgamgiiguasndsy
Srunnlumsiu§isenielildusinalalasiaunn uasufiseriliiatuugndrindeauna
mameslulauniing (Thermodynamics equilibrium) [5-10] nananlalasiouiiintusdiuiua
$1i 1Hudu venanianuuigvdveialelasioufidadudniadud dyiidilaie sy
nszurumskanufalalasiauazldufamsveunsusnlesuasuiansveulasenlannioiaue
mATauladnuinisuenufamiveulasenleflunfoutunssuiunisndauialelasiou 4
T lunszuiumsuenuiaasveulaeenladezdidumndinndalalasiauldud usly
nsfnwmswenuiamiusulaesnladeeniunfeutunisiufisen Fafuisteadenisiannsa
enufansueulnoenlesldlugungiguieufiteoiafianmgiise #038atanudululdde



Fensgatu Tasigaduiiaansogadunfanisueulasenledldluanziifigumgiigede
weaLBeueenlas (Calcum oxide, Ca0) lnsunaidenssnledidedne Is1Agnuasanunsomila
e [5,6,11-14] '

nmsuenufamsusulaeenladeenlunisudunisiujiseazdunissuniuauna
maweiilshdoulumedunansios; dwalilduiinalalanaudiuiu gaumgflumsyiufisedas
Fadunsanmslindan venvnildadunsmunisdawasmaililalanauuianslilussuy
wenfudangansunulunisugn [5,6,8,9,14] TnesmAdetivsimunssuunsnanlolasiaunuys
wosuadaglovhanvenuaisaenssuauns AspenPlus TageanuuunasiaLLUUTIADS
nszuaums nn1slduuustaeuadesufingal (Reactor model) Tugewuafunsiamn eldhiy
\desufnsaifidnmsgadulundeusunsvivfiden (Adsorptive reactor) Fawvusraesiiadnetuil
wlinundsaiiiatuannsiuenasveulnsenledeantuniensumsinjizen uasdnue
wUs (grngiinazenusiuiviuiise Sandumstievletrvslalnsmiveudld) filnaseuiuna
Telasauiinanlfiaendanuild Wwemannsimnzauigauasiuwumedwiunisussgndld
UNTEUIUNITIIN
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IND0BALUULAZASIILUUTIADINTEUIUNTISHARLELASLAUNLNISRENLAE
mdusulneenlaseenlunienfumsvihuiiten wasfinuladeditivaseuiunnlelasiauinanld

1.3 YBULIAVBIIATINITIE

131 sonauuvnazadisuuusiassnszuaunsndalalasiouidnisuenuia
asusulasenladesnlunioudunisviufisen lngldgenuisinans
AITUIUNT AspenPlusTM

132 frasansTuIumIsIINUUURastldatusazntuininanshaesildly
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2.1 lalasiau
2.1.1 quantavaslalasiau [1,2)

lalmmul,ﬂummwLm‘wamu.avuﬂuaaﬂﬂivnawaamwﬂu{]wsmmﬂmmn
mammaaammmuu‘lan LﬂuiuLaﬂawmmmwulﬂm‘lﬂmuﬁssumm TagussenniAveslaniiuia
Talasiauuseane 0.1 duluatudiu unalaimmummmmm‘buLfJuwaLwaqmmUIsaﬁuwam
It mﬂsﬂw 2.1 muamwaaawmmsawamamaamaf] favsui 1 Alandu azwiulaan
IaimwuuwaaawummsauwawaﬂLuaLﬂssumaunuwameauq vennumsinnilelasiau
JainslAnuiansueulnoenies ilimminddlelaseulddudomaasdsanannzlan

Foulullaguula

Heating Value (kJ/g)
L40

120 - i AL g/ [ AN -
LO0 {
80 - - } s J O (0 S ] A =N ¥ T J _fspoona T T

60 2 F——=fF Ll L Ll = e e ——

| 40
| 20 % —— < .
o

! Gasoline Diesel Methanol Ethanol propane  Compressed Hydr 1
f natural gas gas !
i

: |

U 2.1 USHIUNE1UAINNSOUTBAT BLWE IR [2]

2.1.2 Uselewivaslalasiau [1-4]

laimwuﬁafhLﬂuwé'\nwuﬁavmﬂﬁm%’u‘lﬁlﬂuﬁaLwauﬁaqmmﬁaﬁﬂdmmu
IUmUQnsEnnuaanmﬂwsaﬂiumumsnmlwu wwilAananasedulothidslidunannese
Saunden wandINomaaug dudewniniasyiliiiauiaasveulasenled Fuduufa
139unIzan (Greenhouse gas) daavihiiiieannzlanisu (Global warming effect)

‘lu{]muulaimLfﬂuuuummaWﬂmmwmaamammsu ‘Luama’mns'iuminau
ihtlnsideunietlnsiadl laimwualvﬂﬂ“l‘*fﬂumsmﬁmmwaLW@%‘LumuuwaLwaqmnwga%a
LasuAdsISuTIR nszuaunsiseniilalasadainelsiedu(Hydrodesulfurization) Fadu
nsvuaumsiddgilesnndameiiiiuarsneliiinuaiivnseinie geamnssuamsidlelasiau
Wuasiiuuma iedsulaseadrsvensalusiuitlisudidunsaluiududa dmTundaiuend



wenien 1udy vensndudadinsldlelasauiuasiuiulugramnssuned Tngldluniandn
gsuseneunenluily wazlmuea MunszuIunslalasidiuty (Hydrogenation)
Tutligiulalasiaumdeldsuanuaulasgaunnlumsdiuadniifriugad
\Wounds (Fuel cell) ifosmnannsmiluuszyndldolivanedunasssiivssansamlunisnan
Tiannningunsalvdiadu dofvensadidonasde fseavsnmlunimdandsnulnihguas
el ilgsadundinuazen Wesnuanassldanufisenfeth dudulelasiaus
dadundsnumadeniiifnenmgdunsvaumuuvamasnuantlnsidey

2.2 nszusunsuantalasioy [1-4]

waluladildlunisndnlelasiauaiusauvsesnliiy 3 maluladudnde
NIEUIUMINNANUSDY (Thermal process) nssuIun1In 9l (Electrolytic process) was
n3EUALMIILAS (Photolytic process) Taglutlagtiumaluladfidende nszuiumavneanny
fouflosnnszvinnmamisiwihuazuassegluiuifouasivszandaimlunisnandsing,
NS¥UUNITNIIAINS BN danfunsEuauntsniatindeudl 3 wuuie nszuIuAIS
Irlasufiafsleth (Steam reforming) nsvuIUNITEENBIATUUSEIL (Partial oxidation) uaw
nIzUIUMIIBlRWsueaIHEsNI (Autothermal refroming) laas1uazI88AT83UAAZNTZUIUNT

1) nszvaumsanesufiwneleth (Steam reforming)

dunszviumandalelanauiidenldnniigaludmndeddesnlinansnlelasiau
aeigalaifisufunszuiumstug Tnsansiuildduasussneulalnsasueuu wu finu 3
wuldluniasssud eniuea 91nnssuIumIndn Wuduy Ufjﬁ‘%m‘?iLﬁmﬁua‘l’m%'unismumﬁ
osufisfslotssneudae 1) Ujiseninesuisseuinnansuseneulslnsamsueuiulehd
gaungiigeq ialuufaasvsunsuenlesuazlelasiau 2) Ujfseniewesuiatne (Water-gas
shift) Taglevhagriufaseniuaisueunauenlediiintu Wasuduufamsveulnoenladuas
lelastau fvaunisil (2.1) was (2.2) mudsu

C,H_+nH,0 <> nCO + (-‘;—‘ + nsz 2.1)

CO+H,0¢>CO, +H, (2.2)

Uiisenwesufia (@unnsit (2.1) iluufisengaauieunasiilesannufisendy
wuuunduld Fagnenuauisauaamanesulaunfind (Thermodynamics equitibrium) et
wislildnandnlslnsiaugedsieninfiseigamaiig (Useuna 700 -1,100 sarniwaides) ¥
Tisununsndnlelasoutugenuludae ﬁauﬂﬁﬁ%anama%uﬁa%w (aunnsdi (2.2)) dundu
Ugﬂimmam'}mau ﬁmmmmmﬂlﬂﬁhammum Fanszvrumshaensiniuluniou fulu
Lﬂiﬂ\‘iﬂ{]ﬂimmi&lﬂ’l’] Svlosuues lnainufisesvesufindundnuasaivgivujisenewmes
wiadn



2) NSPUIUNTEINTLATUUWEIU (Partial oxidation)

UfSeeeniinduudurieunadateniufadfiady (Gasification) 1iuufisend
Teudeulumswanudalalasioy arsmduidenldthasduasussnoulslasmiueu 1wy uia
finu vielemuea Wudu Tnevhluufasentasviiigumgiigands 700 ssrnwades AT
sondnduundinagiduialalnnaunasufamsveuneauenled Fefiseniiduuiiteuuuane
anufeunuuUunan sgslsimunssuaumsissliiivssansnminssuiunsinesuiisiaele
i ilesnldvinalslaseuingslddesnia

CH,_+ (3)02 <nCO+ [EJHZ (23)
2 2

aun1sn (2.3) wanauisensendinduundiulaeazlanisusunsusnlesiuas
lalaswulundadng Jnaumsziiuldhdedimsaiuauuinnuesndiauildlfivanzay &
hivutuasiiAnujisenesndwduanysal vnbildasueulaeenlesuazihdsaunsi (2.4)

C.H_+ (mE) 0, < nCo, + (EJHZO (2.9)
4 2

3) N3zUIUNTEBlADINEAIWNBININ (Autothermal reforming)

\unszuaunswseritenssuiunsive fulsdelotuareendinduuisdau S
unszuumsTysififefvesudagnszuaunisinsaulidedu Tnenslivilehuazeondiouly
msjazefuasusenevlalasaiveu issnnufiseninesuiiaslerniuufnsegn
anufeunazujisereendintuuisdiudunuumennuiouiaheangaumailunsiujizen
vaansIulesufiafslothld udegslsimulutiagiunszviunmsiseliuunsnasuasiogiu
$1330 Uffseneelawesueasosudsuanslddannsi (2.5)

n n (m+n)
CnHm + 51{20 + ZOZ < nCO + TH’I (2.5)

A5199 2.1 MsilSsuisutenwasdsydsusinssuiunisuantalasaulundasnssuiunis [2-4]

¥ 1

ASZUIUNTT 4oh Joide
esuilvmelotr | « lauvSunalalasiuingslega « spslinasugalunsvinugisen
(Steam reforming) | » Tdegnaunsnanelu@mwidind | « Waudarisueulneenlanuin

o e, - Uffsenansasuiiuldesia - Wunalelasiauindnladesy
DNBLATUUINEIY - y - va

o 520157 « finapuANUSINeIMALTIAI M
(Partial oxidation) ace  a 9 ~

. « Unseduiuumemnuseu nos

p8lavasNea - gaumaintdvinujisesinnin - nsrvIuMIegiutuidy
Tnesuile n1ssviasusiamslown
(Autothermal - Yaunalalasiunndnlauin

reforming) NIINN9NTLATUUNEIY




2.3 iy (Methane) [2,15]

fimuduansussnavlalasmsususmanueaiau (Akane)  flansnisiaiife CH,
wazuwﬂwmmmavLUuLLnaluuaLLazﬂau annsaaninla Lmaumuwulﬂmlﬂmuﬁﬁwmm L
LﬂuamUiunaumu“lmu"[,ul,l,naﬁiiwmm wenanadimusenunsanaalaainnseuiunsinges
aeneveEsBuVIEIuIund uiatiniw (Biogas)

esnamnsamimuldiewazadaldannminvesansdunds Satelundinu
ML Lﬂummm‘luni"mumsiwasummuiwmmuaﬂwmumumsmmu‘lumsmﬂgﬂia'1
muuiummalaumau‘hmmm-nn%musﬂammumuma’bm

2.4 nszuauntsudalalaseuiiinnsuenufaaisueulaesnledeenluniauiunisin

Ugjisen [5-9,14]

Jaqtunszuaunissdnlelasouiidenldedsunsuansfle nssuiunmsineduiisiog
o1 (Steam  reforming) iilasaanidusunnilelnsiaugedige usnantuasheruiildiany
marnmansuazaansanildie 1wy S Insi umuea Wudy Salasdnlngazilunss
Wosnilafmugnglath meimuduesdussneundnveufasssunni sgslsimunszuiunmss
weduilsdiifesifia \Wunananufisediiatufe UFAseTrefuivheletuasufisene
wasufaiwgnindnsnenavesaunamamesTulauniind (Thermodynamics equilibrium) ¥inlwila
Usinallalasiausin Tneufanafieanainivesumesdsznoumelelasiousesay 76 Ginuey
av 13 arsueuneuenlesfesay 12 wasaiuaulnoenlensesas 10 (dry basis) uagiitelild
Usinalalasiauiindalduin dedldaamgilunmsingitengs danalinazuaunisiifosnis
nEuInnuLaseIesinesesReddinindaneed (Metal alloy) Fmuarmiaugs viliidunu
Tumandadiuay fduitesessuanudeinslunsiflalnnauiiinduluouien Jiasiins
Uulgenssuniesisishglavh

Uﬁﬁ%aﬁﬂa%uﬁqé’aalafﬁlﬁm%uaulﬂaaﬂlﬁzjél,fluwawaaalﬁ Tngialudl
afuaulasenledussnevegiiedszanuiosay 10 laglua (dry basis)  [3] nsuanuia
arfusulasenledesnlunieutumsiugisensudunissunuauna vildaunaidouluma
nanA N dWusinalelnsauiinaalanundnvesasyinedio (Le - Chatelie’s  principle)
venaniunsuenansueulaenlalunieufuamsdiizessdunsrunssuiunsainuas
ylruusarsiilunssuiumaientu wadunsanduniluniesdalé

2.5 nsuenuhdaisuaulneenlan [4-6,11]
asuanlalasiaudensrurunisinesufisdaelotraziinanasslfmdunfa
msuaulneenled (@unisi (2.2)) mslalasiuilldne wu miﬁﬁlﬂiﬂuwaéﬁum,wﬁﬁq
sududesiinauenuiaaiusulasenlasoenitevhlindndusitduians lullagtunmsuenufa
asueulasenladiveansdd wWu nsgedudieansiail (Absorption) n1sgadu (Adsorption) ) A5lAs
1834a (Cyrogenics) LLavmsLaaﬂmuIﬂa’L"uLm:uvusu (Selective permeable membrane) dmsums
Zenl3tuenuianiveulneanleserfiansanandnvazvewidnaniiiniu Tasund

ﬂi%'U’J‘Lm’ﬁLLEJﬂLLﬂaﬂ’]‘i‘U%Julﬂﬁ]@ﬂl‘ﬁﬂﬂ%ﬁﬂ'lL‘Ll‘Llﬂ'ﬁ(ﬂa‘\l’]ﬂﬂi%U'}‘Uﬂ’]iNﬁﬂlﬁIﬂiL%u%ﬁ@‘iwaiuux‘]



feleth FanssuiumsuenufaaiveulaeenledidenyssandlifunssurunsSwesulisiiele
dusznouse

1) nszvumsgadumandl dwivasiediftenldludondedieluluenluaiy
(Monoethanolamine, MEA) $oAu8InszUILNMIARTUAD mnuannsawenwiaaisuaulaseanlen
167 uiiifedode szuuilvualvgiuazsoddndamigdlunsaniums

2) nsywIuMsgadu W nsEuuMIgaduaduAIuAY (Pressure swing adsorption,
PSA) mmsam’lﬁla‘lﬂiwummmmawﬁaq JeRvaInTEUIUNITAL mtuumﬂmw luisaeld
gaumgiige udliveidehe mﬂmszrua]vLaauﬂssa‘msmwLuamums‘lmwuwmaﬂia esandgadu
maamumimﬂauuﬂiﬂuu (Regeneration)

TurAseigemisfnnmsuenufanifueulaeenlarsenlunieudumsiujisen
FussdondenldiEnsusnuianiuaulasenledfiannsaduiunmmmsuiunssuiunsnan
lalasiaula

a

nsguumsinesuisdelothilgamoiluninfiaufitege Ssenmsmumunuide
Wwu313Ensuenuianisveulasenlasfiaruisotunldvssneufunisudnlalasiaudse
1) mageduiemgadunianisueulasenlud Imamimummmumﬂﬂmnmwmmﬂgﬂsm 2)
miLaanmuT,msﬂmummumau,anLmamsuaulmaaﬂlsuﬂmﬂusnmmﬂﬂﬂgnim FwuemAdei
aulamsl¥iSnmsgedulunisuanuiiaasuoulasenlas TnenszuIuMstiBenda nssuIunngs

wesufiwvhelethiifinspaduniiuesulaeenled (Sorption-enhanced steam reforming)

2.6 miﬂmmmsuau‘tmaan‘l«mmaunuﬂgnimimiumma‘lam 5,6,11]

mmummaﬂL.LnamiuaulmaanlmﬂwmmumsvmlgnimsWawmma‘Lamwﬂm
IﬂamsLmumfmwuumlﬂumamumimﬂgﬂimmiama‘l.umsawﬂa'smuas faiestasiivnson
mmmﬂuwmmmumﬂwsunaun‘uﬂgﬂimswgiummalammammuaalﬂ Fasgndy
mduorlnsenledmsiinuausind

- aunsagaduniamiveulaeenlanlalugasgungdl 450 - 650 esrnialdud

_ fienmaden (Selectivity) lunsgaduufiaansusulasanlungs

- mmiﬂ@,ﬂ%uLLﬁ”ami‘Uaulﬂaanleziﬁlé‘ﬂuﬂ%mmﬁmn

_ feuadesdlernumsTdnunazmsshnduunldlnl (Regeneration)

- f5wengn

- Hemununuuazsdausdunisliny

- arwanshevesgangiinidlunisgauazeeduuiansueulaeenlusios

a'ms'ummmwmmauummnanﬂs“ﬂau"l,ﬂmammmsuwwulmmmsﬁwmmLLav‘w
Jupreritusauandumsned 2.2



o o @ ¢ ¢ 1 v v w aca o ¢ a v ¥
AN 2.2 G]’J@,ﬂ‘dumiv@ulﬂaaﬂlﬁdﬂﬂL‘ml’wmmﬁ]mﬂ‘miauﬂUUQﬂiEJ'TiWE)imNWJEJLLE]u’I [5]

AN aty o
v gaumNldlunts
- v e sty - ,
viinvesragadu y tngduunldlnai
(g COz / -
v (asA ALY E)
g ANATU)
Calcium carbonate (CaCOs) 0.79 900
dagadufl | Dolomyte (CaCO5 x MgCOs) 0.46 900
wuldnu Huntite (CaCO5 x 3MgCOs) 0.25 900
§I5UYA Hidrotalcite, promoted K,;COs / 0.029 400
Hydrotalcite
o o 4 Lithium orthosilicate (LizSiOq) 0.37 750
AINAYUN
w _ . | Lithium zirconate (Li,ZrO,) 0.29 690
F9LATITN VU
Sodium zirconate (Na,ZrOs) 0.24 790

2.7 waadsueanlyd (Calcium oxide, CaO) [5,6,11-13]
LmaL%auaanlsnﬁl.ﬂuéhgm%’uLLﬁaﬂﬁuau‘lﬂaaﬂl%ﬁﬁwulﬁmuﬁﬁmﬁ wagauNsn
wARlFINMTIETIUYY (Limestone) Tigaumafl 900 serniwaldeaaslmluunaideeenlusvioyu
9m (Lime) wazufaniveulaeenlesiaunsd 2.5)

CaCOy, —=5Ca0y,y +COyy, . (2.6)

dofvesunativueenlenfa dsra1liwne niladrsuazauisagady
afusulaeenleslags uenanmiuufiseinmsgaduaiveulasenludvewnaidensenlasiiu
Ufisenmenuisy %amm’i"auﬁqw‘iﬂﬁﬂﬁﬁ%m‘%waﬁuﬁaﬁaalaﬁqﬁ@uﬂﬁﬁ%m@,ﬂmm%ulﬁm
itunaztsanmdanuiifedifuiniosivefmmesiieinusefugamgils UAsemsgadu
msueulasonladuanidianmsi (2.7)

Ca0y, +CO,, <> CaCOy, ~ AHY,=-178 kJ/mol 2.7)

() 2(e)

2.8 mshwssimaneslilaufindiemasduszneuvesansitaniizauna [7,16]

lunsiiaseinszuaunisivesufisdelatiiinnsgaduaifusulasenled
MWnsieseimanesiilauning Tasmssunumesdussnsuvesasing fiannzaunaves
syuu Famsiasesiilansevils 2 35 fie 1) nmsiisiesiuuy Stoichiometric Wunsuitaunis
URSELALIFAN99 Y89T8UY Fesealimsmmunuiisenifntundisunumesdussneuuosans
Tngldaunamanil 2)  asTiaseiuuy Non-stoichiometric lun1siiasgilagyiliusuna
n&auBassAud (Gibbs free energy) wasszuiiAntesiign daaslduinaesdussnauvosens
sneq Ranmraumaiioanin nsliistRedimstmunsduszneuveEs



Ly

dmFumdseillaisuuy Non-stoichiometric w%aﬂ'ﬁﬁﬂﬁﬁ'\wé'qmuﬁaisnuanm
uawam (Minimization of Gibbs free energy) Tun15ATE wmaaﬂﬂsznaumaamwama
Luaqmnnsumumasﬂaiummalamuﬂgﬂimmmuwmaﬂ;]ﬂssn sl lisudugosun
Ugnsm‘wmmu u,mmmiwuaaml3.,nawmmﬂusvw“lwm‘umuLwammnnmawmmmuﬁm %

mwsuwamuaasvnuamwmmmswu*u (G) ﬁ]“uﬂ'smm‘uuﬂuammu (T) Aueu
(P) LLas‘tJsmmL‘dduaﬂaaamﬂsznaummm n) Tussuu Faumsi (2.8)

G=G(T,P,n) (2.8)

3

nauduiusmaneililauning wdsnudassivdamnsalioulieglugusyius
FuEn1sh (2.9)

dG = —Sa’T+VdP+Z H,dn, (2.9)

i=l

g S Aoteulnsy, ¥ #o Ysums, n Ae Snuluavesssdusenay i lussuuuay

u, # fndmanaiivesesiuszney 1 lussuuiiamiuazgamgdiindd aslii
N
dG=>" pdn, (2.10)
i=1
QInaun1sil (2.10) Amdenudeassivdnmunresssuuasyinng

N
G= Z‘uin’_ (2.11)

i=1
Tumsilvemdsnusassivdiadesiian ssdealinsiiuiteuleannmisnasiglu
spuU Maumsi (2.12)

N

Yam=by j=le.M (2.12)
i=1

Jiti

Tneil a, Aedruuezrenvessiy j luswdussnou i uaz b, Aednussnouves
519 j ATy waganmsiiusinnainsesd (Lagrangian multipliers) 4, azladandulny
G' Wu
Z,u,n, +z/1 (Zaﬂn, -b. ] (2.13)
i=1

mswUiinaesdUssnauiiviliar G' fadesiige anunsavildlaeivualen
ayudues G \leuiu n, Tty 0 sl
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oG! < .
=p+> Aa,=0, i=1.,N (2.14)
al’l T.P Jj=1
"]¢l

Anduszuuiidunida aun1sh (2.14) aunsauanslansaunisy (2.15)

~ M
AG!/ +RTInyP+RTIng+Y Aa, =0, i=1..,N (2.15)

j1

Gf/RT+1n( J+1nP+1n¢ +Z/1a.,./RT=0, i=1,.,N (2.16)
’/17‘ .

o ﬂaauﬂivam‘Wm FRuanianay feanunsaaiulnlaainaunisaniig,
y. Ao iavdulasluavesesduseney i, AG/ fe Standard Gibbs free energy of formation
Tnofuilenduiugaumgll, R Aerasiveuiauas n; Aoswulyavavuauseesrlsenaulu

$UU AIUAINALNSA (2.17)

N
ny =Zn,., i< 25200 (2.17)

i=1

AunTs9 (2.12), (2.16) wag (2.17) unuann1swuy Non-linear 91u7u (N +M +1)

AUANT FeEusaniaunIseANMMIAT ¥, A uag n Nan1saunavesssuy

29 ideiieades

B. Balasubramanian uazame (1999) [14] lvmsvsasafiefinuinssuiunis
%‘Waﬁuﬁaﬁmué’wlafwﬁﬁnmﬁuﬁame"Uuﬁam%Uaulﬂaanlﬁﬁﬁﬂﬂiuisw TRgiNISNAB DS
mmmmiaaﬂgnimmwaqmaaqu,aummsuuLLnam'iuau'lmaan"Lszmw"lﬁuﬂmmaLszjauaanlsm )
wUsiiAnuUsEnoue guvgi amswmulamwaumuwﬁauuawsmmmﬂmwla FINans
nnasskUeaniugesdishe mqmmmmuLmamsuaulﬂaaﬂlsmuawzmwlumﬁﬂﬂ%Lma
asvaulanenlan LWi%Lmawamaﬂ"Lsmaumm’lﬁlummmmmulmaﬂmalﬂ HANTSYIAGBINUIN
u,ﬂaL%auaaﬂlmmumEJﬂmjuu,ﬂam'iuaulﬂaaﬂ‘lwwanu’luiuuu Fedanavililalasiauiin
mnmﬂumawluumiﬂmuLmamsuau‘lmaanlevm Usmmlaimwwmeuﬂsummiaaau 30
Taelua mamsmnwmwluunﬁm%Lmamsuaulmaaﬂlm

L Barelli uazani (2007) [5] l¥inssusmuaznumuaidefiiuuifieatuns
Né‘ﬁlﬁiﬂsLﬁ]ué’fuan'sumunﬁ%'wg%uﬁaﬁmuﬁ'salaﬁﬁﬁﬁmsﬂﬂ%’um%uaulﬂaan‘lfnﬁt.l,azms‘lsz’j’mu
U Iﬂaiuaﬂuamaﬂﬁunaumaamauamennumgmumiwamlaiﬂmummﬁiwaiumumumala
TUALUINIINSRAILINTEUIUNTH ¥ fosennszuvaunsivesuiafmudislotvesiinuded
suamﬂﬂawmaamq WU N9y mum3uumaa‘lﬁjamwﬂuaawﬂmaﬂwamaﬂaaaaaﬂmmuLﬂsaai
Wosuued Feflsratune 1dudu LmeqmiUsuﬂiansumumsmﬂm%ulﬂmLauauu
Usznaudis 2 wuivnede msidwmusulunisuennansusilalasiauesntuniauiunisvia
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Uiiiseuasmsldfgaduansuaulaeenladiinluiiieusnensueulneenlaseenluniautumsih
U5 Feaeauummaildudnmssumudunaves fisen Tnemsuenudnsasimistusenly
ieliaunauiisendeulunenantusivhliianandasilslnsaunnndsty dwmiunszuoumss
vesufiakelerhifimsgaduaniueulneeniad lumidedlelitoyaiieiuigaduimnzan
funsthanld fle upaiieusenled ssmnannsageadumiveuleeenledldlugnmgifiguasd
59PN ennimiAseigldnuTdeyaiimfunamnasnszuiumsive sufisdiudeleth
fitmsldupadeeanlafiiogadunsueulneenlediifioty

'H. Chen uazay (2009) [7] lavhnsfinunsndnlalasiauainnssuiunssesui
#relethilinnsgaduansueulnsenledilindizesoa Glycerod)  1fuansiadulunisiia
UfRsen Taelddnseidadeiidnadousualslasauiindalivssnoude miudu gumgl
Sasduratlothiitloudendwesen wasuhinuufanfvevlasenladiuensan lunsiesek
SuldimaneslulanfindlagldndnnisviirmdsnudassAudliais ngalunsduin
Uinesuseneudng fiannzaugavesUfiien Swmanisiwsizsiuaadliidiuinnsgadu
msuelneenledeeniundoutunisvjiseeriuuiinailalasauinanlslaeilefinunm
mshaufamivelasenledezdenalildusinalelanauiifisdunulude uasannsinses
wueamaifanganiigaiuegluzag 800 - 850 iadu dufeaninszurumsnanlalnsioud
lLifinsienfaansusulneenleduseaa 100 adu anuduiimnzaudmiunssuiumsie 919
st warlughuvessismatlevletvenfiweseadivunzauysana 9.0

X. Wane uagage (2010) [9] ladnumsndnlalasiausinnszuiumssnesuilsmele
hituaslifinsgadumsveulneenled msmeruillie Tnswu (Propane) uasdgaduiilife
waaidousenlad lnsAnuiiladefilnadenisudnlalasiaulsenousiie quugd
(700 — 1,100 wm@a3u) A21uaU (1 — 5 us581076) nagsnadulethiideusolngm (1 - 18) s
SnseildinaneslulauindlasldndnnsilidwdsnudassAvdiiddesiian
lumsdunasinaeussneusieg fanmeaunavesufiten nanisiinsizsinuiinnudium
wnzauiensEUIuM S des snsrdaunsdeulethrslwsmuiunzaudmiunssurunisia
deuuuuAe 12 dwSunseuaunisiilsiinsgaduaiveuleeenied gumgifmnsaude 950 wa
u Seaunsondalelaniauld 0.1 Tuaanwany 1 Tua Tugruveanszuiunisiiinisgady
mfvoulpoonlediigamgfifimnzauyssann 825 leadu (Yeendinszurumsiilifinsgadu
125 \naiu) Tneiansidawnsonaalolanaulfifeu 10 Tua Fuduariigeiiganaumgu
usnantilelasiuindaldannssuaunsifiaundanisosas 99 Tnelua (dry basis) Wlauiey
fulelasiauannssurumsilifimsgedudsdinmmndaniiiesiosas 74 Taslua (dry basis)

D. Saebea wazAmy (2011) [8] WivhnsAnwimswdnlalasiausinnssuiums
Iesuilehelothiiinsgatumiveulnsenlediildasisdufuenuea (Ethanol) Tnednwn
Havitnaseuinalalnsauiindnldszneude gamgl arwdu Srmdumstouveslehe
wemuea warUSaufaaiveulaeenlediiusnsen  mMsiesizinszuiunisldndninesly
Taunfindifioduimesdusznausing fannzaunaveufisen nanisiesizinuindmsu
aszuaunsTilifimsgaduaiuaulasenlafeenaylduinailalnsouintuiiiogungiiiuiy
1M 673 - 973 ey uarldUSuallelasiaugeaaiigumad 973 1adu navesmusumud 1
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auduiiAuerdmalivialelanauiildanas sufumusuiiinzaufetaseinuiuin
danfusnsrdrunistloulethsetenusaiivanganiusgussua 3.0 dmdunisgadu
m%uaulﬂaaﬂ‘leﬂﬁaanlﬂw%'éuﬁ'umiﬁﬂﬂﬁﬁ%ﬂﬂwud%ﬁaﬂ%mmmsLLaﬂLﬁu%u yzaanalyuIuu
elasuitdsnldifuaumaluse Tnodleusinanmsuenasueulasenladvindudesas 80 awvi
TEsnallalnseuinasldvitu 3.7 lwaredund diuan 3.4 Tuadedundidaduusinalslasiou
Aunlgannssuumsiibifinsgaduasuaulasenled @aneiilife gangl 873 inadu A1
#u 1 und uavsasdlevnseevnueaiiteu 3.0)



UNA 3
ASN15A UL

mu?ﬁ'ﬂﬁauhaammuu,asai’waaanszmumswﬁmla“[mmuﬁﬁmsq}ﬂ%uu,ﬁa
asusulasenlsndeniumaihuiiselaslilusunsusiassnszuaums AspenPlus” Litefny
N3EUIUNS FATIErNaTeIRauUIAINY uagmannesuiunsimnzauiige dmiuldidu
wwmslumsyszgnaldiunszuIunssi sumpulunmsaiiunuiiuannssenuuuLazaed
nszulun1suanlalasiau Fenszvaunisiieanuuudl 2 wuu lAuA nszuIUNIS
esufisimugielovhuuuuni Ghded 3.1) u,asﬂ'ﬁxmuﬂﬁ%‘ﬂﬂs‘uﬁaﬁmﬁaalaﬁwﬁﬁmsqm%’u
asvaulasenled (adeft 3.2) Tnsuvusiaswie 2 wuuarlfivieuiisusening 2 nseuaums
iieTiaszimnszuaunsiiiszavsamgenaalunisuanlslasiay

3.1 nszuaumsineduisdimudeletuuuund
dmiunssunumsiildesnuuuiieldlunsinuazUsznaulusmenieajnsel 2
¥urt wdewAnseififiaufiseniesufivimudelodibundnviomiesinesuaies (Reformer)
uasAefnsaliinufisenrowesuiadmundnvdeinioan (Shift  reacton). nIzuIuNs
ansnuanalsifagui 3.1

TURBME

SHIFT

CONDENSE

REFORMER

U 3.1 nsgaunsivesuilismalenvesiimuwuuuni

PINURLAINNTEVIUNSIFUR 3.1 @1snsiudauszneumeilinuuazleinssgniiu

a @ = = °o o a4 9 va > :
Qmuqmaxmmﬂuiﬂamim HEATER uagia3as COMP mudau ielviliannsiivunsaunanis
vufiseluiaies REFORMER wazsianniuszgnanmiuduuazgungiineudwihnjisesielu

P o v ado o a B P Y a o
\w30a  SHIFT Jedsanisgaumgiinanluaniunis wazgainedalandndusiveinisuiunis
S18azlduATaINTEUIUMSLInse U

3.1.1 @15999U
ASEIEUTeINIZUINNS ISR sTiumeleuazUsenaulumie fimuuasle
g ™) =1 =4 ' [ & a " Y a v =’l‘
1 Taevalusimudiudiuysenaunanvesuiasssusd @nninfeuas 95 laslua) uwaluauidedl
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aunRlimufimnuuiavidesas 100 vieussneulufedinuetiaden dwiiuanmsiiusuves
fnuuszneude snsmstleu 1 Alaluaredalus gamgll 25 ssrnwaided uagaadiu 1 113
dmulethiildfiaruusgniienas 100 snsnsteu 3 Alaluasedalus gamall 102.1 s
warda uasAmdu 1 g Sedmiudnsdunistoulethdesimuiiy 3 dmivannns
SrasanszuIunsENiy msketuaesartioudng MIXER enan amiuesgnifivgmgiuas
Aymsily HEATER uaz COMP anadndy reuidngirdeaufinsel Reformer

3.1.2 \5e3Ufjnsnl REFORMER
maluirsesufjnsal Reformer asiiufiSeniifintiudall

Ufiseswesuiialiviu CH, +H,0¢>CO+3H, (3.1)
Uffisemameiuiadn CO+H,0+ CO, +H, (3.2)
Ujnsensiu CH, +2H,0 < CO, +4H, (3.3)

Tu REFORMER  ilUjseniAntunateyjizen sofulunssmesnssuiunisiudentld
wuudasuilu RGibbs anmeduduvadeios REFORMER Useneudegamgil 900 1aadu uag
sy 1 Un$ uasthvesgmugiiuasemuduiiuiuaeuasdu 700 - 1,200 walu uaz 1 - 21
V15 Aa1diu

3.1.3 \nvasufjnsal SHIFT
a1sHunsiUAAZenTliASes REFORMER azgﬂaﬂmmﬁuuazqmmﬁmﬁ
|84 TURBINE uar COOLER musitu Iiveramudu 1 uis wazgamgi 250 ssmnizaldea witevh
Uiiiserieiiades SHIFT fainufseiemasufadn (aunsi 3.2) Winsegraies wuudaeily
mMssiaesnsEuIuNIAe REquil Tunsdiasenszuiunsiiannizie gumgll 250 esmivaliua

WAZAIIUGY 1 U1

3.1.4 \p3palenIENIIvBIMAILaTIAE (FLASH)
asfisnannieies SHIFT azgnangamgdil COOLER  wielilethmuwiudu
youma uaziansueniiuraensinise FLASH sduiumsiigamal 25 ssrnwaifeauasainm
o 1 g

3.2 nszunumsivefufisfimudelethiifinsgaduansusulesenlus
nszuaumsluduiiaeidnuue ﬂe’hEJﬁ'Uniwmumﬁwgﬁuﬁaﬁmué’aeﬂ,mf'lquﬂﬂﬁﬁa
umiaaﬂgﬂimmanﬂaLﬂiaaﬂgmmmLﬂﬂﬂgnsmiﬂawmmalam mwmsaaﬂgnmummm
LmﬂmqmnmsamgﬂimimiuLuaiuwﬂnma umsmemﬂmszmmsuaulmaaﬂlmL%ﬂlﬂ’[umsaq
Ufnsal iitegaduaisueulasenleditindundeufunisiujiseninesuiis ueNIINTL
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nsgviumsilifiriasufnsahewmeiuiadn iesnnaiveulasenledazgnaadulunieudunis
v Asen lnsuwnunmnszuunsuanslafaguin 3.2

FLASH

CONDENSE

REFQRMER

JUN 3.2 nsvviumssHesuiismelauivestimunimageduansueaulasenlas

23U 3.2 smsiufie Tnuuayledesgnilaudgnssuauns tunaiugumgd
uazanuuliTiaavratRen iU §RSenTins 0a REFORMER lnefiiniasinesumesaviinistou
igaduarivenlneanladinionnaionsenledisiut wazldndnimsionniaias
SWosuwes upadeuoenlaitun1imeduaisuoulnsentedeziingmieiiuyuieiaies REGEN
i ueadeeenigsndumldlumsaedusaly oasdeansyuaunisiine

3.2.1 @seaRu
WFgafUnITUILN TINeTuflsdimudasloviuuuund arsseduildlunis
$raeenszUIuNviloutuRe Tmunarleth annzduduiliviieusudmsuivmu uidmsule
ilunszviunsildsnsimsteuidu 3 Alaluasedhlus faiuiadunsimuslisasidn
msteulethseiimuwiiy 3 Wuansbusu

3.2.2 shgagumiveulaeenls ,
| Tumssraesnszuiunsi mgasuaiiveulasenledreunaidonesnlys diaz
Houdngnszuiumsiiiaies REFROMER anmziEusiuvesigeduiteudie Snsmstiou 1 Alaluasie
Halue gumgiiuazarduniniy 25 ssmwadeauas 1 vy

3.2.3 \A389 REFORMER
Ufisemiieduluases REFORMER iiUsznausig

Uisenanesuiavesdinu CH, +H,0 <> CO + 3H, (3.1)
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Uiizemewesuiatin CO+H,04CO, +H, (3.2)
Uiifsegedumsueulaeenlyd  CaO+CO, <> CaCO;, (3.9)
UiAse9 CH, +2H,0 + Ca0 <> CaCO, + 4H, (3.5)

wuusTassfiaenldlun1ssiananszsuiunisilu RGibbs  wasan1IsisuAuTDINg
$ravenszuILNTUTENBUMEgUMYll 900 inaduuazaIudy 1 Ut Pregumgiuagasiud
YSuiasufe 700 — 1,200 waduwas 1 - 21 U1s '

3.2.4 \A389 REGEN
A4 REGEN mihihiaadeueenladiiumsgadumiveulasenlad 3
sragluglunadenasuaiug nduanldanlesnas Tsumslieniou uwudasdililums
$ravsnszurunsiiu RGibbs dwiuaniziinniunisveaiaiss REGEN Usznausmegangil
1,150 1PaIuLasAINAY 1 Uls

3.2.5 A3pauenIsninsuiauazueavad (FLASH)
a157l00na1MA389 REFORMER %gﬂaﬂqmmﬁLLazﬂanuﬁ’uaaLﬁaLLanﬁ;’]aaﬂ
nufanaumilaunssuiunsanesifielethuuund e FLASH sgsufiunisigamgil 25
DIFNALTTALASAMNAY 1 V1S

3.3 A199IADINTEUIUNT
MuIseiiinnsdiaeInsEuaIun1IIe 2 Luude nszulumsIvesufisiiinudae
lethuuuunfuasiiiintsgduaiiusulneanted iednvuazinszimaneshilaundind 91nms
Firsesiiiudsanee Yssneumegungil A wazdnsndrularedimuiitiou Fedwasio
Usinallelnsiauiinaald 3smsieseieeldismavibidmdanudassivdlantesiigaluns
AUINUTUINATTA9) f\]']ﬂﬂ.f]ﬁ%ﬂﬁﬁlﬁﬂ‘ﬁu LUUSIaBILATAN1EALTIUN1TS1ABINTEUIUNS
annsauandldfansned 3.1 uay 3.2
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A151991 3.1 S18asBEATRIUUTIasNsTUINNISI wasuTsimumelsuinwuuUnfnasan sty
Tun1sdranenszuiuns

Fowne | wuusreeiild dn1zizady dsanaziiviuivasu
MIXER Mixer - -
HEATER Heater gauviil 900 LAalu gaungil 700 - 1,200 LAaiu
COMP Compr ANAY 1 Us AMAU 1 - 21 U3
REFORMER | RGibbs gl 900 Lhadu gaumnil 700 - 1,200 Laaiu
AR 1 1S AMUAY 1 — 21 U3
TURBINE | Compr ANUAY 1 UNg -
COOLER1 | Heater gamigll 523.15 4Aa3u -
SHIFT REquil goungil 523.15 Aau -
AR 1 S
COOLER2 | Heater gaunpil 323.15 Aau
FLASH Flash2 goumgil 323.15 ey -

[ s
AUAU 1 U9

= Qs

A1979% 3.2 18829 8AURILUUIIaBINSTUIUNISIHBsuT T inumg e nin1sandu
Asuaulneenlantasan I MlYluNISINaBINTBUIUNIS

YU

Joue | wvudaesdild dnneEady faean1efivuaey
MIXER Mixer » -
HEATER Heater gaumndl 900 LAalu gauunail 700 — 1,200 eaiu
COMP Compr ANNAY 1 U5 AU 1 - 21 U3
REFORMER | RGibbs godngil 900 LAadu gauugil 700 - 1,200 LAaiu
AR 1 U1 ALY 1 - 21 U3
REGEN RGibbs gouugil 1,150 aiu -
AL 1 Us
TURBINE Compr ANNAY 1 Us ’
COOLER Heater gaunnil 323.15 LA -
FLASH Flash2 gaumndl 323.15 LAalu -

AU 1 U

Tums@nununalslasiauiindnldvesusasnizuiumziansuianizsteyaduneen
o "\ & A w Y| °  w < § a o 2
9n1ATe REFORMER wihiiu e Teyaidui 4 (Stream 4) dmiunssuiunsinesuiidinumele

Umuuuni wagdeyaidun 5 (Stream 5)

lodmiimsgadumsveulasenlyn

137652

dmsunssurunissnesuliaiinunae
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4.1 m34den Physical property methods d1m3un1331884n55UUNTT [17-19]

dm3unssnasanszuaun1s maidentdf Physical property methods Tvmangaud
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NNJUN 4.1 Ysunallelasiaunndaldludguvginuiuasuvesusas Physical
o ooy o ¥ w v & o v & °o  w °
property methods 7idenlgiialndiAsaiumnn asudasnsadsnldliisauwuud msunssiass
nszUILNs FlunuIselidenla Physical property methods wuu SRK Tumsdnassnssuaums

4.2 NIRIIVEBUANUYNABIVIIUUUTIABINTZUIUNNT
Lﬁaﬁ'ma]mmgﬂé‘{aa‘uaqmeﬁaaqﬂszmumsﬁa%’w%uﬁ';wamn% AspenPlus
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19110899999 B. Balasubramanian wazAue (1999) [14] s?famsﬁ']Lﬁumimwaaummgﬂﬁm
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4.2.1 38aLBLANIINIARBIATNANITNIAADY
B. Balasubramanian uazan lavinmveassnszuiumskdslalasiaumieiaios
= ¢ w - a ) = ¢ d g @ @ < ¢
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¢ @ P
YAUATRINTNARDIUARIFITUR 4.2
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—ar
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avadlalasiavlutaaiitieanittutas Prebreakthrough  wamdliuiuin msuiusagaduidiluly
Lﬂ%‘la\?‘ﬂﬁﬂiﬂjﬁ]a;’VT’]IﬁU%NWiulaiﬂiLﬂuﬁLﬁﬂ%uﬂJ’m%’mﬂuﬂsj’Nu'm



21

4.2.2 mstheanisnaaeanlglun1sngivaauiuudnaes
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AN997 4.2 NANTSINEBINSELIUMISINELUS s UM UAUNaNITINaB9Yas B. Balasubramanian
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b2 .
. Jawaslnelua (dry basis) Y .
g158eAUsznaU ; SauazAULANATY
NANISVIAGY | HANITIIABINTZUIUNT
lalasiau (Hy) 94 95 1.1
Ty (CHy) 5 4.7 6
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A15197 n.2 Havedgumglisedamsivaliduavesansing fanudu 1 vis wasdnsndiu

mstvaulaursaiivuwinguy 3

= _ | Sasmsluandlua Glaluadedalua)
i (1radw)

Qaa H, co | co, | cH,

700 1.004 0.010 0.243 0.747

750 1.464 0.035 0.340 0.625

800 2.002 0.098 0.427 0.475

- 850 2.565 0.218 0.477 0.304

900 3.038 0.376 0.477 0.147

950 3.293 0.506 0.444 0.050

1,000 3.359 0.583 0.403 0.014

1,050 3.352 0.631 0.365 0.004

1,100 3.328 0.667 0.331 0.001

1,150 3.301 0.697 0.303 0.000

1,200 3.271 0.722 0.277 0.000

WLNELAG HANTITIADINTZUIUNITUINIRIN Stream 4 UBINTTIRBINTLUIUNTT

A151491 n.3 navesdaTiduntsteulouineliinusednsinisluaiteluareasaneg
figaunall 900 U uagAINRAY 1 13

A R X sasnsluadslua (laluadadalug)
dnsrdunisUouletndeiimu
H, LN AR

1 1.725 0.366 0.157 0.477
2 2.540 0.398 0.336 0.265
3 3.038 0.376 0.477 0.147
4 3.339 0.337 0.582 0.081
5 3.520 0.296 0.658 0.046
6 3.631 0.260 0.713 0.027
7 3.703 0.229 0.754 0.017
8 3.752 0.205 0.785 0.011
9 ~ 3.187 0.184 0.809 0.007
10 3.813 0.167 0.828 0.005
11 3.833 0.153 0.844 0.004
12 3.849 0.141 0.857 0.003

VINELAE HAN15INaB9NTTUIUNITUINNAIN Stream 4 YBINITTIABINTLUIUNNG
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A15199 n.4 HaveIRINAURSRIINTInaeluavesansrnee Hgamgll 900 LAadu uas
gnsahunsUeulahsadimuyiiu 3

o .| $asnnslvadelaa Glaluadadalus)
AU (U19)
H, co CO, | CH,
1 3038 0376| 0477 0.147
3 2.345 0.221 0.421 0.359
5 2.007 0.160 0.382 0.458
7 1.798 0.127 0.354 0.519
9 1.650 0.107 0.332 0.561
11 1.538 0.093 0.315 0.592
13 1.449 0.082 0.301 0.617
15 1.376 0.074 0.289 0.638
17 1.315 0.067 0.278 0.655
19 1.262 0.062 0.269 0.669
21 1.216 0.057 0.261 0.682

WUNLLUE HANNSINABINTEUIUNTTUINEIN Stream 4 VDINTTANABINTZUIUNNT

as1sil 0.5 navetgamgiineiosaslngluavedansnigg (dry basis) idhsduntsdeuleun
Rofwuiiu 6 uasAImsY 1 v1s

| Sasamsluandslua (Rlaluasdetalug)
auund (1wadu)
N H, co co, | CH,
700 61.537 0.488 | 15.018 | 22.956
750 69.404 1.240 | 16.421 1 12.935
800 74.620 2.536 | 16.753 6.091
850 77.437 4.152 | 16.245 2.166
900 78.408 5.608 | 15.396 0.588
950 78.519 6.811 | 14521 0.148
1,000 78.391 7.885 | 13.684 0.040
1,050 78.214 8.881 1 12.893 0.012
1,100 78.035 9.808 | 12.153 0.004
1,150 77.866 | 10.666 | 11.467 0.001
1,200 77.708 | 11.456 | 10.835 0.001

PINELUG) HANISTIBBINTEUIUNITUINNRIN Stream 4 YDINITINADINTLEUIUNT
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d‘ a0 U a ' A L2 L 1
M151901 9.2 navesgaumgiivesnnisivaidsluavesanssineg AAnusy 1 ud uazdnsidiu

mstaulathselinuwindu 3

| gasmsluadlua (Alaluadadalug)
aungdl (LAalw)

o H, «e CO, | CHy | CaCOs

700 3.608 | 0.000 | 0.000 | 0.098 | 0.902

750 3.623 { 0.000 { 0.000 | 0.094 | 0.905

800 3.640 | 0.002 | 0.002 | 0.089 | 0.907

- 850 3.656 | 0.011 [ 0.011 | 0.083 | 0.894

900 3.655 | 0.059 | 0.045 | 0.071 | 0.825

950 3.576 | 0.243 | 0.163 | 0.045 | 0.548

1,000 3.359 { 0.583 | 0.403 | 0.014 | 0.000

1,050 3.352 | 0.631 | 0.365 | 0.004 | 0.000

1,100 3.328 | 0.667 | 0.331 | 0.001 | 0.000

1,150 3.301 | 0.697 | 0.303 | 0.000 | 0.000

1,200 3.277 | 0.722 1 0.277 | 0.000 | 0.000

UUBLNE NENTTANEDINTSUIUNITUIUNRIN Stream 5 99INNTIRINTEUIUNTT

A15199 9.3 wavesansirdrunistiaulavidelinusesninnisinaidduaresarsnie
Ngaugdl 900 LAaY waAIINRY 1 Us

\\ N ) snsnsivadelua (Alaluadatalug)
ansdauntstleulaundatinu
H, co co, | CH,

1 1.815 0.120 0.023 0.516
2 3.025 0.086 0.035 0.222
3 3.655 0.059 0.045 0.071
q 3.860 0.043 0.054 0.024
5 3.923 0.035 0.063 0.010
6 3.948 0.030 0.072 0.005
7 3.960 0.028 0.081 0.003
8 3.967 0.026 0.090 0.002
9 3.971 0.024 0.099 0.001
10 3.973 0.023 0.108 0.001
11 3.975 0.022 0.117 0.001
12 3.976 0.022 0.126 0.001

VUIBLNE NANTTIIADINTTUIUNITUINNRN Stream 5 Y8N1TI18NTBUIUNIT
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A191991 V.4 NAVBIAAURBERTINT InaLBeluaTeE1IRee) gl 900 LAadu uay
gnsdunstaulainsaiimuwingu 3

. .. | Sasnslvalalus Glaluadedalug)
AU (U13)
H, CO | €O, | CH,
1 3.655 0.059 0.045 0.071
3 3.412 0.016 0.014 0.143
5 3.264 0.009 0.009 0.182
7 3.158 0.006 0.006 0.209
9 3.075 0.004 0.005 0.230
11 3.007 0.003 0.004 0.247
13 2.950 0.003 0.003 0.262
15 2.899 0.002 0.003 0.275
17 2.855 0.002 0.002 0.286
19 2.815 0.002 0.002 0.296
21 2.779 0.001 0.002 0.305

PLNELNF HEANTTIINBINTSUIUNITUINIRIA Stream 5 VBINTTABINTZUIUNTT

A19199 2.5 wavessnsnistieuneal@ensenladdedninnsinalduaresaisanesg 7
gl 900 wwadu damdumsteulethsatinuini 3 wasanudu 1 uns

sasmstlouneaieveeniad | snsinisiuadslua (Rlaluasadlu)
(laluasadalug) H, co co, CH,
0.1 3.078 0.339 0.415 0.146
0.2 3.123 0.302 0.355 0.144
0.3 3.175 0.263 0.296 0.140
0.4 3.234 0.225 0.240 0.135
0.5 3.304 0.186 0.187 0.128
0.6 3.388 0.146 0.137 0.117
0.7 3.490 0.107 0.092 0.101
0.8 3.618 0.068 0.053 0.078
0.9 3.655 0.059 0.045 0.071
1.0 3.655 0.059 0.045 0.071
1.1 3.655 0.059 0.045 0.071
1.2 3.655 0.059 0.045 0.071
1.3 3.655 0.059 0.045 0.071
14 3.655 0.059 0.045 0.071
1.5 3.655 0.059 0.045 0.071

VLR NBNT91883INTSUIUNMTUININ Stream 5 UBINITANABINTEUIUNTG



51

d a 1 Y 1 . d'u ) %’
A19199 .6 navesgnungiiviesosazlngluavetanseneg (dry basis) Ngnsadumsteuleun

FLWUYINAU 5 wagANUey 1 uns

- | Sesmslvaidalua Glaluasedalus)

aaunnu (LAa)

T H, co co, | CH,
700 99.612 0.000 0.002 | 0.386
750 99.622 0.003 0.014 | 0.361
800 99.558. 0.026 0.083 | 0.334
850 99.136 0.167 0.395 | 0.302
900 97.307 0.869 1.565 | 0.258
950 90.892 3.583 5.344 | 0.181
1,000 78.112 9.155 | 12.662 | 0.072
1,050 779421 10.206 | 11.831 | 0.021
1,100 77762 | 11.162 11.069 | 0.007
1,150 77.591 | 12.033| 10.373 | 0.002
1,200 77.435 { 12824 9.741 | 0.001

NUYLNE NBNTITIIDINTEUIUNITUINIRIN Stream 5 VBINTTIN@BINTEUIUNIT
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2] LY a o a ¥ ol; ] =
A998 .1 dasnsivadaluavedlalasiauindalaannssuiumsiiasiiuy Ngamgiinag
dasnsteuloundefivmunieg Arusu 1 u1s

. sasnsivadsluavadlalnsiauiindald Rlaluadatlua)

qzqugu NSEUIUNTSUULUNR NITUAUNTHINSATY

(18 31) S/M=1 S/M=3 S/M =6 S/M=1 S/M=3 S/M =6
700 0.489 1.004 1.600 1.692 3.608 3.969
750 0.717 1.464 2.268 1.699 3.623 3.971
800 0.998 - 2.002 2.940 1.710 3.640 3.972
850 1.337 2.565 3.432 1.733 3.656 3.970
900 1.725 3.038 3.631 1.815 3.655 3.948
950 2.113 3.293 3.655 2111 3.576 3.852
1,000 2.434 3.359 3.628 2.434 3.359 3.628
1,050 2.656 3.352 3.590 2.656 3.352 3.590
1,100 2.793 3.328 3.553 2.793 3.328 3.553
1,150 2.874 3.301 3.518 2.874 3.301 3.518
1,200 2921 3277 3.486 2921 3.277 3.486

VLELNE S/M Ao ams1drunistiaulatimeiivnu

15197 A.2 ANSzAINUSeUTRIATed HEATER Tunssuiunsweasanuy Nensnarunistaulei
soflnulasgumuglisna firnuau 1 u1s

gnsrdiunas a1szAdIMSEUYBATeY HEATER (Rladns)
Houlovwiafimu | gamgdl 700 e | gumgii 800 ey | armgf 900 1Ay
1 14.150 8.473 11.224
2 19.574 11.744 15.555
3 24.998 15.014 19.885
4 30.422 18.284 24216
5 35.846 21.554 28.546
6 41.270 24,825 32.877
7 46.695 28.095 37.208
8 52.119 31.365 41.538"
9 -57.543 34.636 45.869
10 62.967 37.906 50.199
11 68.391 41.176 54.530
12 73.815 44.446 58.860

VINELNG HANTIINADINTEUIUMMTUINNAINLATBY HEATER Tunsaaenssuiunis
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A15197 A.3 MsEYBUATEY REFORMER lunssuiumsviasuuy Ngamaiivazdnsimstenuleih

soluiwanAaiy fausy 1 uns

N
9 U

AMTEAUTIUTDUAIES REFORMER (Rlasns)

n ASZUIUNISLUUUNRA nismumiﬁﬁmiqﬂﬁu
(ina3u) S/M=1 S/M=3 S/M=6 S/M=1 S/M=3 S/M=6
700 6.376 12.954 20.562 6.247 6.933 7.063
750 9.812 19.532 29.928 71.240 8;201 8.381
800 14.748 28.069 40.185 8.417 9.614 9.848
850 21.804 38.327 48.782 10.702 11.824 12.079
900 30.952 48.340 53.417 18.471 17.500 17.395
950 40.663 54.882 55.319 48.645 35.280 33.426
1,000 48.803 57.730 56.292 58.826 67.752 66.314
1,050 54.420 58.914 56.980 65.188 69.682 67.748
1,100 57.871 59.556 57.545 69.387 71.072 69.061
1,150 59.892 59.997 58.027 72.160 12.266 70.296
1,200 61.068 60.337 58.443 74.093 73.362 71.468

VIRIELAG, NEN1391883NUIUNSUINIRINATE REFORMER Tuusiagnszuiums
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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 AspenPIusTM. 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/CET 1439070



416

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
gliminate 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
AspenPlusTM 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 AspenPIusTM. 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 AspenPIusTM 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 COz sorbents (SORB-IN).

HEATER

CONDENSE

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:98= +206 kJ/mol (1
Water-gas shift CO+H,0 & CO, +H, AH; = -41 kJ/mol ()
COzadsorption Ca0 + CO, «» CaCO, AH,, =-178 kJ/mol (3)

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 3900 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 CHs, H20, CO, CO2, CaO, CaCOs and Ha. 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 CO2 sorbent or CaQ feed rate is 1 kmol/h which equal to the
stoichiometric value of CO2 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 % Ha
and 5 % CH, whereas the gas composition of 95 % H> and 4.7 % CHa4 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 motlar 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 AspenPIusTM. Under the standard conditions as shown in Table 2, the SMR process
provides a gas product consisting of 75.23 % Ha, 9.31 % CO, 11.82 % CO; and 3.64 % CH4 (dry basis),
the molar-flow rate of Hy is 3.04 kmol/h and the methane conversion undergoes 85.34 %. For the SE-SMR
process, the gas mixture of 95.42 % Hz, 1.54 % CO, 1.17 % CO: and 1.87 % CHjy (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 Ha/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 H2 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 Ha, as illustrated in Figure 2A.
The molar flow rate of Hz is 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 Hz 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 H2 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 Ha is steadily increased between
700 and 850 K. As shown in Figure 2B, it can be seen that the molar flow rate of CO2 is in the trace
amount and CaCO; was formed (result not shown). Maximum H2 produced from this process is 3.66
kmol/h at 850 K. When the operating temperature is further increased, the Hz 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 Ha
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 H2 molar flow rate
increases significantly and relatively stable afterwards. In this process, the Hz2 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 Hz 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 Hz produced by SE-SMR process at 1 bar and S/C =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 H2 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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the CO» concentration is increased which in turn is no CO2 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
purity. 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 Hz 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 Ha 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.

8. 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 Ha. White,
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 Ha 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 Ha 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.

Acknowledgement

The authors gratefully acknowledge the supports from Faculty of Engineering, King Mongkut's Institute of
Technology Ladkrabang and the Thailand Research Fund.

References

Balasubramanian B., Lopez Ortiz A., Kaytakoglu S., Harrison D.P., 1999, Hydrogen from methane in a
single-step process, Chemical Engineering Science, 54, 3543-3552

Caravella A., Di Maio F.P., Di Renzo A., 2009, Methane steam reforming in a staged membrane reactor:
Influence of the number of stages and amount of catalyst, Chemical Engineering Transactions, 17, 25-
30

Chen H., Zhang T., Dou B., Dupont V., Williams P., Ghadiri M., Ding Y., 2009, Thermodynamic analyses of
adsorption-enhanced steam reforming of glycerol for hydrogen production, International Journal of
Hydrogen Energy, 34, 7208-7222

Collodi G., 2010, Hydrogen production via steam reforming with CO2 capture, Chemical Engineering
Transactions, 19, 3742 :

Dou, B., Song, Y., Wang, C., Chen, H., Xu, Y., 2014, Hydrogen broducti_on from catalytic steam reforming
of biodiesel byproduct glycerol: Issues and challenges, Renewable and Sustainable Energy Reviews
30, 950-960

Liu, Z., Park, C.S., Norbeck, J.M., 2013, Sorption enhanced steam hydrogasification of coal for. synthesis
gas production with in-situ CO, removal and self-sustained hydrogen supply, International Journal of
Hydrogen Energy, 38, 7016-7025

Ochoa-Fernandez E., Jensen S.F., Rytter E., Berresen B.T., Krogh B.T., 2009, Evaluation of Hydrogen
Sorption Enhanced Reforming with CO2 Capture, Chemical Engineering Transactions, 29, 991-996

Wang X., Wang N., Wang L., 2011, Hydrogen production by sorption enhanced steam reforming of
propane: A thermodynamic investigation, International Journal of Hydrogen Energy, 36, 466-472



64

Qo Y o

UseiRgRdY

%o - wwana (n1wlne) As. ging Wysasled
¥ - wwana (MNwsIngw) Dr. Yaneeporn Patcharavorachot
sunisilagtu 219758

1 < dAa \ 14 1.4 Qs a fa o 4
whsnusszauiiagifarolfazemn wSeumneiainsdmi Wisans uaslusedlddidnnseling (e-

mail)

a1 3yimnssuedl augdmnssumans
anunalulagnszanundidnunmnsaianssls

0. RABINTI UYW/LUPAANTEUS NTUMNLRIUAT 10520
nséws 02-3298360-3 fia 151 nsans 02-3298360-3 nm 4

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

Usyifnisfinw

USeuayas UMINYIREATUATUNTI LI 90.Y. (Aenssuai), 2548
USeyayen PRI INGISY 6.0, (Genssuweil), 2553

vIvNEnAUT YRy (WanaeImiinsAng) seyanuizans

Process simulation/Renewable energy/Hydrogen production/Solid oxide fuel cell

Usraumsaififeidesiunmsuimsnuiieiameluiasnsuenusyva Tassyyanuamlunish

mMyeinduggnensuanandds Wmhlesanside wiedsuidelunsiaznaside
Wintilasanside

7.2.1

722

1.2.3

7.2.4

mMsieTIeanssauzvenasidomasiaoonlesufiuuiiusneuiiiingg
\inufiserivesuileslfinesianvuaiely  deyuideantuielfams
IMINsTuAIERs anumaluladnszasuindndiaummisaianss vy Uszdd
suUszanm 2555 szestamsifiulasens 1 ¥ dwauduildiunisatuayy
80,000 um
suuinmenTaditemamingenleduiauuuiithivsneufunssuiumaininedad
awuuselawmeiiaveueniuea
monutsntunelianzinnssumans andumalulagnszasundidraamms
aansetls Usesdeuuseana 2556 seesnainmaniiulasens 1 7 Snouduildsu
msatuayy 80,000 UM '
ms$assnszuaumsuanfglelasiauiiinsuentensueulasonlsfluduneuien
InensTd ASPEN PLUS
Fhenuitsrnidunelfaugimnssueans antunalulaginsyasundndigumnms
aanszd Ussdrdaussanal 2557 szesanssniiulasins 1 9 Snnuduilasy
AseEivayu 60,000 U
ssuunveasadifendmineanledufuuuilusnouiiniiunueanudugs
wazmssnesufiandiweseareiinileings
fhenuidsandtinaunewuatiuayuniside (an) waz antuneluladnszeeu
nwanRmmsainnszls Yssdithudszanm 2557 ssezainisaniulasenis 2 ¥
SruauRuitldsunsaliuayu 480,000 v



65

X’ o o @ 9/
7.3 Adeivinasauan
7.3.1 HAMUIARUWHBWNS (Aaus 2010)

73.1.1

7.3.1.2

7313

7314

7.3.15

73.1.6

73.1.7

7.3.1.8

7319

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

and Environmental Policy 16 (2014) 1295-1306.

Patcharavorachot, Y., Chery-rod, N., Nudchapong, S., Authayanun, S,,
and Arpormnwichanop, A., Hydrogen Production from Glycerol Steam
Reforming in Supercritical Water with CO, Absorption Unit. Chemical
Engineering Transactions 39 (2014) 349-354.

Likkasith, C., Saebea, D., Arpornwichanop, A., Piemnernkoom, N., and
Patcharavorachot, Y., Simulation of Hydrogen Production with in Situ
CO, Removal Using Aspen Plus. Chemical Engineering Transactions 39
(2014) 415-420.

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

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

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

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

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

methane. Chemical Engineering Research and Design 91 (2013) 1508-
1516.



7.3.1.10

7.3.1.11

7.3.1.12

7.3.1.13

7.3.1.14

7.3.1.15

7.3.1.16

73.1.17

7.3.1.18

7.3.1.19

66

Saebea, D., Patcharavorachot, Y., Assabumrungrat, S., and
Arpornwichanop, A., Analysis of a pressurized solid oxide fuel cell-gas
turbine hybrid power system with cathode gas recirculation.
International Journal of Hydrogen Energy 38 (2013) : 4748-4759.
Saebea, D., Authayanun, S., Patcharavorachot, Y., Paengjuntuek, W,
and Arpornwichanop, A., Use of different renewable fuels in a steam
reformer integrated into a solid oxide fuel cell: Theoretical analysis and
performance comparison. Energy 51 (2013) : 305-313.
Patcharavorachot, Y., Wasuleewan, M., Assabumrungrat, S., and
Arpornwichanop, A., Analysis of hydrogen production from methane
autothermal reformer with a dual catalyst-bed configuration.
Theoretical Foundations of Chemical Engineering 46 (2012) : 658-665.
Thanomijit, C., Patcharavorachot, Y., and Arpornwichanop, A., Design
and Thermal Analysis of a Solid Oxide Fuel Cell System Integrated with
Ethanol Steam Reforming. Computer Aided Chemical Engineering 30
(2012) : 287-291.

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

Chaichana, K., Patcharavorachot, Y., Chutichai, B., Saebea, D,
Assabumrungrat, S., and Arpornwichanop, A., Neural network hybrid
model of a direct internal reforming solid oxide fuel cell. International
Journal of Hydrogen Energy 37 (2012) : 2498-2508.

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

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

Authayanun, S., Arpornwichanop, A., Patcharavorachot, Y., Wiyaratn,
W., and Assabumrungrat, S., Hydrogen production from glycerol steam
reforming for low- and high-temperature PEMFCs. International Journal
of Hydrogen Energy 36 (2010) : 267-275.

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



732

67

7.3.1.20 Patcharavorachot, Y., Paengjuntuek, W. Assabumrungrat, S., and
Arpornwichanop, A., Performance evaluation of combined solid oxide
fuel cells with different electrolytes. International Journal of Hydrogen
Energy 35 (2010) : 4301-4310.

7.3.1.21 Arpornwichanop, A., Patcharavorachot, Y., and Assabumrungrat, S,
Analysis of a proton-conducting SOFC with direct internal reforming.

Chemical Engineering Science 65 (2010) : 581-589.

nauihiauslumsusegions (Faust 2010)

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

7.3.2.2 Likkasith, C., Saebea, D., Arpornwichanop, A., Piemnernkoom, N., and
Patcharavorachot, Y. Simulation of Hydrogen Production with In Situ
CO, Removal Using Aspen Plus. The 17th Conference “Process
Integration, Modelling and Optimisation for Energy Saving and Pollution
Reduction” (PRES 2014), 23 - 27, August 2014, Prague, Czech Republic.

7.3.2.3  Arpornwichanop, A., Suwanmanee, U., Saebea, D., Patcharavorachot,
Y., and Authayanun, S. Study on a Proton Exchange Membrane Fuel
Cell System Fuelled by a Mixture of Bio-Ethanol and Methane. The
17th Conference “Process Integration, Modelling and Optimisation for
Energy Saving and Pollution Reduction” (PRES 2014), 23 - 27, August
2014, Prague, Czech Republic.

7324 Saebea, D, Authayanun, S, Patcharavorachot, Y., and
Arpornwichanop, A. Enhancement of hydrogen production for steam
reforming of biogas in fluidized bed membrane reactor, The 17th
Conference “Process Integration, Modelling and Optimisation for
Energy Saving and Pollution Reduction” (PRES 2014), 23 - 27, August
2014, Prague, Czech Republic.

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

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



71327

7.3.28

73.2.9

7.3.2.10

73211

7.3.2.12

713213

73214

7.3.2.15

68

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

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

reformer: Design and performance evaluation. Fifth European Fuel Cell

- Technology & Applications Conference, Piero Lunghi Conference,

December 11-13, 2013, Rome, Italy

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

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

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

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

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

Saebea, D., Authayanun, A., Patcharavorachot, Y., Paengjuntuek, W,
and Arpornwichanop, A., Performance Analysis of SOFC Systems
Integrated with Steam Reforming of Different Renewable Fuels.



7.3.2.16

73.2.17

7.3.2.18

7.3.2.19

7.3.2.20

73.2.21

69

International Conference on Renewable Energies and Power Quality
(ICREPQ’12), Mar 28 — 30, 2012, Santiago de Compostela (Spain).
Tippawan, P., Patcharavorachot, Y., Assabumrungrat, S., and
Arpornwichanop, A., Thermodynamic Evaluation of Ethanol Steam
Reforming via Acetaldehyde as an Intermediate. The 21th Thai Institute
of Chemical Engineering and Appiled Chemistry International
Conference (TIChE 2011), Nov. 10—11-, 2011, Hatyai, Songkhla, Thailand.
Aunsup, P. Patcharavorachot, Y., Assabumrungrat, S. and
Arpornwichanop, A. (2011). Comparison of Different Hydrogen
Production Processes from Biogas: Thermodynamic Analysis. The 21th
Thai Institute of Chemical Engineering and Appiled Chemistry
international Conference (TIChE 2011), Nov. 10-11, 2011, Hatyai,
Songkhla, Thailand.

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

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

Patcharavorachot, Y., Brandon, N.P,, Assabumrungrat, S., and
Arpornwichanop, A., Theoretical Study of a Planar Solid Oxide Fuel Cell
Using Proton-Conducting Electrolyte. Commission on Higher Education
Congress Il University Staff Development Consortium (CHE-USDC
Congress Iil), Sep. 9-11, 2010, Chonburi, Thailand.





