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This report summarizes the results obtained from the study in the first year under the 

three-year continued project "Control System of Solid Oxide Fuel Cell Integrated with Reforming 

Reactor." The objective is focused on analysis and improvement of the production of hydrogen 

for fuel cell applications. The study is divied into two parts. The first part involves a performance 

analysis of a dual-bed autothermal reformer consisting of two sections of catalyst; the first section 

of ptJ Al2 catalyst is designed for oxidation reaction, whereas the second one involves steam 0 3 

reforming reaction based on NiJMgAlP4 catalyst. A one dimensional, non-isothermal reactor 

model was employed to examine the reformer performance regarding important operating 

conditions such as H20 /CH4 feed ratio, O/ CH4 feed ratio, temperature and location of steam feed. 

The simulation results indicate that when the dual-bed reformer was operated at the H20/CH4 

feed ratio of 1.0-2.0 and O/CH4 feed ratio of 0.45-0.60, the methane conversion of 93% and the 

H/CO product ratio of higher than 2.9 were obtained. In addition, it was found that adding steam 

at lower temperatures to the steam reforming section of the dual-bed reformer can produce the 

synthesis gas with a higher ~/CO ratio. 

In the second part of the study, an adsorption-membrane hybrid system in which a carbon 

dioxide adsorbent is used to remove undesired carbon dioxide and a membrane is applied for 

hydrogen separation is theoretically investigated with the aim to improve the performance of a 

steam reforming process. A thermodynamic analysis of such the system was performed and 

compared with a membrane reactor and an adsorptive reactor. It was found that the removal of 

hydrogen by membrane separation has higher impact on the reformer performance than the 

carbon dioxide capture by adsorption. The adsorption-membrane hybrid system for ethanol steam 

reforming gives the highest hydrogen yield. Considering a possibility for carbon formation, the 

simulation results showed that the use of membrane for pure hydrogen production increases the 

trend toward carbon formation. This is due to an increase in carbon monoxide concentration in the 

reaction zone that promotes the Boudouard reaction. In contrast, the use of carbon dioxide 

adsorbent reduces the formation of carbon as carbon monoxide is less generated in the system . 
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{Yn~-:J~utr-:J~u ri-:J~~1 ~'1U fll'j~1!iJU-:J1U 'lJv-:J!fliV-:J'1vJflflJ!lJvf~!fi~u~m v1'1vJvflJiJ-:J~1V!V 
~ ~ ~ 

t11~V-:J 1~~~-:J-:J1U ~lU1U mfl U Vfl1)lflil fll'j 1 ~f.Jru 'l1f.;]iJ1 Ufll'j ~l!iJU -:J1U tr-:J'lJwj-:Jri-:J~~~Vfln 

!~fllJ{Ym~'lJv-:J19i1!~ -:Jtl~ men 'j 1lJJ-:Jfll'j !fi~fl1 f 1JflU ~-:J 1)~'Ii~'lJ1N fll 'j 'VllU ~mVln~~m 1)'Vl11~ 
QI " .,j '" .. d ~ 9Jfl11lJ~U~~ (pressure drop) mv !U!mfl-:JU!jmru!~lJ'lJU~1V 

... 
• U Vfl1)lflfl 'j ~1J1U fll'j'1vJ vflJiJ -:J~1V!vJln~1 1f1) 1)1]U tJfl1 ~Vri1U 'l1 ~ -:J V-:J 1~fl11lJ ~u11)

Q 

fl'j ~1J 1U fl n'1vJ vflJ iJ-:J n'U 1J vvl\9l rVlfl flY~ fll 'j 'j 1lJU ~m Vl~ ~n~~fI1tJfl11lJ~ flU!11u!fliv'l 
I 'JI 'JI I 

u~mW!~V1nU'Vl11~~~mmru~~'1-:J1U.fl1VUVfl111~fllm~lPl! eY 1~'j !1)U ~-:J '\'l'lilmv1u!fl~V-:J 
• I"'.. '1 .. ... " 9J W " ?I QI 9J' lI] d .,jlJ!jm run'U1JV fl !1Pl!'YI V 'jlJ ~ 1)~ ! 'lffllC)$.fl1tJ ! U 'j ~ 'U'U!lJ U \9l1~ lfl11lJ 'j V U v Vl-:J ! 'jfl\9l1lJ!U V-:J 1) 1flfll'j 

'j 1lJU~m V1'1vJ fl flJiJ-:J ~1V!flJ1n~~fll'j flflfl;!~iu 'U 1'1 ri1U!.u' 1 ~1vnu 'Vl11 ~fl1'j!U~ V'U n U~-:J~ 

!fi ~ ~ 'U fll V1 'U !fl i fl-:J U ~ fl 'j W ij fl11lJ cif1J ~fl 'U lJ 1 fl ~ 'U 1 ~ V! Q ~ 1~ fl ri l-:J t -:J fl1 'j ~~ fl1 'j !i fl-:J {Y lJ ~ ~ 
~~-:J-:Jl'U~ !~1)lflU~m Vl!flijJ-:J{yfl-:J 1)lfll1ty'l11~!~V1.u'fl-:Jn'Um~'U1'U fll'j ~~IPl!eY 1~'U!1)'U~-:J~'~ 
fl~11m fll'j;;rmn ~~'U 1 u~~vvm!'U'Um~'U1'Ufln'1vJflflJiJ-:J!lifl!vtlJu'j ~ff'Vl~ m~'lJfl-:Jfll'j ~~\9l 

!eJl~'j!1)'U~'1!rJ'U!ifl'l~'thtYu11) 

1. !Yiv1!m l~t!U'j ~ff'Vl~.fl1~ 'lJfl-:J!fli fl'lU~mwn'U'U!1J~~ bfl'l1 i''U fll'j ~~\9lfl1C}f! eY 1~ 'j!1)'U 

.,j ,,9J ~I ,I '" QI .. ,I '" '" lI]" d0 

!~fl !'If!lJ'U!'lftl!~~'1{Y1'l1 'j'U!C)$~~!'lfm~ ~-:J'b''U ~ flflfl bC)$~U 'IJ-:J 

2. !Yifl1!fl 'j 1~t!U'j ~ ff'Vl ~ m~'lJfl-:J!fli fl'lU ~mwn1J1J !tm~ fl fl ~1'U ~ijl9i1~ ~cif'U bfl'l1 i''Ufll 'j 

'" W lI] 'i .,j 9 9J?1 ,I '" 0'" .. ,I '" '" lI]" d 
~~\9lfllC)$ !eY !~'j!1)'U!~fl !'If!lJ'U!'lfm~~-:J'tY1'l1'j'U!C)$~~!'lfm~~-:J'lf'U~flflfl1C)$~n'IJ-:J 

<d 9J ,I dd 9J ... "' .. ",,I ",.,j '" W lI] 'i
1. ftfl'l:ll'IJ fl~~~ 'U~l'U'Vl!fl V'J'IJ fl'lfl 'Um~'U1'Ufl1'j'j vJm lJlJ -:J!'lffl!~~ -:J!~ fl~~ \9lfllC}f teY b~'j!1)'U 

2. ~~'U1U1J'U~1~fl-:J!flifl-:Jtl~mw~ !fi~u~mV1'1vJvflJiJ-:J !~!!~!fli fl-:Jtl~fl'jWU'U1J!1J~~ 

n~~ !flifl-:Jtl~ fl'j W!! 'U'U!tm~ flfl ~1'U ~ijI9i1~~cif'U 

3. ;;rfl'l:l1~~'lJfl-:J19i1UU'j1Pi1-:J"l !~n~ 51Pl'j1fl1'jtJflU!~fl!~~-:J ~ru'l1f.;]iJ !1J'U~'U ~ij~fltl'j~ff'Vl~m~ 
fl1'j~~lPlfllC)$!eJ1~U!1)'U1~v'1~!fli fl-:JU~mwu'U'U!1J~~ 
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4. ~tl1:l1vm'IJmilUtJ'J~1\l"l1~uri rl'\9l'Jltl1'JtJtl'Ul~mTI~\l ~W'Y!tJlJ ltJ'UI'i''U ~]j~tltJ'JdY'VInfl1TI 
tl1'J~~\9lf119f'~1\9l'U111 'U 1\9lVH)lfl~ tl\ltJB m Wll'IJ'lJlgtll~tltl ~1'U ~]jil~\9lCJ1'IJ 

o 4' <j/ ~ .o:::tdd 9J 
1. bY1'J 111ltl tl bYl 'J 'VIl'l1'lfltl1 'J m\l"l U(I::; 'J 1'IJ 'J llJ'IJ tllq! (I't'I'Ui l'UU(I::; 'VI \]1:1 ~ 'VIltl tJl'IJ tl \l 

2. <WnJ'U 11l'IJ'IJ ~l(l tl\l'IJtl\llfl~ tl\ltJB mw~lfll'ltJBm Vl~-Wtl~lJlJ\l ~bYfIll::;fl\lil 

3. vll tll 'J ~1(I tl \l (simulation) lfl~ tl\ltJB mW~lfll'ltJBmtJi~ -Wtl~ lJlJ\ll I'l tJ t i'1 tJ'J UtlUJ 

Q "fltllJTI11\9ltl'J 

Cl Q.I .... I' It] 'jJ I Q.I 2'1 ~ ~ ~ ~I 'jJ d otd I 

4 . fftl1:l1~'fI'lJtl\l\9l111u'J\9lH"l !I'lUtl tl\9l'Jltll'Jutl'Ul'lftllTI(I\l ~W'Y!tJlJ lu'U\9l'U 'VIlJ\9ltl 

tJ'J::;~'VIn fI1TItl1'J~~\9lnl9fl~11'l'U111'Ul\9ltJti'lfl~ tl\ltJ B m WU'IJ 'IJ 1'IJ I'l ~ 

5. fftl1:l1~(I'Utl\lilUtJ'J~1\l"l1~uri rl'\9l'J1tll'J'iJtl'Ul~tll't'l~\l ~W'Y!iJlJ ltJ'UI'i''U ~]j~tltJ'J::;~'VInfl1TI 
tl1'J~~mil9fl~11'l'U111'U 1l'lvHlfl~ tl\ltJ Bmwu'IJ'IJlgtll~ tltl~l'U~]jil~I'lCJ1'IJ 

6. bY~tJ~(I vl1'J1V\l1'U 1l'fl::;1\9l1mm'fl\l1'U~VilJvrl'Ul1'JbY1'J'U1'Ul'lfl~ 

IIJ~" ~ ~ '" II .,; Q" . .,; "I 
I. !I'l tl\lflfll1lJ~ 1m::; l'U1tl1 'Y! (ltltll'JTI'Ui1'U 'U tl\llfl'J tl\l tJ Dtl'J WU'IJ'lJl 'IJ I'l ~U'fI::;ll 'IJ'IJWtll'fl tltl 

1 cf'G} '3J ~ ~ cI Q.I J ~ a. ~ "l 0 Q.I G) 9J d ~ ~ 
~l'Ulm::;tl1'JtJ'J::;~tl\9l ! 'lflfl'J tl\ltJDtl'J W l'l\ltlml1TItl~'fI\9ltll9f !~11'l'J111'U bYl'Y!'J'IJ ! 'lflll'Ul'lftllTI'fI\lt 'U 

"ll Q

19f'flm'lftllTI'fI\l 

2. 'VI 'J 1'IJ ~\l ~'fI'Utl\li11!tJ 'J ii1!iJ 'U \l1'U ~ l\l"l ~]j~ tlbYlJ 'J 'J t:1 'U::;!fl~ tl\ltJ Btl'J w1-w tl~lJiJ'I!! 'IJ'IJ 

!'lJl'lfiu(I::; II'IJ'IJ!gtll~ tl tl ~l 'U II 'fI::; bY fill::; tll'J ii11iJ 'U \l1'U ~ l'Y! 1J1::; bYlJbYl'Y! ~'IJ tll 'J ~~ \9l nl9fI ~1I'l 'J 111 'U.., 
'1 ~ Q '" ?I II '1 ... " I'" "I " I Q Q

3. bY1lJ1'J t:1 ! 'lf~'fI'U tl\l tll'J 111m u'U TI'Ui 1'U !'U tll'J TInJ'U 11l(l::;u 'J 'lJu1 \lu'J ::;bY'VI1i.tllTI 'Utl\l 

!fl~ tl\ltJBmWll'IJ'IJl'IJI'l~!I'fl::;Il'IJ'IJ!gtll~tlmh'U LYl'Y! ~'lJtlll ~~\9lI ~11'l'J 111'U 

12 



, 
eI 

UYI't1 2 

_I J ~ _ I"" JeI_.I J "" , 0 "" r:Y \II 'iQ.I

fll 'jlJ 'j~fJ fWU fl'H)~lJ {) f)'Hl.! ':in el 'UJlJ ~U'U'W'U Vlt} (;1'111 ':i'U fll'HHWl fll C)f ~eJ l VI ':i!1ll! 

2.11J'mh 

fl1CJf '1B 1~~ !'O'W Btd1!~'W!!l1ri'l'V'l"'1 ,ntHY~m~u,,~5'1v'W ]Ju'Wl1UlJ~'O~tlmhlJ11 oMUl'l'W.. 
!~rH'V'l ~,rvJfJff;mJ1f1~'W 1'W fJ'W 1rWl 'W tlfl '01fldfl1CJf'1B 1 ~ ~! '0 m)'1! ~ 'Wl!l1 ri 'I 'V'l "'I '11'W rl1f1qJ~ 

c.I Cl' ~ fN1'd dt~ Q.I 9J C),Cl'
lJ!l'l'W fllCJftinlJ'l$Hl ltll'll'WfJ" ll"~fllCJf ~CJf"'W !lJtl'V'l'01~tulf1'f1(Jfl1'V'll'l1'1~1'Wf11~vHWIf11CJf 

'1B 1~J!'O'W!!"'1'V'l'lri1 ij!'VI'W ~'1!~'W ~1'W 'lh~flfJUl1"fll 'W fl1CJfti~nJ'l$1~ijr:r~~1'W'lJfJ'I1B1~~!'O'W~fJ 

m1uB'W )HlC (l'WilllJltu~'1 ~'1J'W~'1111'vml~ (yield) 'lJB'Ifl1CJf'1Bl~~!'O'WilllJlW~'1\9l1lJl11~1(J 
rl111~Uf11~ ~~\9lfl1CJflB1~~ !'O'W '01fl]J!l'l'W~iJVlJ1~tl'W 1'W1f'O~'l1''W ~llJ1'jmh'~ 3~11!!'lJ'1J 

~B f11{~'YJB1)JiJ'I~1{J1B111 (steam refonning) f11'jBBflc11!~'l1'W'lJl'1~b'W )partial oxidation) U1:l~ 
d n.1 " '" '1" .., <j} , d n.1 " '" <j} '1f11'j'j1"jmlJlJ'IllU'lJBB l\9lll'lB'jlJ" )autothennal refonning) [1] !!lJl1m~'lJl'Wf11'j~1"jfJ~lJlJ'I~J(J fJ 

J1t.T'W 'O~ 111'~" 1~'lJfJ'I1B 1~~ !'O'W~'1~~~!rlB!ill(JU!~(Jutl'IJm~'lJ1'Wf11~1'YJB1lJlJ'Iuuug'W"l !!~ 
!~B'I '01 fl11 ilfli {Jl1'YJB1lJlJ'I~1(J '1 fJJ1!~'W11ilm (J1~~fll1lJ ~B'W ~ 'I ~'1 ~l!~'W~fJ'Il ~'V'l"'1'11'W '01fl 

fI1 (J'W Bfl ~1'W 1'W lJl f1 ~1'Wm ~ 'IJ 1'W f11 'j B fJ fl;!~ 'l1'W U1 'I ci'1'W !!~i 1 'O~!~ 'W 11 ilm(Jlfll (Jfll1lJ ~fJ 'U!!1:1 ~ 

'1li~B'I fll'jfll1lJ ~B'W '01f1f11(J'W tl fln\9l1lJ I!~ij! 'VI'W '0 ~'Yi'111 ilm (J1tlUtltlfl;! 'O'W 1 'W ill lJlW ~~ltl~ 'Yi'1 

l11'!n~f11'j !~1111lJ'lifflJ\Por ci' '1~1:I111'~1:1 '1~'lJtl'lfllCJf'1 B1~ 'j!'O'Wri tl'W 'ti'1'1~11!1:I~er'l]Jm lJlill fl1'11 

m~'lJtl'WlJtl'W tlfl '1'11~!~tl11'W tlVff 'I ~Jml1 \9l'W~'1 ijtT fl11i (J~1'W 1'W lJlfl'l1'W lJ 1~'W1'Oftf1fd 1f1 'j ~'IJ 1'U f11'j.. .. . " 
d "'" 1 tI Q.I .& d ~ C),~ 9J 0' ~ ~ lI] ~d

~'YJmlJlJ'IU 'IJ'IJtltl \9l!l'ltl~lJ1:I '11'1! U'W f11 'j 'j 1lJl'l'l11!l m (J1~~fll1m tl'W 'lJ tl 'I f11 n'YJ mlJlJ'I~1(J ! tl'Wl 

I! " ~ 11 il m (J1 fl1 (Jfll1lJ ~ tl 'W 'lJ tl'l fl 11 tl tl flc11 !~'l1'W 'IJ 1'1 ci' 1'W '1 .1'1 'W!fl ~ tl'l 11 il fl ~ or!~ WJ tl'U [2-4] 

d n.l " '" '1 <j) ".., & ~I d ?I <j} "j 
m ~ 'lJl'W f11 'j 'j 1"j tl 'j lJlJ'Il!'IJ'IJ tl tl !\9l!'VI tl '.ilJ" 'O'1!lJ'W m ~ 'IJ 1'W f11 '.il'lllJ'W f1 m '1l'l1'1 fl11lJ '.i B'U I'U tl'l '01 fl 

... 
'W"'1'11'W fll1lJ~ tl'W ~ ~~\9l '1 ~'01f1f11'.i tltlf1c11!~'l1'W 'IJl'l ci'1'W ff1lJl'j ml1lJl1~1 'W f11 '.i1'YJ tl 1lJlJ 'II! 'IJ 'IJ '1 tl 

J1 '1~ 'Yi'1 1,r'lfl(J,,~11~lJlW'V'l "'1'11'Wf11(J'W tlf1~~tl'ltltl'W hi'W1!fl1 tl'l11~m or,~ [5] 'W tlf1'01fld 

m~'lJl'Wf11l~'1f1ril1er'lij'ti'tl~l1m{J~1'W !'If'W ff1lJ1'.i m~tlfll~1ff~ '1~t! mflt! m(J rill~~1(J1'Wfll'.i. 
Ml'J'W~l 1!,,~er'l~lfJ~tlf11'.i !~lJ~'W '.i~UU !rlmm tJu !~tJUtlUm~'lJl'W f11'.i1~tl1lJlJ'I~lfJ1tlJ1 !!"~ 

.. v'll~~" 1~'lJtl'lfl1CJf'1B1~'.i!'O'W~'1fli1m~'lJl'Wf11'.itltlf1;!~'l1'W'IJl'lci'1'W~lfJ [2,3,6] 

C),~ d d.Q ~ 1 .cI a' Cia ~ 91 a' Q.I d ,~
11 ~m (Jl I fllJ l'l tfl~ 'U 'W 'W m ~ 'lJl'W f11 'j 'j 'YJ tI'.i lJ lJ.:j U'IJ'IJ tI tI !\9l1 l'l tI 'j lJ l'l '\) ~ 11] 'W!I'lJ 'IJ \9l tI I'W tl'l 

1~m1lJ '01f1f11 '.i In~11 ilm (J1f11 '.i tl Bfl;I~'l1'W 'j ~t! i1'1 ij 1l'l'W U1:I~ Blf11f1' ~'1 '1~~ ~ \9lJlill q{1 ~ 'U fl1'11 

13 



mfm)t.! '~H)flf1 'C)f~U~~J1 'il1mrt.! 'il~!f)~uBm en1vJflflllJ-!I~';W'flJl'\Jfl-!lij!'Vlt.!~m~fll'llllJJ1 U~ 
l~ fl-!l 'il1f1 U B m V1flfl f1~!~ '1ft.! If)~~t.!'~'j 1~ l~ 1f1 i1U Bf)~ v11vJfl f II lJ-!I U Bm Vlfl flf1~!~'lft.!U-!I 

"" .l I/] "'dOl I 'I 'J} 'J} "j ~ I "" 0' I Ol 'J} "" , "" 'I 
!f1~'Ut.! ~~~ !t.!'lf1-!1 	 f1~'Vll-!l!'U1'Ufl-!l!mfl-!llJumW "'-!I~~ ~mf1~f111llUI'lf1l'll-!1'Ufl-!l~Wl1iJllflltJ t.! 

! fI i fl-!l U B f1 'j W tr -!Ill 1 f1 ~ -!I fl1 'il ri -!I ~ ~ f1 'j ~ 'Vl 'U ~ fl f111ll ij l '" ~ V 'j fl1 'W !! ~ ~ f111ll U ~ fl ~.nV 'U fl-!l 

m~'U1t.! f11 'j 'j 1lJ~-!lV-!I ri -!I ~~ '111'19l1d -!I U BmV1!ffV111V'~ [7] !~fl~ 'il~f11iJ fJll ~W 11 iJlJ'Ufl-!l f11'j 

!f)~UBmV1 'I t.l!f1ifl-!luBmw f11'j flflf1U iJiJ!f1ifl-!lUB m WUiJiJ flflll'f!'Vl flflY~U-!lfl1'j fl1l4-!1 ~-!I ~~'Ufl-!l 

19l1UU'j'W1'j1lJll'lflnt.!f11'j~1!'Wt.!-!l1t.!~1-!1 "1 !it.! a~ri1t.!fl1f11fl'~fl!~fl!'W~-!I (o/C) a~ri1t.!Jl~fl 
~ ~ Q.I iI ~ 9J .dd , 	 ~ q tI 

!'lffl!'W ~-!I )HPIC) U~~fll'l'j1f11'j i1flt.!'Ufl-!lm'jI'l-!lI'lt.!'Vllll'lfl",m 'j tlt.!~'Ufl-!l!f1'jfl-!lUumW [6,8] 'il1f1 

f11'jftf1~ N 1t.! l~V~ rht.! 1ll'W'Ui1f11'j !~llJl!'\rl'U V-!I!f1i fl-!lUB mwu'U'Uflflll'f!'VlflflY~ 'il~i1V~~ 
.. 	 ~Wl1 iJilit.!f11'j!f)~UBm enU~~V-!I!YilJ~~ '~'Ufl-!ltl1C)f'ell~'j!'ilt.! !~ fl-!l'il1f1f11'j !~llJl!'U'l'UV-!I!f1ifl-!l 

uBm W 'il~'Vl1 'I ,ruBm V1flfl f1~!~'lft.! 'Ufl-!l ij!'Vlt.!!f)~~t.! ,~t!flV~-!I [9] !riflVl'il UW 1f11'j~1!iJ t.! -!l1t.! 

'Ufl-!l!f1i fl-!l uBmwu'U'U flflll'f! 'Vl flf lY~'W'Ui1 1~ VUf1~U~1J-!I uBm tJ1flflf1~!~'If\.l!!~~uBm v11 

vJflflllJ-!I~1tJ'flJl"'lJJ1'jtl!f)~~t.!'~ t.!19l1d -!luBm V1iJ!f)~ (Ni-based catalyst) u~fldN h~l'llll 
f1U 'I ~19l1!~ -!luBm tJ1UI'lf1~ l-!1nt.! hJ!!~ ~~UBmV1'il~ 'I ,rU'jdY'VlTIfll'W 'It.! f11'j !f)~U BmV1~~f1i1 

[7,10,11] 

~Q.I eX Gt d q ,f cS ,f ~ 1'J} 0'., 
-!l1t.! 1'ilVt.! "'t.! ~ 'il'Vl 'il~1!m 1~11 ",m 'j tlt.!~'Ufl-!lm~'U1t.! f11'j 'j vJfl'j llmuiJ'Uflfl I'l! 'Vl fl'jll~ 'U fl-!l 

ij! 'Vl t.! 'I t.!! fI i fl-!l U B f1 'j W l! 'U 'U! iJ ~ ~ 'ff111 ~iJ f11 'j ~ ~ I'l tl1 C)f' ell ~ 'j ! 'il t.! U'U iJ ~1 ~ fl-!l ~ 111ll 1 'I ~!1:] t.! 

UiJiJ~l~fl-!l'Ufl-!l!f1ifl-!luBmwu'U'U 1 lJ~U~~~W l1iJlJhjfl-!l~ 1~VU'U'UU1~fl-!l~-!lf1~11~f1111JJ11~ 

!~flftf1~ l"'ll 'j 'j tlt.! ~'Ufl-!l!f1i fl-!l1vJflf ll!ll fln t.! U~f11'j !U~Vt.! U U ~ -!I'U fl-!lij!'Vlt.! (methane conversion) 

Q.I 1 c::. QI 	 tI I ~ \I) ~ rI 1fJ 0'1 
u~~ "'~ "'1t.! 'U fl-!l~~l'lfl WCVl 'j ~111N fllC)f ~ el ~ 'j! 'il t.!u ~~ fllC)ffll 'j 'U flt.! II flt.! fl f1 !C)f~ (H/CO product 

J'Q.I~ QI I ~ 3J I ~ cS 

ratio) t.! flf1'il1f1t.! V-!lfl'f1m ~~'Ufl-!l"'~"'1t.! 'Ufl-!l fllC)f"'lvilflt.! 'j ~1111-!1t.! 1U~~ll!'Vlt.! (HPICH4 feed 

ratio) a~ri1t.!'Ufl-!lfl1f11m!~~ij!'Vlt.! (O/CH4 feed ratio) U~~~Wl1.fJlJU~~~lUl1'W-!l'Ufl-!lf11'jtlflt.!J1 

!~flVl 'il UW 1!1 flt.!' 'Uf11 'j~1! iJ t.! -!l1t.! ~! l1ll 1~ "'lJ'Ufl-!l !f1i fl-:J1 vJflflJ!lJfl f flflll'f!'VlflflY~!!iJ'lJ!iJ~~ 
'" 

(dual-bed autothennal refolmer) 

o "" of "j ct~.1 of of 1y of OJ ,

2.2 H'U'U1) Ute).,'jm.,'j fl tuY! ff lilY! 'a 'U fl.,'j! fl"H).,'j 'a n fl 'a'lJ!~H) 'a eHl Y!!'Yl fl 'a'lJ~H'U'lJ!'U YI tl 

!f1i fl-!l1vJ flf ll!ll fl f tHl 11'f!'Vl flf lY~!! 'UiJ!iJ ~~~Vl 'ill 'j W 1 'I t.! -!l1t.! l~V~!1:]t.!!f1i fl-!luBf11'jw 

UiJiJ!iJ~~-!ll~V~19l1!~-!luBmv1'il~!!'U-!lflflm1:]t.! 2 ri1t.! ~-!lJU~ 2.1 'ff1l1~iJri1t.!mf1'il~!~tJ1'1lfl-!l 

niJuBm V1flflf1~!~';l-J~-!I 'il~ 'I~19l1!~ -!luBm V1'lfiJ~ ptfAIP3 'Il-J 'UW~~ri1t.!~ "'fl-!l'il~!~V1'1lfl-!l niJ 

~I""= d~.1 0' "" 	 'J} I/] ~.l! Ol 'J}., , ~I""= "" "" ~I ~I I/]~I
lJumV1'jY'lfl'jllm~1V !fll-J1C)f-!l'il~ !'lf1'l1!HlJUmV1'lft.!\91 NiIMgAIP4 fllC)f"'lVlJflt.!'il~lJ'j~f1fliJ !lJ 

~1vijrvn-l J1 U~~fl1f11fl' lrifltlflt.!tl1C)f"'lvtlm.U'Ill'UV-!I!f1ifl-!luBmw ij!'Vlt.! 'il~'Vl1uBm V1niJfl1C)f 
v 	 I V· 

flflf1~! 'il t.!U ~ ~ ~~ I'l tl1C)ffll f iJ fl t.! 1\91 fl fl f11 C)f~U~~111fl flf1JJ1 ("'ll f11 'j -n (2.1) 'il1f1tT l-Jij!'Vlt.!-nm ~ fl 

14 



CH4 + 202 ~ CO2 + 2H2O : L\Ho = -802.3 kJ/mol (2.1) 

CH4 + H20 B CO + 3H2 : L\Ho = 206.2 kJ/mol (2.2) 

CO + H20 B CO2+ H2 : L\Ho = -41.2 kJ/mol (2.3) 

CH4 + 2H 20 B CO2 + 4H2 : L\Ho= 165.0 kJ/mol (2.4) 

, 

, " 
'\Jtl'l~!'Vl'U1 \,I!f1~ tl'l1 ~tlflJ!lJ tl f!!'lJ'IJ !'IJ~~ I ~lfWJ \,I 11J11l1tl {l'lJlJ~lI 1\,1 ~1'1'l i'lii tll'J ~1!'U'U '11\,1 l-U 

{l'fl11~f1'1~1 ~Ul'l1 JJlJllifl'l~ lli~ tll'J trtlJ!iYVfl11lJ~tl\,lml~ f111lJ i\,l fI 'I ~ U~~'Vj q~m 'J lJ '\J tl'l n1CJf 

" !~\,IU'IJ'IJ~~lJfI~ 1l1tl{l'lJlJ~1I l\,1i'ltl~11{l'11J1'Jtl!~V'U{l'lJ tll'J {l'lJ~~ llJ~!W~ {l'lJ~ ~'Vj~'1'11\,1 I~i'lii 

(2.5) 

(2.6).. 

l~V~l effectiveness factor (TJ}) '\Jtl'll1~mV1~ (2.1)-(2.4) ~1111J11i'rl1'l1f'IJm'J~ln~tl1'JcilV ltl'U 

'J~'I1il'ltl\,lfl1f1ij~1!'vhn'IJ 0.05 , 0.07, 0 .70 U~~ 0.06 ~lm\'li'IJ [12] rl1'11f'IJ{l'lJtll'J~1i'1\,1tll'J• 
U{l'~'15~'J ltll'J !f)~11~m V1tltltl;!~i\,l 1~ tl flJlJ '1~1V I tlJ1 U ~ ~1m~ tlfUn{l'~'VJ1111J11l1tl'll\,11,rV 

" 
'\Jtl'l Halabi !!~~f1Ul~ [6] i'lii 

... 

CH4 

AIR

STEAM 

~ ~~~g:::::::::::::::::::::::::::::::::::::
°0°00 •••••••••••••••••••••••••••••••••••••• 

0 0 0 oo ~••••·.·.·.~~·",~.·.·.·.·.·.·.·!.·.·.·. 

-+ SYNTHESIS GAS 
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r = klaPCH, Po, + klbPCH,PU, (2.7) 

I (1 + K~~ PCH + KooX Pu)2 (1 + Kco~ P"H + KooX Po ) 
.,\ 4 2 2 4 \....,\ 2 2 

r = k2 / P~~(PCH,PH,O - p~,PCO / K eQ,2) (2.8)
2 

(1 + KcoPco + KH,PH, + K CH,PCH, + KH,oPH,O / PH,)2 

k3 / PH, (PCO PHp - PH,PCO, / K eQ ,3 )
r3 = (2.9) 

(1 + K CO PCO + KH, PH, + K CH,PCH, + KH,O PH,O / PH, )2 

k / 3,5 ( 2 4 / K )
r = 4 PH, PCH,PH,O - PH, PCO, eQ.4 (2.10)
4 

(l+KcoPco +KH,PH, + KCH,PCH, +KHpPH,O / PH, )2 

1911'n~~ 2.1 U(l~ 2.2 U'ff~~fil Arrhenius kinetic parameter 'IJB~~1f1~~i'Wf)1'Hn~'l.J5mtJ1!w:t 
.. 

Van't Hoff parameters ~111 hJf)1'j~ ~9T'U'lJB~'ff1';iU~(l~~1~~'I111J1 i 'Jf"h...! f)1'jrlTW ltlH)19I 'j If)1'j 

!n~'l.J5mtJ1U(l~~1f1~~mJ~(l \9I1lJrlwl'U 

\l'll'll~~ 2.1 ~lf1~~'fflJ~(li 'W f)1'j!n~'l.Jilm tJ1U(l:t Arrhenius kinetic parameter 

Reaction kOj (mollkgcats) Eaj (kJ / mol) K Oj Hj 

kl ,a 8.llx105 bar2 
86.00 

kl b 6.82x105 bar2 
86.00 

.. 2 k2 1.17xl 015 bar0 5 
240.10 5.75xI0 '2 11476 

3 k3 2.83x1014 barDS 243.90 7.24x101O -4639 

4 k4 5.43x105 bar-I 67.13 1.26x10-2 21646 

. 

Q 0 ~ ~ 

\l'll'l1~'YI2.2 Van't Hoff parameters 'ffll1':i'Uf)1'j~~C)f'U'lJB~'ffl'j 

Species K OI ~Hads,i (J / mol) 

K~H, 1.26xlO-' bar-I -27.23 
KO 

0, 7.87xlO-7 bar-I -92.80 

K CH , 6.65xI0-4 bar-I -38.28 

Kco 8.23xlO-5 bar-I -70.65 

KH, 6.12xlO-9 bar-I -82.90 

KH ,o 1.77x105 88.68 
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2.3 N~fl1·Hh~B~U~~fl1·H).fhJ':iUJf·HI 

aI'll i'tH~~ fl~~yJfl1lJ!:JJfl1t!tJtJltJ~~,:j~~ ~ 1~ W 1 '1 'U ,:j1'U~lJnH1,:j'Vl~ ,:jm~tJfltl'U'Ul~I1N'U
'" 

Nl'U~'Utlmn,:j 0.041:JJ\9l~ ll"(l~tlld 1 1:JJ\9l~ mtl'1~I~fl'Ui'Utl1~~ll'W'U~l'U:JJl\9l~~l'U J1t!i;'l~fl1tl1f1''il~ 

~mHl:JJntJlJ 1'Vl'U lli;'l~tJfl'Ul'lhril~~fl,:jtJBmur~fJwl1 IJlJ 800 l~" l'U 1~tliY~riJ'U'lJfl,:jJ1~ fllJ!'Vl'U 

ll"~mtl1f1'~fllJl'Vl'UlJ~ll'vhntJ 1.5 l!"~ 0.5 \9llmh~tJ ~tJ~ 2.2 llbY~,:jtl1~l!'iltll!~,:jfl~fi'tJ~~tlfltJ
'" 

'Ufl,:j nVlHl~"~'lfiJ~ 'l'Ul~~ fl,:j~yJuflJ!:JJfl1flfll~I'Vlfl1lTi;'lt!tJtJ!tJ~~ ~lmtJ ~~'WtJ1l i 'U'lf1,:j~lJtl1~
'" '" 

ln~tJBm tllflfltl~I~'If'U nlC]fflfltl~1 ~'U 'il~~ mll i tJi~i 'U tlU If)~tJBm tllntJlJ!'Vl'U mh,:jbY:JJ\l~tU 

ll"~ 1~rl~\9l.nw Cl1'fl tltl:JJll~'U J 111 "~nlC]fm1 tJ fl'U i~ flfltl1 C]f~ lri tlnlC]f~ rl~ \9l i~Nl'U l'lfl~'lf1,:j ~ 
ln~tJBm tll~yJfl1:JJlJ~~1t1 i tlJ1 lJl'Vl'Ull,,~Jl'il~ ~tl i~1 tJfl ~l,:j ~ 1~1~ 1 '1 'U 'Uw~~ 1 e'J 1~ ~ l'il'U 

.t Is].t.t Is] 11].t '" ~ ':'l'" d Is] 3J , 
m~tJfl'U:JJfl'Utltl !C]f~Ui;'l~m~tJfl'U !~fltltl !C]f~~~ltl~'U'U\9ll:JJ:JJl 'illtltl1HTtl'loJl'il~bY,:jltl\9lm'U !~Jl 

nlC]fi e'J 1~~ I~'U 'il~~ tlrl~\9l1~:JJ~'U.J,:j~1~ fl,:j:JJl 'illtltl1~ ln~tlBm til 1fll\9l fl1!lnbY91yJ 'U fl,:jm1tJ tl'U:JJ fltl 

iC]f~lw~Jl~m~flfl~ 
lrifl~ 'il1~W lfJW 11 IJlJ'Utl,:jl~~ fl,:j~ yJ fl1:JJ !:JJfl1t! tJ tJ ltJ~ ~~~~ tJ~ 2.3 'il~'WtJ1lfJWl1 IJlJ'il~ 

1~:JJ~'U tl~l,:j~ J~I~Jlli;'l~lJ~ 1bY,:j bY~I 'vilntJ 1692 1~i;'l1'U i 'U tJ~ IdW ~ln~tJ nm tlltlfltl~I~'If'U Ui;'l~.. • :.J 

'il1mT'U fJW 11 IJlJ'il~"~ ",:j:JJlfl~~ 1063 l~ i;'l1'U l~ fl,:j 'illtllrifllf)~tlBm tll~yJfl1:JJlJ,:j~1t1 i flJ l:JJltl~'U 
fJW 11 IJlJmtl'l 'U!~~fl,:jtlBn~ur'il~i;'l~i;'l,:j lrifllm tltJ1VitltJntJl~~fl,:j~yJflf:JJ1:JJfl1UtJtJ~1 itl'il~I'l1'U i~ 

1lm~ fl,:j~yJfl1:JJ1:JJflflltJtJltJ~~ ~~lJ PlW 11 fllJ 'iY,:j bY~:JJ1tltl11 i'U 'U W~~ flW 11 fllJ'U 1 flfl tl 'il~lJ~ 11viln'Uco q I\J \; q q qJ 

t!i;'l~'il1tlrli;'l'Ufl,:jflW11 fllJ bY,:j bY~~:JJltltl11~ri ,:jrl" i '11'tl1~ ltl~tI'Ut!tl",:jlJl'Vl'U~ln~~'U i 'U!~~ fl,:j~yJfl1:JJ
q '\I <u q 
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0.7 
• xCH4,.-.

I _ . _ . - . - xH20 
I ..•.•..... x020.6 
I 
I + xCO 

I 
.~ __----------------------------~ ----- xC020.5 -- xH2~ 

Q) 
c 
0 

Co 
 0.4E 
0 
u 
'0 0.3 -'c 

-'-'-'-'-' - '-'_ ' _'_' _'_'_'_ '_'_ ' _ ' _'_ ' _'_'_'_' _ _ _ '_'_A,Q 
tl 

£ 0.2 

Q) 
(5 .. .. ..... +++++ + + + + + + + + + + + 

~ 

0.1 
1 ~------------------------------------ ------ -

, 
_..£. •.••••..•.~!'. I'. ., ... II.'.K .'.K.II.K ..... JI •• K ........... JI •••• JI •••• K •••• K .......... . ..... .
0 

_0.1 L---L---L---~--~--~--~---L---L---L--~ 

o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
Length (m) 

_I ct 
. 

,,_ 1 "" i "I 
. 

d -.1" "'1 'J) " '" I
'J'U'rt 2.2 mmlIfH! 'i1~f)~f11J 'j ~f)f)1J'lJf)~mCJ:f 'U!fI'j f)~ 'j-n f)'j1J !1J f)'j f)f) t \9! !'V1f)'j 1J"! !1J1Jl1J~f1 
~ ~ 

(HPICH4 = 1.5, O/ CH4 = 0.5) 

,..--------------------------'--------_... 

1800 

--COnY enlional 
__ dual bed 

1600 

,----_.__. -- -- - ...
@ 

1-100 

., 
';. 1200 
i: 
Co 
;:: 
OJ 

f-< i ....-·_....._·_.... · ..11000 

! 

800 

i 
600 , ------,---1 

o 0.1 0,2 0.3 04 0," 0.6 0. "' 0,8 0,9 

It'uglh (m) 

_.. ....._... ........_.---. . .. .......- ......._...... ........_....................._. 


'JtJ~ 2.3 m'jUllfH!lI~'lJf)~f)tl! '11 niJi'U!f1if)~1~f)f1J!1Jf)ff)f) i~!'Vlf)f~~U1J1J~11tlml~U1J1J!1J~~ 
~ q ~ ~ 

(HPICH4 = 1.5 , O/ CH4 = 0.5) 
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100 

90 

80 

70 .~!--

60 


50 
 ------.-- -- -- 

30 

20 

10 ~~~~_______________ 

o 

-+-__~conv=lional=~ffi~~~__ 

--dualbed 

o 0.1 O . ~ 0.3 0...1 0.." 0.6 0" 0.8 0.9 

lenglh (111) 

JtJ~ 2:~f11 'j~!~-~~;~ '1'U tl~~~-;~-~~V~~!tJ ~-~~~'Vl ~1~!~~V'111'1-~ {lJ'~lJ-tl f~~l~!~~-f;r~~!~~i11tJ U~~ 

U1J1J!1J~~ (HPICH4 = 1.5, O/CH4 = 0.5) 

... 
2.3.1 NtI'lIfNtr~/ffJu'llf)-JfnC)fffwl1f)u'J~'I'rh-J'I1mtldkYlu 

~tJ~ 2.5 UM1'lf-l~'UV'l'~~H+TU'UV'InV1f{y1Vilt)'u'j~11'h~Jlu~~iiL'vruhJ'lh'l 1.0 ~'1 4.0 

(~~ riTU 'UV'I nlGJ1{y1VilmJ 'j ~1111'lVVf1;!l1'U!!~~ii!'Vl'uij~ lfl'l~!il'U 0.5) ~ ii~ V{ylJ 'j 'j i:l'U ~'UV'I 
"j '" 0.1 0' 0' <; 'j/ 0' ~ • 0 '1 'j/ oj • 

!m V'I'j l"l V'j lJ !lJV'j VV ~\9l !'VlV'j lJ~U1J1J!1J~fI f-l~111f1f11H l~ tl'lm ~1J1'U f11'j U {Y~ 'I ~ 11 !'Vi 'U 11 f11 'J 
'" 

!tJ~ V'UU tJ~ 'I 'U tl'l ii!'Vl 'U 11~~~~'1 U~ ~~ ri1'U 'U tl'l f-l~ \9l.tlru ~h ~ 1111'1 n 1GJ11 ell~ 'j! 11 'UU ~ ~ n1GJ1 

mf1Jtl'UlJtl'U tlf1 '1GJ1~ii~l!'YhJ~'U ml-lf11'J !~lJ~'U 'Utl'l~~ri1'U 'J ~1111'1Jl U~~ii!'Vl'U J'Id!~ tl'l111f1 

!rivii f11 'j!~mJ1!'U'11tJ V'I!fI ~ tl 'I~ l'l V f:lJ!lJ V f lJ 1f1 ~'U V ru 11 n iJ 'U tl'l! fI~ V'I~ l'l tl f lJ!lJ V {11 ~ ~~ ~ 'I ~ 'I 
q '" 

ri'1f-l~ '1~5\9l'j lf11'j !f)~tJBm V1~l'l V{lJiJ'I~1 V1 vJ1U~~Vtl f1;!~ 'If'U 11~ ~ ~~'1\9l1lJ '1 tJ~1V f11'j ~~~ 'I 

'tJtl'l'Qru l11Jili 'U!fI~ V'I~l'l V{lJ!lJtl{11 ~rll '1 ~{ylJ~ ~'U tl'l tJ B m Vl1tll\9ltl{Un{Y~l'l~'1~ l!'U'U'I 1'U '1 ~~ 

'Q ru 111J iJ ~1"l 11 ~ !~ tl 'U 1 tJ 'Vl1 'I ~1 'U f-l ~ \9l firu cv1 ri 'I f-l ~ '1 ~,~~~ ri 1 'U 'U tl 'I n 1 GJ1 '1 ell~ 'j ! 11 'U ~ V n 1 GJ1 

0' If) 0'd..J If)ol'j/ dl ~ • o,\'j/ • -=> ~ 'j/If)ol
m'J1Jtl'UlJtl'UVf1 !GJ1~!'WlJ'U'U\9l1lJ ~1J~1V 111f1f-l~f11'jfl'f11Jl~'1f1m1'Vl1 11'Vl'j11J11f11'J!\9llJ'U1!'Ul ~1J 

eJ'I!fl~ tl'l~l'l tl{lJ!lJV{ 11~ ii f-l~ 't'hfiru~i mj~ 'j 1 f11 'j !f)~ tJ flm V1~l'l V{lJiJ'I~1V1 tlJ1U~~tlru 11 niJ 'U tl 'I 
u ~ q 'U 

!fl~ tl 'I tJ B mill tl ~ 1 '11 'j ~ \9l1lJ 111f1 f-l~ f1U i1~ tl'l m~ 1J 1'U f11 'J 11~ ~'1!f1\9l! l1 'U 11f11'j!~lJ ~~ ri1'U 
v I V v 

'J~1111'l'l11u~~ii!'Vl'U i'U ')[1'1 1.0 ~'1 2.5 11~ ltiii rm~V f11'j! tJ~ V'UU tJ~'1'U tl'lii!'Vl'U 'Vl'lU!'W 'J ldlnlGJ1 

" " .J
VVf1;!11'U {yl:lJ1'ji:l!'lflrlltJBm Vl '1~!~1f111'111 ~'1'1!'U'lJ Bm Vltl tl f1;i'U~'1!f)~ 'U'U '~~f111tJBm Vl~ 
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1~nlC)f'~1~':i!lltJ ~ihY~H"1tJ ':i ~ 'WhJnlC)f'~1~':i!lltJu~~nlC)ffl1flHJtJ lltJtJ tJfl 1 C)f1Plt!mJ~-:J I~ tJ-:J 1l1fl 

mu 11 f) iJ 'lI tJ -:J Ifli tJ-:J1 vJ tJ f II III tJ f ~ I~ II ~ tJ U~ Irl tJ~1 I iJ tJ -:J l'U ~1er~~ ff1'U ':i ~ 1111-:JJlU ~dirvl'U. '" 
mflfll1 2.5 ~1fl1':i IJJ~tJ'UuJJ~-:Jiil'Vl'UI!~~~W11,fJiJ'lItJ-:J!flitJ-:J1vJtJflJ!lltJfvr-:J 2 U1J1Jll~ii~l~~~-:J 
1911llfl1':i !~llbY~ff1'U ':i~"dl-:JJlU~~iil'Vl'U i-:JrH IPJN~~flri111Ut!~1'1i'1-:J~tJ 

100 ,---- - ------.--. 12 

90 j-- -- 

11---....- - --11 10
8 0 .~---- .. --.-.....-... -........ -..-- -- ... ... --..----- ....-....--. ·---·····i 


I.........•....__._._.... 
-- 70 
'-' '" 
~ 

= 
e(.i; 

I-..- ....__.__._-_.- ............_.-_.....-_..-......_ ........_--+ 

···r·.... 

~----------------------~Yr--------------~I 8 ~ 
~ 60 
~ 

~..~ 6 ';= 50 
~ 
'-' o 
~ ..to ~ 
~ 

oS 4 £ 
~ .... 30 
~ 

2 0 -t-.-.....-~-..--- ....----..--..- ...-.-----.-.-..- ..--..-.--.-...---.-.-....-----.--..- ..--~: 

r 2 
-+-mctillllle conversion l10 -- -_. ............. ..... · .......• ·_········ ........ _._.......··.·.··w·•........•.......•_ ................1 

_ H2iCO of product 

.-j 0o 
3.5 4 

H~O/CH4 ratio 
, ......... ·_---_...........................................__...............-. _.._........._ .._......... ............. __ ...._..............-.... , .......... " ,.....)j............ . ..- .........; ....... .. . ............... -........• 


-a'l1ii 2.5 N~'lItJ-:JbY~ff1'U 'lI tJ-:J nlC)f~ltJtltJ'U ':i~'Y! 11-:Jll1! !~~ii!'Vl'U ~ii~ tJfl1':i !JJ~tJ'Ut!u~-:Jii!'Vl'Uu~~ ... .. 
/liT ~ ~QJ'tI ,<:')1\11,- cv tI tqrl 
~~~1tJ 'lItJ-:Jfl1C)fv.l~I91f)W CV1':i ~'Y! 11-:Jfl1C)f b~ ! ~ ':i!ll'UU~~fl1C)ffl1':i1JtJ'UlJtJ'U tJfl bC)f~ 
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m".iH~ 2.3 m'HmtJ'lJ!-¥iV'lJH"'tItI~m'J~lm)~m~'lJ1'Wm'J'J~ 'r!';11~!f1~tI~1yJtI{lJ!lJtI{mJ'lJ~1'tJ 
!m~U'lJ'lJ!'lJfI~'1 'W tl 'J til~U tl1 'J tJ ~'lJ!tJ~ tJ'W fffl ff1'W 'tI tI ~ n 19fb1'1 vii tI 'W 'J ~ 11 ';11 ~J1U"~U!'VI 'W 

HPICH4 Conventional reactor Dual-bed reactor 

CH4 conversion H/CO CH4 conversion H/CO 

1.0 97 .77 3.00 98.01 2.98 

1.5 97.84 3.54 98.05 3.51 

2.0 97.75 4.13 98.09 4.08 

2.5 97.42 4.74 98.06 4.69 

.. 
3.0 

3.5 

96.38 

93 .77 

5.37 

5.96 

35 .00 

26.53 

10 

10 

-, 4.0 87.19 6.38 23.79 10 

Q.J !V ~ .eS Q.J I ~ 9.1 , ~ .:::s. del I 

111't1 tI'W ~ ~ ft'tl1:J 11'1" 'tI tI~ 'fffl 'ff1'W 'tI tI ~ tll9f'ff1 vll tI'W 'J ~111N tI tI tl9f! ~'WU"~ lJ! 'VI'W 'VIlJ \9l tI 

fflJ 'J'J tl 'W ~ 'tI tI ~! f1 ~ tI~1 yJ tI {lJ!lJ tI {tJ tJ 1~! 'VI tI {IT"u'lJ 'lJ! 'lJ fI~~~JtJ~ 2.6 1 ~V011'1 'W ~ '1 11'ff~ ff1'W 
j/ I jJ I 

'J~<ydN'I11u,,~n!'VI'W ~~nrl1f1~-¥in11n'lJ 1.4 1'1" tll'J ~1" tI~m ~'lJ1'W tll'J'l.J~~ '<hdjtJumlJ1w 'tI eJ~ 

eJtltl~!~'W1'W nl9ftnvil eJ'W!~lJ~'W tll'J !tJ~ V'WU tJ" ~ 'tIeJ~ U!'VI'W ~~ A~lJ ~'W !!19i ff~ff1'W 'tIeJ~ H~ \9l flW ~ 
• , ell li] 1 ell 0' li] 0' "" 1 6..1 ." 

'J~1111~ tll9f HJ ~'J! ~'W U1:1~ tll9fm'J 'lJ eJ'W lJ eJ'W tltl !9f~ ~~ lJm1:1f1 1:1 ~ ~ Vtl1'J A~lJ'tI'W 'tI eJ~'ff~ ff1'W 

'J ~11-j1~ eJtJtl~!~ 'W!m~UA'VI'W ~~A~ ]Jt)\9l 'J 1 tll'J tll'J !f1~tJ rim til tleJ tl~A~'l1'W Yl11 11'tlW 11 f1lJ! 'W!f1~ eJ~1:.J • <u 

nol 0' 0'"" .1 'jJ d'.QI' 'I 'jJ" I"" """ d n.1 0' "" 'jJ li] 1: "" .1 li] 'jJd li] n 1 'jJ
l"jtl'JlJAlJtJ'JlJm~~'tI'W ~1V!11I9J'W~~ff~H" !111J{]mVnl"jtJ'JlJlJ~~1V !eJ'W1!tl~'tI'W tflflmlJ t1Jfi1tJ 

I 1fJ d ~ ~.Q ~ .. I~~ tI ~ ~ e:S ~ 1fJ 'jJ ~ 9J
eJV1~ !'Jtl\9l1lJAlJtJfJW11 tJlJA~lJ'tI'W fflJ~1:1 'tI tI~ 1J {] m v11tJ!\9leJmtl'ffG)fyJtl~~ Atl~ !tJ'VI1~fI 1'W ff1'J \9l~\9l'W 

ri~H"111'1'W H~\9lflW~V~f1~Unl9fm{'lJtJ'WlJtI'W tltl i 9ffi'!~tJtJ'W '1 'W mlJ1W ff., ~ ml., l~tJH1:1~~tlril1f1 ~lV 

JI 

2. 3.3 Njj'Vf).J~m 'I'H.i.J'V f) .Jn1'J11fJ'l.J 'th 

A~ tI~ ~l tltl1 'J!~ lJJl!tl 'W,j~ 11tJff1flru~U1'1" I9i eJ Af1 ~ tI~1yJtI{lJ!lJ tJ{ tJtI 1 ~!'VItJ{lT"A! 'lJ'lJ A'lJflrl u ., 

" iI j/ , I 

~~tT'Wl11.,rtlij~~'ff'W1 ~fftl1:J wi' lA!11 tl ~'tItJ~ tll 'J !~lJ'I11-¥iU H1:l19i tI'fflJ 'J 'J tl'W ~'tItI~!f1~ eJ~1rJ eJ{lJ!lJ eJ{tleJ 

l~A'VItI{lT1:lU'lJ'lJA'lJ~~ ~~JtJ~ 2. 7 ~ltltll'Jfftl1:Jl~'lJl1m'J!~lJJwU'1 i tJv~!f1~tI~1rJtI{lJiJ~ '1 'W ri1'W~ 
!f1~tJBm VltltJ tl~!fI 'l1'W ~~ itiu H1:l19i mf~ tll'J!tJ~lJ'WUtJMU!'VI'WU 1:l~ ff~ ff1'W 'tI tI~ nl9fH~\9lflW~ ul9i 

!rltJ!~lJJ1!.,r1itJv~!f1~tI~1rJeJ{lJ!lJtln'Wri1'W~!f1~tJBmV11yJtI{lJiJ~~1VitlJl (z = 0.1 ()~ 0.125 

!lJ\9l'J) ~~ff~ H1:l '1 11'tll'J!tJ~ V'W!AtJ1:1~UA'VI'W 1:l~1:1~ 1'W 'tIW~~ff~ff1'W 'tIeJ~nl9fH~\9lflW~'J~l1-jl~nl9f 
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Ii]"; r:>I 	 0' li]o'"",d~.,j d~ '" 
b~ b\PI'H 11 'U!W ~ fl195f11 'j 'lHl'U lHl'lH) fl t 95 \PI 11 ~ lJfI1! 'W lJ 'IJ 'U! 'U fl ,HI 1 fl fl1 Hl"/ lJ 'IJ 'U 'IJ fl-:.l fl m 1flU 

- !fl\PI'iJBm EJl'Jm\9lflfl!flbl~vJ ~l'll!!'1nJ -:.l'fl'Jl1Wl'J'lJfl-:.l!'fl~fl,:;j~vJflflJ!lJflflJ1flfl ';h 0,125 !lJ\9I'j 11~.. 
a',:;j!fl\9l!~'U '~';h'iJBm rJ1~vJflflJiJ,:;j11~!fl\PI'~bllJ\PW ~-:.lJ'U!rlfliJfl'U 1flJm~,:;j 11lfll'll!!l1'1l ,:;j'fl1llJ 

EJl'J~1 'iJ~,:;j 1lia'-:.l!f1\91! ~ 'U fll 'j!'iJ~ EJ'U!!'iJ 'M 'IJ fl,:;j iii'VI'U!!~ ~ a'\PI ri'J'U 'IJ fl,:;j fll95~ ~ \91 firu ~ 

2.3.4 PIll 'lieN f) f)J Hi)iJ'II f) ,nJnnl'J'lh)'l.,J. " 
" 

" 	 " 1'U,:;j 1'U 1,rvii 'U fl fl11 lfl11 ~ ftflfj 11'l1!!11 'Il-:.l 'IJ fl,:;j fll 'j iJ fl'U 'l1l!! '"'J rJ-:.l1 ~ftflfj 1~~'IJ fl,:;j flW. 11 fl" iJ 

'lJfl,:;jJl~tl fl'U!.,j'l!'fl~ fl-:.l~ vJ flflJ!lJ flf ~ ij ~ fl fll 'j!'iJ~ V'U!! 'iJ ~-:.l ij! 'VI 'U!! ~~ a'\PI ri'J'U 'IJ fl,:;j fll95~~\91 firu ~ 
I r:>I Ii] "; r:>I 0' Ii] 0'91 '" .d '1 <9 0 

'j~l1'Jl,:;jf1195 b~ b\PI'j!11'U!!~~f1195mHJfl'Ullfl'Uflfl b95\P1\P1'JV \PI,:;j\9lUl,:;j'VI 2.5 b'Uf11'jfl'flfjl11~'YI1f11'j 

'iJ1'IJ!'iJ~V'Uflf.)mfliJ'lJfl,:;jJl'l'U'lh-:.l 400 ~,:;j 800 !fl~1'U i\PIV11~tlfl'U!.,j'l''iJrJ,:;j!fl~fl,:;j~vJflfll!llflf~
• 'IJ 

I'll !!11 'Il ,:;jfl'J1llVl'J 0.10 !llm ~~ 111 flf11 'j ~l~fl,:;jm~'IJ'J'U f11'j l!bl\PI-:.l1..r!~'U11flu!~lJ~f.)miJiJf11'j 

iJfl'U'lJfl-:.lJl11~!~ll~rul1 iJiJ'lJfl,:;j!fl~ fl,:;j~vJflfll!llflf ri,:;j ~~1..r5\91 'j lfl1 'j !fl\PI 'iJ Bm Vlflflfl;!\PIGJf'W l!~~~ 
0' "" "" I d ~ '" 	 ~ .d _I "" d '" I d ~ Ii] 91 '1

vJ fl'j llll-:.l11~ llm !'Wll 'IJ 'W 	 \PI,:;j'W 'W flU! 'iJ ~ V'W!! u ~,:;j'IJfl,:;j lJ! 'VI'W fl11 ~lJfI1!'Wll'IJ'W \9Illl b'iJ\PI'JV 'W'VI1,:;j 

100 ...... . 

90 

so 

50 -,.'.,............-,-...............- ...- .......-,............- .... ..... .--..- ............---..- .. - .....--..---.= 

30 	

6 

.5 

...04 
~ -e 
Q.. 
Q, 

...~,-;. 3 'Q 

2 I~,
c 

20 

-+-methalle cOIl\' er~ion I
10 ·· ............ : _____ .._.,.........·..-......··· ...·..'......H2ICOOf rO(\IICI 0 I 


P

o - 
03 	 0 .35 0.4 0.45 1),5 0.55 0.6 I 

021CH~ ratio . . . I 

... I.c:I. QJ' a 111 I c:-} ~ .cl t=1.:::t I ... Id. .... I 
'juri 2.6 ~~'lJfl-:.lbl\PI bl1'W 'lJfl,:;j f1195bllVufl'W 'j:::l1'JHf1195flflfl95!1J'Wl!"fI~ll! 'VI 'W'VIll \91 flf11'j !u~V'Wl!u"fl,:;j
OJ 
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4 

~l'n.:.t~ 2.4 f11l" ~mtI'lJ~Vi tI'lJ ~H'1'IHl~ f) n ~1~eJ~m~'lJTW f11l"l" ~ W;i1~~fli eJ~~vJ eJ{lJ~lJ eJ{U'lJ'lJ ..fl! tJ 

U~~u 'lJ'lJ ~'lJfl~1 'W mill~ii f) 1l"11i''lJttJ~ tI'W r;1f) ffl'W 'lJ eJ~ n19f"'1 tit! eJ'W l" ~ 'YIl1~ eJeJ f)~~ 'il'W ~ ~ ~~iit 'Yl 'W 

O/CH4 Conventional reactor Dual-bed reactor 

CH4 conversion H/CO CH4 conversion H/CO 

0.30 66.73 5.65 67.54 5.57 

0.35 76.29 4.90 76.99 4.85 

0.40 85.14 4.36 85.77 4.32 

0.45 92.74 3.93 93.24 3.89 

0.50 97.81 3.54 98.07 3.51 

0.55 99.60 3.19 99.65 3.16 

"' 
0.60 99.92 2.89 99.93 2.87 

100 .------··--- i--·------ i---- a:::::;-------~-------~---. 5 

90 .............................. . 4.5 

- - --.. - -. -.....-- - ..-.- .- --.-..-.- ---..----.--. 480 

:2 U--
Q 

1.5 :£ 

20 .- -------. - --- --.-. 

~l\feth allecollversioll10 -_. --. -.----  0.5 
-.-H2/CO ratio 

o 
o 0.05 0.1 0.15 02 

!t1l'am I)or.ition(m) 

..~t1~ 2.7 N~'lJ eJI911 UmJ ~ 'lJ eJ~ f11l" t~lJJl~iil9i eJf11l"I1J~ tI'W u11 ~ 'l ii!'Yl 'W U~ ~ r;1f) ffl'W 'lJ eJ'l n 19fN~ \9U1U! ~ 

23 




1ll1'nnl 
.,; 

2.5 ~"'lJU~ fll'j ~l"u~m ~'lJ '1'W fll'j 'lJU~ ~~i u~1vluf lHlJ u fa'lJ U 'lJ ~~1 'W mill ~~fll'j
'" 

1.J ~'lJ~1.J~ V'W UW 11 J)ij'IJuJl~llU'W. '" 

Steam temperature (K) H/CO CH4 conversion (%) Temperature outlet (K) 

400 2.19 69.38 935 

450 2.18 70.34 938 

500 2.16 71.29 941 

550 2.15 72.25 944 

600 2.14 73.21 947 

650 2.12 74.17 950 

700 2.11 75.12 954 

-.. 750 2.10 76.08 956 

800 2.09 77.03 960 

~'lJu~i'1d~1.J~mvl 2 'lfi1~;ju PtlAIP3 !!"~ NilMgAIP4 i'Wfll'j~~\91fllC}fl~1~':i!11'W111f)~!'Yl'W 

l~Vf)l'jftf)£j 1i~f)ri1'111~1oM!!'lJ'lJ ~l"U~'Vll~mu \91ft'lLY\91! 1 ij~J) 1V11'i'~iu'W 1'lJfll'J~lti1'W~l'W~LYJ) 1'1~ 

~~ i'1!!"~ UW 'l1 J)ij hj~~~ ~"111f)fll'j ~1"U~m ~'lJ '1'W fll'J!! LY~ ~ i ,r!'}~ 'W ';h fll'j ~~ \91 fl1 C}f 1 eJ 1~ 'j ~11'W. '" 

<lI1 r:Y ~Q.ltI lr:Jtq<r eN tI \J'}tf' 
LY~ LY'1'W 'IJ U~ f)1C}f~MI J) WCVl 'j ~ 11 '1H f)1C}f ! ~ l ~ 'J 111 'W !!"~ f)1 C}fm 'J 'lJ U'W lJ U'W Uf) l C}f~ lJl f) f) '11 93 

11.Juf1c]}'W1'l' ~~,,~ 2.9 \911mhi1J i'Wfll'j~~hJJ1~fJWl1fJij1~V'1n'lJfl1C}fLY1vllm.J,,~i'W lC}f'W~ 

~fl~1.J~m m1vluflJij~~'1v1 uJl11~mlJ1'J mvtmf~ f) 1'j 11.J~ V'W!! 1.J"~'lJU~~!'Yl'W~m~ ~~ ff1'W 'lJU~ fl1C}f 

~~\91fiWCVl1~ !!19i~rlm~lJti11,j'111.J5~!~i u~1 vl u!lJ1lJ U!~UW 11 J)ij'l! UV" ~'W'lJ i1~~ ff'1'W 'j ~11 ';h~fl1C}f. '" 
II] '1 e»" II] " c1 I d. ~ 'JJ I • I'" • 1 c1 <d 
l ~ !~'J! 11 'W!!":i: fllC}fm'j 'lJ U'W lJ tJ'W Uf) l C}f~ 11~lJm~'WlJ'IJ'W !!lJ '11fll'J! lJ M'W!!lJ"~'IJ U~lJ!'YI'W 11~"~ "~f) 

\911lJ 
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.:::$ 

tJ'YI'tl 3 

3.11J1nh 

!~'W!!'l1 ri~'W1:l~ ,nt.n1lJ'l...IIiv'W ~1lJ1~ tI ~~~ 1~111tlm~'lJ1'W f)l~'VI :Wtl9f'nJ1fl [1,2] Wltl111tld!tl'Yl1 

'Wtlmr~~llJ1~t1'U'W ri~ 1~~lm!fl~iJfltl~nV iifl11lJ~1lJ1~t11'Wtl1n~!'l1V!!fl~fl11lJ!1J'W-W'};j~1 [3, 4] 

= lJ] ') 11 = lJ] ')" o· lJ] 91 ~I 
tlU~fl~!~ !~~!11'W111tl!'lftl!'Wfl~ I~ !~~m~'lJtl'W~UJUtI'il1!!'Wtl!!'IJ~ !~!lJ'W~llJ 

I 	 "l 0' Q.I d ..... 1 0' ~ 
'\J1~~1'W (partial oxidation refonning) !!fl~m~'lJ1'Wf)ljf)tl !~!'YItl~lJmTItl~lJm (autothennal 

refonning) tld1~1 ~ ~~llJ !rimm V'IJ! Vi v'lJm ~'lJ1'W f)l~J~ ~llJ tlU ~~~1~1~ ~ !11'W 111tl!tl'Yll'W tlfl 

1~Vf)li~rltlflJiJ~~lVltlJ111~1rr~fll~ (yield) 'Utl~1~1~~!11'WlJ1tl~~~ [5] ~nf'W~~iitlU 
~tl'};j 11,)m~ v1fi'IJ tl ~ ~'IJ 1'W f)l~1 rltlflJiJ~~1V1tlJ1'U tl~!tl'Yl1'W tl fltld 1~ tl11~ 'U 11~ J~f)l ~1!\'l ~ l~ 11 
= "') lJ] =" 	 -:'l. "') lJ] = ".J'l 91 d • d

!'lf~!'Yltl~ !lJ !~'WllJtl~ [2] !!fl~f)l~'Yl~fltl~ [6,7] ~flf)l~tTtl'};j1'Yll~!'Yltl~!lJ !~'WllJtl~'lf !'I1!'VI'W11 'Yl 

mllJ~'W~m1~'IJ~~V1f)lf( iJBm v11yJtlflJiJ~~lVltlJl'Utl~!tl'Yll'WtlflffllJ1~tl~~~ l~1~~!11'W 1~~ 

~~m1~~tu 'VI QiJtr~tl';h 1000 K !~tl~111tliJBm Vl1yJtlflJiJ~'Utl~!tl'Yll'W tlfl!1J'WiJBm vl~ff'W tl1:l'IJ 

1~ (reversible reaction) ~~J'W1'Wf)l~!f)~'Utl~iJBm V1~1!1J'W~tl~iif)lHh!iJ'Wf)l~~~m1~~1'W!!H 

!~tl1rriJBm Vl~'IJ!\'l~tl'W1 iJ'Ii'N'VIt!11~ 'W tltl'illtldf)l~~l!iJ'W f)l~'Utl~m~'lJ1'Wtl1~1yJtlflJih~lV 
~ , 	 ~ 

lmh'Utl~m'Yll'Wtlfl~tl~tl1~'W1:l~~l'W!~tl1'*ff1'V1 i''lJiJBm V1lJ1tl [8] 'W tltl'illtll1 f)lnl11 rrl~1~~ !'il'W 

~ 1~ii\'l11lJ'IJ~ ~'YlilJ1tl~'W ~!1J'W ~tliJ~~!~'W~fflflruffl'VI i''lJm~'lJ1'W f)l~ ~~~1~1~ ~!11'W 
q 	 u 

GI 9J ~ 	 .... I ~ 0' ~ ~ , 0 Q.I d .... 1 0' 
f)l~ !'If!mtl~lJ{)mtu!!'IJ'lJWmfltltl~l'W (membrane reactor) ~1'V1~'lJm~'lJ1'Wf)lnl"ftJ1lJ 

~ SI b] ~ d .:!t .J,dd , 9 ~ ~ rI ~ ~ ,
lJ~ ~ 1V ! tl'W 1!1] 'W 'Yl N!fl tltl'VI'W ~'YllJfl 1 llJ'W 1 ~'W ! 'il !\'l ~ tl~ iJ {) tl ~ tu!! 'IJ 'IJ Wtl! fl tl tl ~ 1'W 'il ~ ~ llJ 

m~'lJ1'W	f)l~ !Wtl!!fl~m ~'lJl'W f)l~ !f)~iJBm v11 'W'VI 'lllm~Vlfi'W 1~ mttl!~tJtl~l'W 'il~'Vi'1'V1t!1~'l 'W 

r:)} lJ] d lJ] 91 • '1 91 "''''= '" '" lJ] 91 91 ~ 
tlU!Wtltl19f !~1~~!'il'W'Yl !~tltltl'il1tl~~'lJlJ ~~~fl 'VIiJ{)tl'W1'U1J!flfltl'W liJ'UN'VI'W1lJltl'U'W 

'Wtltl'il1tldV~'I11Vfl~ ~tu 'VI QiJ'l 'W f)l ~ !f)~iJBmVl Ufl~ Nfl~~ llJlJ1Mi tl f)l~1 '*'W 1:l~~1'W1'W ~~ lJlJ 11~ii 
Y)lfl~fl~ tl~h~1 ~~mlJ 1~1~~ !'il'W~ 1~'illm\'l~tJ~iJBmw!tm~tltl~l'Wv~fl~iinl9fg'W"l ~ lli~tl~f)l~ 

!~tliJ'Wtl~ ~~J'W 1~1~~!11'W~ 1~\ll!lJ'W~tl~ ~l'Wm~'lJl'Wtl1~ n1')~~1~!~tliJ'W~ lli~tl~tlntltltl'il1tl 
• d 	 olJ]_I'l~ ,,11 '" 

~~'lJ1Jtltl'W'Yl'il~'W1 IlJ 'If !'W!9fflfl!'lfm'Wfl~ 
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~ Q.I Q...c:i ~ & 0 Q.I C\ lI) ')" "" I ~~ .c! .... .1 tI C\ 'jJ If)
'l.Hl fl 'illfl'W tI,:j lJ~ fl'l'11,:j1 1;'ltlfl'l1 'W 'Ul1'11 'j Uf11m"~ t e1 t~ 'j I 'il'W 'illfllJ!) fl'j tll'j TI~'j lJ lJ,:j~ 1t1 IV 

>. 	 Jl t!'W ;)~fl1'j l'~ml1~ ~CJfU fllC)ffllfu~'W'~ ~~fl' C)f~I.ul' tJ t'W Ifl~~,:j tJ 5 fl'j ru [13-17] f11'j 'j 1lJ 

fl'j ~U1'W fl1'j ~~~, e11~'j I 'il'W nu 1'11~~CJfUll"~lrlm~~ mll'Wflltl '1 'W mj 1t1tJ 5 mlfl1'j l~tl1n'l.HtJ'W 

l'Ylfllw hfj~iJfl1llJ'\..hIT'W'1 'il 1'11~~CJfU'il~Glhtl'1'Wf11'j~~CJfUnlC)ffllfu~'W '~~~fl 'C)f~~~fl'illfl'j~UU
~ 	 ~ . ., 

'tIW~ l~tl1n'W le11~'j 1'il'W 'il~~f1lWfl~~fl'illfltJ5m tJ11~ tI~l'Wl~m~~mh'W ~,:jiT'W 'j~UUf11'jl'll,:jl'W 

~ 1lJ n'W 'tI ~,:jlrlm~ ~ fl~l'WlI"~ 1'11~~ CJfUfllC)ffllf U ~'W'~ ~ ~ fl' C)f~'il~Glh til'll t l1'1~~~ IOU)Wcvl 

'e11~'j I'il'W~iJfl11lJU~ ~'Yl~ 'W ~fl'illfl~eJ,:jiJmllJltJ'W 1~~ 'il ~ {;YllJ1 'j f;)"~ eJW '11 fJiJ'1 'W f11'j In~tJ5mtil 

~,:j'il~l'l1 '1l1'~mJ'W '1'Wf11HllIU'W f11'j"~",:j [16] 
v 	 ~ V I 

,:j 1'W 1~tlt:l~,:j~,:jf1mJ lfl'j~U1'W f11'j1l'J~flJiJ,:j~1t1'eJt1l'tl~,:jW'YI1'W~m1,:j '1 'W 'j~UU~iJll"~':W 

iJI'11~~CJfUnlC)ffllfu~'W l~~~fl 'C)f~lm~lrl~ I~~mll'W l~tI'il~l'llf11'j 1m tJUI~tlUfl'j~U1'W f11'j N~\?l 

nlGJ1 !e11~ 'j 1'il'W 'illfltJ5m tll~l'J~flJiJ,:jIfl'Yll'W~" l~tI'1 'lflfl1 ~,:jtJ 5 fl'j ruJtJllUU~ l,:j"l l~!lfi Ifl1~,:j 

tJ 5 fl 'j ru tJ fl ~ I fl1 ~,:j tJ 5 fl 'j ru IIU U I rl ~ I~ ~ fl ~ 1 'W I fl1 ~,:j tJ 5 fl 'j ru ~ iJ fll 'j '1 'If I'll ~ ~ CJf1J n 1 C)f 

mfu~'W !~~~fl 'C)f~ 1l"~lfl1~,:jtJ5fl'jru~iJJ,:jlrlm~~fl~1'Wll"~1'11~~CJfUfllC)ffllfu~'W '~~~fl 'C)f~ 
,:j 1'W 1 ~tI l~f1mJ1 N" 'tI~,:j (;Yfll 1~ f11 HhlU 'W,:j 1'W 1'lf'W ~w '11 fliJ el~ 'j 1 1;h'W' ~Jl~ ~1fl'Yll'W~". '" 
el\?l 'j 1 1:Y1'W 'tI ~,:jf11'j IWfl' e11 ~ 'j l'il 'W ll"~fI1 f U ~'W 1 ~ ~ ~ fll C)f~~~ fl 'ill fl'j ~U U ! tJ'W ~'W ~iJ ~ ~ 

~ c)I C\ Q.I tid. <jJ ,J -=:II Q.I :1 Q.I 'jJ& 31 ~ a'
~,:jfltJ'j~fl~U'tI~,:jf11C)f~"\?lflW CVl'Yl'~ 'W ~fl'illfl'W,:jl'W 1'iltl'WtI,:j '~ft'fl'l;J 111'W11'W lJf11'j Ifl~m'jU~'W '1 'W 

tJ5mtll1~~flJiJ,:j~1v'~Jl't1~,:jW'I'11'W~" 

<:I 

3.2 'YIqlJ~ 

,:j 1'W 1 ~ v~, ~f1fl'l;J 1 fl 'j ~ U 1'W fll'j !n~ tJ 5n~ v 11l'J ~ f lJ iJ,:j ~1 tI' ~ J 1 'tI ~,:j I~ 'Yll 'W ~" fll 'j 

~ tI ~ tI~ lfJ ~ tI 31 ~d 0 lSI 9J ~ 0 

11fl'jl~'I1!'Jj',:jI'Yl~'j tlJ ~~'WllJfl{;Y~1(111) Stoichiometric Approach ~fl'WllJ1 t'Jj'I'V'l~m'W1W'I11 

~,:jf1'tJ 'j ~fl~U 'tI ~,:jnlC)fr:Y,:j Ifl 'j 1~..1~ 1~'ill fl f11'j1l'J~flJiJ,:j ~ (;yfll1~{;ylJ~" tJ5m tJl'l1 ~fl'tl~,:j f11'j ~~\?l 
., 	 ., 

le11~'j !'il'W 'illf1tJ5mtl11l'J~flJiJ,:j~1t11~t1l'tl~,:jm'YI'W~(liJ~,:jt:l [18] 

C2H50H + H20 ~ 4H2+ 2CO (3.1) 

CO + H20 ~ H2+ CO2 (3.2) 

CO + 3H2 ~ CH4 + H20 (3.3) 

~1f1,:j~{;ylJ~(l'IJeJ,:jIl~(l~tJ5mtllmlJl'jf;)fll'W1Wl~'illf1 Van't Hoff equation ''W{;ylJf11'j~ 
.,9 ~ ... '" ... 

(4) C)f,:j 'IJ'W flU eJW '11 fJlJ!m~fll1lJ~'W 

dIn K tili° 
--= 	 (3.4)

dT RT2 

l~tJ K ;)~~lfl,:j~{;ylJ~(l'IJ~,:jtJ5m til 

Mf ;)~~lw'W!'Yl(l1J'IJ~,:jtJ5mtJl 
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tJBmeJ1J~l1:IJ~!n~~'W'l'W!'vhmtl~ 1~eJfllfl~~~:IJ~(1~l:lJl)fJflTIUleJ~';Wml:IJ~'WeimJ'lJfl~ 

C'V 9 ' rI 9 ~~ ~Q.I

t!f1~ !'WU\9l(1~fl~fltJn:f1flU rutJ~!1)m ~~'W 

I!(y;¢y' =(; JV K (3.5) 

Stoichiometric Coefficient t!(1~ (A ~fl~l Fugacity Coefficient 'lJfl~fl~f1'tJ)~f1flU i 

... I ~ '" .. .d tq 'JI .... .1 .. '" .d 
f1l n1lfl~ fllJ) ~ flflU 'IJ fl~ f1l GJr~ ~ ~m 1~11 'V1 !~ \J 1f1 f1l)) 11 V 'j':IJ:IJ ~W'V1l'W fl" 'V1~ fll1~ ~:IJ~ (1• 

" ~l:lJl)fJfll'W1tu '~i~{j 
2 4 

KI = _Y_C_O_Y--,H2~ p4 (3.7) 
YC 2HsOHYH 20 


- YC02 YH 2
K 2 - (3.8) 
YCOYH 20 

K) = YCH4Y~20 p-2 (3.9) 

YCOYH 2 

~:lJf1l'j' (3.10)-(3.16) '1 cfffll'W 1tuB\9l'j' lf1l'j' i l1"'lJfl~tllGJrU~"~'lfiJ ~ '1 'Wm~U1'W f1l'j'1vJvf:IJ 

(3.10) 

nH20 =b - XI - x2 + x) (3.11) 

nH2 
=4Xl + x2 -3x) (3.12) 

(3.13) 

(3.14) 

nC02 =X 2 (3.15) 

6 

ntotal =In, = a+b+4xl -3X2 (3.16) 
;-1 

" .
1~w a t!"~ b ~flB\9l)lf1l'j'imH:jf~ 1:IJ"'lJV~W'V11'Wfl"~~"~lhVitlfl'W~~1'j'~UU \9ll:IJrlliu u,,~ Xl' 

U(1~ X) ~mn:lJltum'j'~!n~tJBmm (extent of reactions) rlm~utJBmeJl (3.1)-(3.3)X2 

\9l1:IJi:h~u 

'1 'Wfl n'Vh~l'W ~ 1:IJtl'W 'lJfl~m ~U1l,! f1l'j'~~cJru tllGJrfllfufll,!'~ flflf1 'GJr~u,,~~gfl~~vmhl,!
'" 

'lJfl~tJ~m tJ11vJflf:IJ~~~1eJ'mIl i 1~~cJrUtl1GJrfllfufll,! '~Vflfl 'C]f~\J~\lmm:IJtlUi1d ~tJBm eJl 

'1Wfli fl~tJBmwuuU!gfl!~Vf1~ll,! 1~eJtl1C]fmfu Vl,! i~VVf1 iGJr~\J~ \l f1n1 ~~VVf1 \J 1m~uu1~ (lf1l) 
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http:3.10)-(3.16


(3.17) 


=4x, + X2- 3X3 - r(4x, + X2- 3x3) (3.18)nH1 

hw f ;]m)\PI 'J 1 ril'U 'iltJ'l fll91fllf lJ tJ'U!1Pl tJtJtl !91~~\l tlf11~1Pl tJtJtl 11 1m ~lJlJf1'lVtl1'J i ~il~lPlilJ 

U1:l~ r ;]m)\PI'Jlril'U'iltJ'l!~ilPl'Hl1'U~{1'1lJl'Jt1IWtltJtJtlNl'Ul~tJl~tJtlNl'U 
'" '" ,

~'l-W'U ~1'U l'U i:IJ 1:1 'J 1:IJ 'il tJ'l fll91'Vl'll1:IJ1Pl f) 1 V i 'U lJ111W Yi I fl IPl Ll ~m Vl ~ 'l ij ~ 11:1 1Pl1:l 'l ilPl V 

{1'1lJl'JtltJn1J1V !f1'~'lff:IJtll'J (3.19) 

6 

nIota' = In; = Q+b+4x,-3x2-!x2 -r(4x, +X2 - 3X3) (3.19) 
i-I 

~UVtltJtJtl111 tllfl~ tJ'lLl~m ruij~ 11~'U tT'U viU 'Yll'l \PI 'J 'In'U ~1:IJ IrltJ~111'J W11fl~ tJ'lLl ~mruulJlJlgtJ 

l~tJtlNl'U 11~f1111 'U1Pl i l1'B\PI'J lril'U 'iltJ'lfl19lfllflJtJ'U!1Pl tJtJtl ! 91~~ \l tlW.Jtl tJ tJtl 11 1 tllfl ~ tJ'lLl~mruij~l 
~, .-

IlJ 'Ufl''U V 
'" 

i 'U ril'U 'ilfl'l tll'J ilml~1-1tll'J IfllPlmflJ fl'Uf) lV i 'Ulfl ~ fl'lLl ~mru Ll ~mm~ijml:IJI~'U '1 Ll 

!f1'~l1~'Vl1!fllPlfllflJ fl'U i 'U 'J~lJlJtll'J1vJtJf:IJ1J'lf1',:W!mJlij~'l~ 
2COBC02 +C (3.20) 

CH4 B2H2+C (3.21) 

CO+2H 2 BH 20+C (3.22) 

CO2 + 2H2 B H20 + C (3.23) 

'l1'U i~V~! f1'f1111'U IPl i l1'Ll ~ fl1 Vl Ul\PlllPl (Boudouard reaction) ff:IJ tll'J ~ (3.20) I~ 'U 
, ,'"

Ll~mVl'11 ~tlYi'Ylli l1'lfllPl tll'J ff~ff:IJ'ilfl'lfllflJfl'U lJ'Uil1~ 'lLl~mVl I'W fl'l111tlLl ~m Vltjij~ l~ ~'l'l1'U 

Vff'J~flmY (Gibbs free energy) ~1~'11Pl fl11:IJ1~'U!tl!f1''ilfl'ltl1'JlfllPlfllflJfl'UlJ'Uild'lLl~mVl 

ffllJl'Jtl~111'JW1!f1'111tltll'Jr\'1'U1W~111flfl~i~'ilfl'lfllflJfl'U (carbon activity) ~'l6 
K4X~OP 

Q = (3.24)
c 

X C01 

ilPlv Q c ;]fl~lt:Y:lJLl'J~~'Yltllflfl~i~ (activity coefficient) 1tf1~ K4 ;]fl~lfl'l~ff:IJ'PJ1:Irlll1flJtl~mvl 
tJllPlllPl 

tll'J IfllPlfllflJfl'UlJ'Ui ld 'lLl~m Vl~U i'U mtU~~lIWfl~i~'iltJ'lfllflJ tJ'U ij~ l!'vllnlJl1 ~ 'l 'J~lJlJ 11~ 
mii'U ffml~ff:IJ1Pl1:l 1I1:1~~1 i 'UmtU~~l11flfl~i~ij~l,rflVtllll1~'l IIfflPl'lll hjijtll'J IfllPlfllflJtJ'U'" . 
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-. 

3.3 fH1 fll'Hl U16'l fl'l ~'lJ1l!fll 'l 
., . 

3.3.1 116mIJ11rJfJflJiJ.J~':W 1fJ1h'tlfJ.JwmUfJ61 n1~jJn1'j' 7.ffiJ~~C;1JnlCJfrnf1JfJu 1~fJfJn 1CJf~ 
d '" , ~ iii i

U61tWfJWfJnrnUn1CJf If! l~mJU 

~111'j Wlm~lJJ'W f11'j1vJuhJiJ'l~J~!uJl'UU'llU'Yll'W U{l~ {l'fllJ~ll1l'1'j 1!1'W 1~ ~~5\9l'j 1 

fll'j 111 (l'UU'll~m'W ~ 'llU'V11'W U{l ~tlU'Wt'li'ltfl~ u'ltJBm W'iif1 WVllnlJ 1 lll{l1Pi U1'W lVi tt{l~5\9l'j T~J'W 
'UU'lluJl!m~mYl1'W U{liif11!'vhnlJ 3 .,'jtJ~ 3.1 tt{l'~'l i..rt~'W l1m:lJ1W 'UU'ltllCJf!~ 1~'j tl1'W~N~\9l!~ 

11~l~ll~'WUV1'l'jJ~t~Jtrluiif11'jl~llfJWl1fJm'Wfll'j~1!'U'U'l1'W111f) 673 K ltJ~'l 973 K ml~l1~iifil 
:IJ1f)~'Q'~~fJWl1 fJlJ 1073 K i'ldt~U'l111f)iJBm ~11vJu{lllJ'l~J~ !UJ1'UU'llU'Yll'U um~'WtJBm~l 

3J & q '" I oCl.~ 111 3J.c:s dt q ~ i .c:i Q.I .... ~ ~ d d 

~~flJlm U'W tP 11 'ltf)~lJ!) m ~1 t~ ~tll UfJWl1 fJll \J'l'U'W 'W 'U W~t~ ~Jf)'W lJ'j:lJ1W 'UU'l fllCJfllt'V1'W l1~ll 
, " , 

tt'W J 1 Ullf)n ttJ~ ~'UmJ{l'l\9l'j 'In'W'Ii'lll 'W Uf)111f)U fin t~llUW 11 fliJi 'W f11'j~1!'u'W f11'j v'l'Yll1..rtllCJf . ., 

Teml,erature (K) 

(steam to ethanol ratio = 3 and atmospheric pressure) 
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6 
i ---- Hz -- CH4 

;;:. 5 1<-----.- _'(_)_-- C'_o= __-.• . -._ - '_<- __ z _ 
0.. 
~ 

! --------.-._-
4 1---.-----

~ .. ! 
. 

;.. 3 1 
0" .. 
~ 

;: 

~ 

2 r----... --.-----..------~-.-"0 
~ 

o ~ - --~--:- .~ : - ____ m_ 

4 5 

Ste:lm to ethanol ratio 

6 11 16 21 

Pressure (bar) 

JtJ~ 3.3 rHl 'U tJ.:Jfll1lJ~\J ~ iJ ~tJ tJ.:JfliJ 'j ~ f1tJU'UtJ.:J fl19HY-Hm 1~11'~1 ~'illf1fll 'j1vJ tJflJiJ.:J W'Vll'lHl~ 

(steam/ethanol ratio = 3 and T = 1073 K) 

'jiJ~ 3.2 II M1.:J~.:J ~~'UtJ.:J5ml'th'W 'UtJ.:J 1 ml1~mtJ'Vll'WtJ~~ij~ tJtJ.:JfliJ'j~f1tJU'UtJ.:J fll9f~ 
'" 

~ lfI v.c:i Q c' dt lfI ~ 9J 9J ~ Q~ rIQ,.I

~MI !~'Vl~tl!l1iJlJ 1073 K 1I~~fll1lJ~'W I un !lJtJ W'Wltlm..a'Ul'j~UUlJ1f1'U'W iJumtJl1ml9lf)'j 

~ '" •.1 '" liJ ~ ~, i ~liJ ~.I": ~ liJ i ~ ~ .1'"0 ~ 
1If1{l"lfn'il~!f1~ !~mf1'U'W {l'.:JmrYI1 l1 !~'U'jmtl!fll9f !~ !~'j!'il'Wmf1'U'Wmf1'U'W!W~'U'jmtl!fll9f 

mfuf)'WlJtJ'W f)f119f~~~~.:J mh~1 'j019l1lJ lm.l1~t1tJ'W!.,rl1iJlJ1mfl'W 'I"W'il~ liJ!~ml1.:JtJ.:JfliJ'j~f1f)U 
'Utl.:J 1~1~'j !'il'W i 'Wllfl{l''ff.:J Iml~l1'~ ~~l9ll1~ ~,nf'W fll'j !~tlmrl9l'jlri1'W'UtJ.:J1 f)Jl~mtl'Vll'Wtl~~.:JlPitl.:J 

Vi 'ill 'j tl! lmh.:J 'j tJUfl tJ U rlll1 i'U ~~'UtJ.:Jfl11lJ~'W~~ tJiJ~mtJl1 vJ tl f lJ iJ.:J 'U tl.:J!tJ 'Vll'W tl~ y.j U ';i1 Irl tl 
.., 0 "" ,J. ~ '" i ~_I": ~ liJ i ~ c' liJ liJ c'0 

fl11lJ~'Wfll'j~11'W'Wfll'jly.jlJ'U'W'il~lJ~~'Vll l1'U'jlJltl!'Uf).:Jfll9f!~ !~'j!'il'W fll95fl1'jUtl'W !~tlf)f1 !9f~ 

!!~~fll95fl1fU tl'W lJf)'W tlf119f~iJ~ 1~~~.:J (~iJ~ 3.3) ~.:J J'W iJ am tJl1vJtJflJiJ.:J'UtJ.:JW'Vl1'Wtl~fl1'j 
fll!iJ 'W .:Jl'WYi{l'm1~fl11lJ~'WU 'j 'j tJlfllf1' 
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. -- ; 

6 

Temperature (K) Steam to ethanol ratio 

JU~ 3.4 r'H'I'lJV~~tU11 iJihw::;5\Pl'.ilff1'W '.i::;Yf'hnJ 1~mv'Yll'W V{1 hJ ~lJtJV'W ~ij~Vf11'H'1~\Pltl1CJf 
i~ llPl'.i!"'W 

v v 

1l1mH'l~1~1'i''W;i l1'!~ 'Wl1tltU 11 flin 'Wf11'.i~l!iJ'W f11'.i U{1::;5\Pl'.i 1ff1'W'lJtl~ iml1~mtl'Vl1'W tl{1
• OJ 

i 'Wff1VtJtl'W!~'W1>11mh rllf1UJ~tJfn'.i N~\Pl i~ llPl'.illl'W '.i1J~ 3.4 UfflPl\!V'Vl1iYl{1'lJtl~5\Pl'.i1ff1'W'lJtl~ i tl 
u OJ 

J1~mtl'Yll'W tl{1 tU. ~tU '\1 iJiJi 'W f11'.i~1!iJ 'W f11'.i ~1~"1 ~ij~mJhJltU tl1CJf i ~1\Pl'.i! 1l'W~ i~~fffl11~ 
D'.i'.i V1fllfl' 1l1fl~tJ~ 3.4 ll::;YlD 11~fl11~~l'\1m~ ~lJ'lJtl~tJ Bm vlh~v{lJiJ~ ~1VitlJ1'lJV~ltl'Vl1'W tl~ 

tl~~QtU'\1iJiJ 1073 K U{1::;5m1ff1'W'lJtl\!itlJ1~mtl'Vl1'Wtl~ijfhI'VhtiD 5 l~tl~1l1fltJBmVlh~tl{lJ 

iJ~I~'UtJBmV1~~lm'.it1~'WmfD i~ tllCJfi~ llPl'.i11l'Uff1m'.it1N~\Pl i~lJlfl~~lPlijfilll/hri'D 4.9 IlJ~ 

~tll'W 1-¥i mil\! i'.i nmmrltlVl"lJ tU l"lflfil Stoichiometry 'lJv~tJBm Vl1~tl{lJiJ~ 'lJtl~ltl'Yll'U tl~ 

YlDl1 1 lml'lJtl~IV'Vl1'Wtl{1 ~llJl'.it1N~\Pltl1CJfi~IIPl'.i11l'Ui~mfl~~ 6 IlJ~ I>1~J'Wf11'.itJ'.i::;vfllii,*1>11• 
'" r:i 0' '" '" 0' r:i '" i 'J.I'" "I I I ~I dltlIPlCJfDf11CJffll'.iDV'W ~lPltlVfl !CJfIPlU{1::;fll'.i IWflfllCJf ! ~ ~1Pl'.i 11l'W 1Pl1VWm{1tlfl N1'W 'W 11l::;llJ'Wll'U 1'Yll~'\1 'U ~ 

~~1~'W'1l!~ tl~ ll::;tJ i'DtJ 1~ m ~D1'W f11 '.i N~\Pl tl1CJf i ~1IPl '.i 11l'U" 1 fltJ Bm Vl~ ~ tl {lJiJ~ ~1V i tlJl'lJtl~ 
1tJ 'Vl1 'W tl {1 

"" "I"" """" d ••1 0' "" j/ 1j/ '" '" r:i 0' '" '" 0'3.3.2 n1'itnrlllf} n-un 'inti 'illll.J'UtI 'JaJ'YJ1'l..!tlfI w)on 1'J 'Jf\91 J~rlCJfUn1CJffll'iUeHJ ArI tItI n ACJfrl tW~/ 

l1rtl l~mtitlnNm Ie! Trimm 

N~'lJV~fll'.irl11l1Pl tl1Clif11{Dtl'W ilPltltlfl iCJf~tltlfl1l1m~DD~1 Vfll '.i' ,*~JlPllPlcJfD
" 

!rltll>11tllPl cJfD tl1CJff11 {D tl'U i IPl tl tlfl i Cli~\lflN~lJf)D~1!~ ~tJBm £J1' 'Wlf11 tl~tJBm tUU'lJDtl IPl 

cJfD (absorptive reactor) tl1Clim{Dtl'W ilPlVtlfl iCli~~I~'W N~\PlfltU~~ i~l'i'tl~fll'.i i 'UtJBm vi~~tl{lJ 

iJ~'lJtl~ !tJ'Vll'WV~ll~ \lflrl11llPltl tlfl "lflm::;D1'U fl1'.i~':wm ~D 1'U f11 '.i ~ IPlcJflJ ~tJ~ 3.5 II fflPl~ ~~ N{1'lJ tl~ 

5\Pl '.i 1ff1'W 'Utl ~ tl1 Clifll {D tl'W ilPl tl tl fl i CJf~~ \l fllWfl tl tl fl1l1 fl tJ B m vl1 ~ tl {lJ iJ ~ ~1 V i tl J1~ij~ tl 
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--
"" 0' lI) lI) 0' ,,; o'h I "" 0' lI) lI) 0'''; "'I 9 
n1~~1)~~U!~~~n!~~~1~1)~~~~~~~~~~)~n~~~~~n1~~1)~~U!~~~n !~~~~M~~!U 

11~mt~n'h.J~f~iJ~ ,~ 

"" lI) '1' !i.I 9!i.1.,f "'I , 
rm~fJ~nn!!fmm~ !~ !~)~~U~~n~lm~~~~dvm) !'b'W~m~m'nu 

J11~ 3.6 U~~~fH'I~~~5\9l)1~hU~~~fl1~'~1~)~~U~~Wn~~m1n11~mVlh.J~f~iJ~~-JtJ 

,~J1~~~~~mu ~~ ~~f1'11)~nfJ~~~~'~1~) ~~U,ufl1~rl~\9lflu! ~~~~fI1vluridu~~f1~11~m vi~ 

~~f~iJ~~dj~1~~~~~rl~r~~5\9l)lridU~~~'~ 1~'j ~~U~~mWnfJ~n~lm~~~ mh~' 'jn\9l1~.. 
mmu!fl1~'~1~'j~~UJ~M~~~~lm'j~rl~\9l'~~~~vt~~umh~~ln (YW'jd~~~~'~1~'j~~U'UrilU 
~!f1~11~mvi~~~f~iJ~u~~rilu~uvn~~nm,~) !rl~fl1~'~ 1~'j !~U~rl~\9l '~~mWn~~ml1n 

'j ~ ~~ ~ vt~ ~U 11 ~mml~ ~\9l ~ fHfl~~~ H~ ~ 11 ~m V11!1fm~ 1i 1!U'l7u (reversed methanation 

C> lI)!i.I ~ '1' '" lI)!i.I '" ~ "" 0' lI) lI) 0'
reaction) ~~m~ !~mn~u !~v~~!n\9l !~mnm'j!l'I~~u~~~m~~u~~u !~~~n !~~u~~m'j~~~~ 

:) 
;;;-- [ - H2 - CH4 __ co 
;;;;, I -+- CO2 --....-- C0 2resicilleQ 

1'----- ---- -=-----
'-' 
a " I .___.__--.- - -

~ 
~ ) ---------- . 
::: 
Q 
I;:.. 2 

'0 
~ 

.... 
II!!. p-=;J:~===~=;~==~~_:::_--

-• ........_............-........_- ...........-..._._ .......-......_----_.y
0 

o 0.2 0.4 0.6 0.8 

CO2 removal fraction 

K, P = 1 bar, and ethanol to steam ratio = 3) 
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6 
9. ; --- H2 -.- CH4 -----.- C()
:::. .j -+- CO __ + __ H2 1esiduc
Q :) 2 g ~----~--------------~---~ . 
Q,>... '-I 
/'l ..: ---------~----
r.. IJ.-":_-:-::-..,.,. 3 

, 
Q ··1 -----.------ -_ ....- ..~ -- .. - ...- ...........
r.. .,
~ ....- .. 

.......... - ......
Q 
I

~ • -------+-----.+ -::::-~:-
•f=-- = : 

o • 
o 0.2 0.6 o.s 

H~ remoyal fraction 

bar, and ethanol to steam ratio = 3) 

lrlml1 V'lJfll'j ~il\9lfllCJfl B1~'j l'il'W ~tJ~1.J~m vi~l'ltJ{lJii~~,;WI ml1~tJ~w'VI1'W tJ~ i 'W mOl~ij 

fll'j nl11~fllCJffll{'lJtJ'W l~tJtJfllCJf~tJtJfl 'illm~'lJ'lJ~1Vfln ii'1911~~9f'lJtW~fl1'j UVfl01CJflB 1~'j t'il'W 
'U 

i 'l11911~~9f'lJ t~tJ~'illfl01CJflB 1~'j l'il'W~tn~~'W i 'W1.J ~mV1ij~lmflflllfllCJffllf'lJtJ'W l~tJtJfllCJf~~ 
l~~~J'W fll'j lWfll B 1 ~ 'j t'il'W tJtJfl 'illfl1.J ~mVl ~~ ij ~~~ tJ1.J ~mvi~l'ltJ{lJih~1VI tJJ1~ tJ~ttJ'VI1'W tJ ~ 
mflfl11 mh~ I'j ~\9l1mB mtu~tJ~fllCJffll{'lJtJ'WlJtJ'WtJfllCJf~~iji 'W 'j::;'lJ'IJ 'il::;ij~1~lfl11lrltJ~lJfll'j 

~ ~ lrt ll] rI 3J Q;' d lI] 'j)~ i 31 d I , ellQ..I Q.I 

tWflfllCJffll'j'IJtJ'W l~tJtJfl ICJf~~1V\9l1~~CJf'IJ ~~'V1 IWJ1 ml'i'W11~~~1'Wfll'j!WflfllCJf
'U 

fllhJtJhll~ tJtJfllCJf~U~~fllCJfl B1~'j! 'il'W l~'W ~ 'il11V~rllflt1J~ tJfln1l'ltJ{lJii~~1VI tJJl~tJ~W'Yll'W 

'W tJm~tJ ~il\9lfllCJfl B 1 ~mJ'W ~lJfl11lJ'IJ~ ~'Ylt• 

'JI '1 'JI';' "! , 

'j~'lJ'IJ~1Vfll'j ~GJ1WtJWtJfl~l'W 

i'W ri1'W d!~'W fll'j 1!fl 'j 1~11'fll'j ln~1.J ~m vl1l'l tJ {lJii~~1VI tJJ1~ tJ~W'Yll'W tJ~i 'W 'j~'IJ'IJ~ij 
fll'ji'*1911~~CJ1'IJU~~!tm~tJflNl'W 'j1.J~ 3.7a ~~ 3.7d u~~~~~~tJ~fl\9l'jlri1'Wi'Wfll'jnl11~~tJ~OlCJf

'U 'U 

r:Y i "" .., <I'd i 'JI i 'JI ,-:>J i d i <I''1 <I' -:>J 
~tJ~fl1CJf 'W~~\9lfltuCVI'Yl ~ ~Ufl fllCJf B ~~'j!'il'W lJ!'Yl'W fll'j'IJtJ'WlJV'WtJfl CJf~ H~~fllCJf 

fll f'IJ tJ hi i f! tJ tJ fl I CJf ~ \9l1lJ rll ~'IJ l rl tJ lJ fll 'j U V fl fll CJf I B i ~ 'j ! 'il hi 'Vl ~ VlJ tl'lJ fll 'j n 111f! fll CJf 

fllf'IJ tJ'W I~ tJtJ fl i CJf~~1Vfll 'j 1i'1911~ f!9f'lJ'Vl'IJ 11 1.J ~mV11l'ltJ f lJii ~ 'il ~ lJfl1'j<U'IJ !fl~ tJ'W 11.J"tYl~l'i'W1 

lJ lfl fl11fll 'j i i'rVl V~ fl1 'j HVfll B 1 ~ 'j! 'il 'W ~1V!ttJ!~ tJfl Nl'W l'i1 Vfln nl11~ fllCJffll {'IJ tJ'W i f! VtJ fl i CJf~ 
~1VI911~f!9f'lJ fll'j !~lJflm lLY1'W i 'W fllmVflfllCJfm{'IJ tJ'W If! tJtJ fl I CJf~U~ ~ fllCJf I B1~ 'j! 'il hi 'il~ 'Vll i,r 

34 



<I II] II] <I", 0'" 	 ~ ~ <I r:» 
flU'lHl'U !~HHlfl !CJ1~'Vl~flfl1'll~HHlfl~lfl'j~'U'U!'VnJlJlfl'U'U ~~l:l~tl.:jfl11'J~fltl'U'Utl.:jfllCJ1 

fll ~ 'U tl tJ I ~ tl tl fll CJ1 ~~ ! '\1 ~ tl1 'U 1 CJ1 'U 'U tl.:j fll 'j ! fi ~ 11 B fi~ £J 1 1'U 'U U! ~ ~ 11~ lJ 1 U! 'U tl.:j fll CJ1 

m~'Utl'U l~tltlflllCJ1~iifh!,~lJ~tJ!rlmfi~uBm £)11 'U 'j~'U'U~!!£Jfll~ 1~'j !~'U ~Jmgtl!~tlfl~l'U (~u~ 
3.7d) ~.:jJ'U fll'j !YilJiJ~~CJf'UfllCJ1m~'U tl'U l~ tltlfllCJ1~1 'U!fli tl.:juB mwu'U'U!gm~tlfl ~1'U ~~'Vll1,r 
fll CJ11 ~ 1 ~ 'j ! ~ 'U 1 'U 1CJ1 'U 'U tl.:j fll 'j ! fi ~ 11 B fi~ £J 1 ii fl J llJ 'U ~ 'i1 'Vl t ~ 'U! rt tl.:j ~ 1fl u~ lJ 1U! 'U tl.:j fll CJ1 

m~'Utl'U l~tltlfll CJ1~Ul:l~m~'Utl'U lJ tl'U tlfllCJ1~l:l~l:l.:j 

-. ~ . :- .. ..,,-:(a) .. .. : .. .... [. :./~' ... . . . .	 (b) 
.. - -; - . 

0.8 -,5.S . •. ' : • . • ' .'. ';<): / /~/' 	 ''-' " , ' . 

s. : ...:. . '.' ' f) ,6 .. • . 

~.as -- .. ~ / / / ~ " " ": o 
0 , / " 
E . '/ /. . ~ 004
-;:. 	 .. . .. - /' '" ~ . ' 

= 	 =~ 
U 0,2 

o· 
0.8 

" , ,' 

0.6 	 . - . . - - 0.8 

004 

0.2 

o 0CO2 removal (mction "2 removal fraCfion CO2 removal fraction 	 H2 removal fntction 

0.6 

0.5 

0 0 ,4 

O.J 

.- _.- 

" , ' . 

-.... ~ -., ~ . ' 

".-_ . 

CO2 removAl fraction "z removal rractio n CO2 removal fraction 

(e) (d)
0.7 -' - - . . 	 I.~, " 

? 
o 
E 
~ I 

~ ON 
E U.. 

.~ 0,5U 

j 
- ~.' - ... -~ . ::. - . - . 

- O · 
0.8 	

"'". >:,~"' 
o 0 

Hz removal fraction 

!tl'Vll'Utll:l (T = 873 K, P = 1 bar, and ethanol to steam ratio = 3): (a) hydrogen, (b) methane, (c) 

carbon monoxide, and (d) remaining carbon dioxide 

35 




--
Q

.: 

Q'" 
~ 

= ~ 

oS 
<II 
Q... 
S 
~ 

~ 

"" 

500 600 ~oo 800 900 1000 

Temllerature (K) 

jt1~ 3.8 vHl~tl 'HY~HY1'U f)1'j !WflnVlff11f1JtJ'U 1~tltlfl1ClfflU~~n1Clf 1~i~'j !11'U~ijl'if)~TeJm1ri1'U 
fll'J'rJf)'Utl1!!~~ !f)'Vl1'U f)~~~ru 'I1.f,Jlii 'U f)1'j ~ l!tJ 'U f)1'j1'i1~"l 

3,3.3 m'Jtn~mf1Jf)'tJ1u'j~'lJ'lJm'jln~1inm{dh1f)flJiJ-J'UfNm'Yl1'/.Jem 

i~v~11111'U fl1'j 115m vi~l'lf)flJiJ~~1V1 f)J1~1!~'U #If)~tJf)'U!f)J1!.,j1'j~1J1J i ,rij~llJ1fl 
"" ~ i j101""= " ~ do.1 .,j ilJol jI j1?1 i j1~ " ilJ ilJ"0

!fl'Ul"lf)Clf~11~'Vl1 'I11J!lmV11m\9lf)'j!!fl'ffGlf'rHfl~f)'U !1J~1~'I1'U1 !1J'UH~ 'I1f)1Clff11'j1Jf)'U !~f)f)fl !Clf~ 

"" ~ .d. ~ ~ " ilJ ilJ'" "" 01""= <V ilJ jI <V ~ 
!fl~lJlfl~'U f)1'j !l"llJ~'U ~f)~f)1Clfm'j1Jf)'U !~f)f)fl !Clf~ 11~'lf1V~~f)1'j !fl~1J!lm V11J1m~ !~ ~~'U'U 

~f)1J!~\9l~f)~fll'j !f)~fl1f1Jf)'U i 'U 'j~1J1J 11~ '(;Y1lJl'j tlf11'11'U ~ 1~111 m.G lJ 1ru J 1~,rf) V~'(;Y~~#(f)~f)1'j•., . 
tJtl'U!.,j1'j~1J1J ~1'U1ivi'U ri1'U Ul1~ftmnH~~f)~tJru'l1 filii 'U flU ~ l!tJ'U f)1'jYliil'i m)\9l ':ilri1'U ~f)~ 1 f)

• 'V 

J 1I'imf)'Vl1'U f)~~#(f)~fl1'jtJ f)'U!.,j1'j~ ~J1J!V;f)'I1~ fl!~ v~ f)1'j !f)~fl1 f1J f)'U i'U 11 5 m V11l'lf)flJ iJ'I ~ f)'1W 

'Vll'U f)~~~~ l!tJ'U ~ 1'U~5\9l 'j 1ri1'U I'i N"l i'U fll'j 111i~ n1Clfmf1J f)'U 1~ f)f)fl 1 Clfflu~~fln uVfln1Clf 

1~i~'jll1'U 

Jl1~ 3 .8 u '(;Y~~ H~~f)~fl\9l'j1ri1'U 1 f)J11'i f)W'Vll'U f)~~#(f)~ fll'jtJf)'U1.,j1'j~1J1J~!11~v'U 111 

\9l1lJrJru 'I1.f,Jlii 'U f)1'j !f)~115mV11l'l f)flJiJ'I~1V1 f)J1~f)~W'Vl1'U tl~ i 'W 'j~1J1Jf)1'j'Vi'1~ 1'U ~ 1lJfl'U ~f)~ 
~ jI ... <V ~ " ilJ ilJ" i jI .,j "'!, 0.1 "" jI jI

fll'j !'lf1'l1~~Clf1Jf)1Clfm'j1Jf)'W !~f)f)fl !Clf~I!~~fll'j 'lfWf)Wf)flH1'U 111flm1l"l1J'jl1ru'Vl1'1~1'UClf1V 

fIlV i#(!1:¥'W~f)1J!~\9l~f)~f)1'j !f)~mf1Jtl'U!~'U1J~!1ru ~m1) 11~1f)~fl1f1J f)'WfIl vi 'W 'j~1J1J l"l1Ji1!ri f) 

111'11 'W ~ 51'1 'j 1 ri1'W i'W f)1'j 11 1 \1~ f)f) fl~ f)~ n 1 Clfmf1J f)'U 1 ~ f) f) fl 1 Clfflf) f) fl1) 1m ~ 1J1J (f = 0.8) fl11lJ 

!~'U l'lll~~f)~fl1'j!f)~f11f1Jf)'U l1~ij~llJlfl~'Ulrif)iifl1'j l~lJ~f)~fll'l'j1ri1'U i 'Uf)1'j!Wfl1 ~i~'j !11'U~1V 
.,j "'! , i <V jI ijl """ iWm~f)flH1'U (r = 0 ~ r = 0.2) 'W'Vl1'1I'1Hfl'U~llJ !!'U1 'WlJ~f)~f)1'j!fl~m'j1Jf)'U 'U'j~1JUfl1'j 

'¥i'1~ 1'U ~ 1lJ n'U ~ f)'1 fl1 'j i ~1'11~ ~ CJ11J1! ~ ~ !tf)!~f) fl N1'U ~1 V fll'l 'j 1 ril'U i 'U fl1'j 111 \1~ n1 Clf 

fl1f1Jf)'U1~f)f)fl1Clf~f)f)f1111fl115mV1!~fl,rf)V (r = 0.8,/= 0.2) ~'lfl~rJru'l1.f,JiJ~l (500-800 K) iiH~ 

i ,rfll1lJ!~'U 1 11 1~i 'U f)1'j !f)~mf1Jf)'U '1 'U 'j~1J1Jiju'U 1 i ,rlJ~~ ~~ !rlf)!m V1J!YlV1Jn1Jf)1'j !!tlfln1Clf 

1~i~'j!11'Uf)f)fl111m~1J1J~1V!tm~tlflN1'U!TIV~mh'l!~Vl (r = 0.8, J= 0) J'U'I1lJlVfl11lJi1fl1'ji~ 

1'11~~CJ11Jn1Clfmf1Jf)'U 1~tltlflllClf~H'(;YlJI'11! ~ '1115m V1 i 'Ut,i~115m WU1J1J!gm~ tlflN1'U 11~'lf1V'¥i'1 i '11' 

36 



18f11 ",,1'Uf11'Hn~mhJ8'U1 'U 5,nJ5flnUmJ1Hrl8!~8f)~1'U ~~~'1 ~'1 ~rl8~ f11'l ~v:ilJ~l~~ clf'U '1 'U 'l~'U'U 
dt 0",,"" <I If) If) <11 ~ , 191 

1'W8fll'il~fll9fmJ'U8'U !fi88fl t9ffi 'U'l~'U'UlJlfl'U'U (r = 0.8, f= 0.8) 'il~'W'Ul11l'Ul 'UlJ'U8'1 

eJ\9IJ 1ffl'U1'U f11'ltl8'U' m.r1~818'Vl1'U 8~1~8t18'1n'Ufluln~mf'U8'U 'il~ ~~ ~'1lJlfl1 'UoMl'18ill 'I1.f)ii . '" 

f11'l !n~mf 'U8'U 'U 8'1'l ~'U'U~~ fll'l tl1~fif119fmf'U8'U '~88fl '9f~~ llJn'Uflu W:Jf1 f119f 1~1~JI 'il'U 

88 fl 'il ~~~ llJl flW.i1 f11'l!!f.J fl f119f 1~1~ 'l I 'il'W ~lt1!rl81~8 fl ~1'U loW tI'I8V NI~ til 

~ v .J'lf] 9J Ci ~ 0' d cs rI ~ ~ 
'11'U l'iltl'U t~II""~'1 tl'l fl1'l llfl J 1~ '11 'Vl1'1 Qill 'I1'W ~fl'1""\91 'l 'U8'1 fl 'l ~ 'U l'U fll'l 'l vJ8'l lJlJ'IfiltJ i 8 

.. . . 
111'U 8'118 'Vll'W 8 ~1 'U m ~ 'U l'U f11 J Yi'l'l1'11'U ~llJ n'U 'l ~'I111'1~lfificlf'U II~~ IV8l~8fl~1'U 1 fitJ~lfificlf'U 

'" '" 
"" <I If) If) <I i 91 dt 0 '" "" <I If) If) <14 If) '91
fll9fm'l'U8'W tfi88fl t9ffi'il~~fl 'IH'W8fll'ilfifll9fflU'U8'U t~88fl t9ffiVI tlJ\9I8'188fl'il1m~'U'U 

i'U 'U ill ~~ Irl81~8 fl ~ 1'W 'il ~~ fl i 'If! ~8!ltIfl f119f i ~ 1 ~ 'l l'il 'U H~ 'U 8 'I "" .f)ll~ 1'U fll 'l 'I'll '11 'U i'lloM'U 

8ill'l1.f)iill~~eJ\9IJ1ffl'U'U8'1'8J1~818'Vl1'U8~ ~ij~8f119fi~ lfi'l 1'il'W~ln~~'W i~tlflffmlli'U'I1'Ul~tJ. 
'j/ 

'" I,.. , '" 
'j/ 

U H~ fll'l ~1~8'1Yi i~;1..r!,1 'W l1Yi "".f)l1~fll1lJi'U'U'l 'l tJ1f11fl' m~'Ul'Wf11J1vJ elflJii'l~ltJ iV111 

'UV'IItl'Vl1'U V~ ~lltl'W~V'I~l!ii 'U f11'l~vill'l1.f)iill~~eJ\9I'l 1ffTU 'UV'I i vJ1~VI8'Vl1'W V~ "" 'I Irl VYi'il1'l ill 1 . '" '" 
f11'l'l'l1'11'U ~llJn'W'UV'I~1~~clf'UII~~!rl8!~Vfl~1'W'W'U11 fll'l IWfl'~1~ J !'il'W VVf1'il 1flll Elm tJl~lt1 
fl1'l i 'If I rl V ! ~ V fl ~ 1 'W 'il ~ ~ H ~ ~ V fl1 'l H ~ \91 n ill en 'U V'I i ~ 1 fi 'l ! 'il 'U lJ 1 fl fll1 fl1 'l !I tJ fl f119f 

<I If) If) <191 '" '" 'If) d 1 91 "" <I '1 '" 
fIl'llJV'W t~VVfl t9f~~ltJ\9Il~~9f'U VtlN !'lfl\9l1lJ !I'Ul 'WlJ'UV'If1l'l!fl~mJ'Uel'U t'UJ~lJlJlJ 

"j91 dt '" "" <I If) If) <I 91 '191'" '" 

lI'Wl t'WlJ~~~'1!lJVlJfll'llltlflfll9fm'llJ8'U t~8Vfl t9ffiV8fl'il1m~lJlJ~1I'JfllJ t'lf\9ll~~lIjj'lJ flU 


!n~llElm tl11vJvflJii'l'UV'I !8'Vl1'W V~ '1 'U 'l ~'UlJ~'I'l1'11'U ~ llJn'W 'U8'1~1~~clf'UII~~!rl8l~8fl~1'Uhi 
!Yltl'l'l'lli..rH~\9Inillen'U~H i~1~'l!'il'U""'1~'U 1I~5'1'1'l1 i..rH~\9Inillen~ i~~~1'U1""'Vli!v:ilJ~'UBfl~1t1'" . 

[1] Vaidya PD, Rodrigue AE. Insight into steam reforming of ethanol to produce hydrogen for 

fuel cells. Chern. Eng. J. 2006; 117:39-49. 

[2] Comas J, Laborde M, Amadeo N. Thermodynamic analysis of hydrogen production from 

ethanol using CaO as a CO2 sorbent. J. Power Sources 2004; 138:61-67. 

[3] Arteaga LE, Peralta LM, Kafarov V, Casas Y, Gonzales E. Bioethanol steam reforming for 

ecological syngas and electricity production using a fuel cell SOFC system. Chern. Eng. J. 2008; 

136:256-266. 

37 



[4] Arpornwichanop A, Chalennpanchai N, Patcharavorachot Y, Assabumrungrat S, Tade M. 

-- Perfonnance of an anode-supported solid oxide fuel cell with direct-internal refonning of ethanol. 

Int. J. Hydrogen Energy 2009; 34:7780-7788. 

[5] Rabenstein G, Hacker V. Hydrogen for fuel cells from ethanol by steam-refonning, partial-

oxidation and combined auto-thennal refonning: A thennodynamic analysis. J. Power Sources 

2008; 185:1293-1304. 

[6] Comas J, Marino F, Laborde M, Amadeo N. Bio-ethanol steam refonning on Ni/AlP3 

catalyst. Chem. Eng. J 2004; 98:61-68. 

[7] Cavallaro S, Chiodo V, Freni S, Mondello N, Frusteri F. Perfonnance of RbIAlP3 catalyst in 

the steam refonning of ethanol: H2 production for MCFC. Appl. Catal. A. 2003; 249 :119-128. 

[8] Wang YN, Rodrigues AE. Hydrogen production from steam methane refonning coupled with 

in situ CO2capture: Conceptual parametric study. Fuel 2005; 84: 1778-1789. 

[9] Aparicio PF, Benito M, Kouachi K, Menad S. Catalysis in membrane refonners: a high

perfonnance catalytic system for hydrogen production from methane. J. Catal. 2005; 231:331

343. 

[10] Iulianelli A, Liguori S, Longo T, Tosti S, Pinacci P, Basile A. An experimental study on bio

ethanol steam refonning in a catalytic membrane reactor. Part II: Reaction pressure, sweep factor 

and WHSV effects. Int. J. Hydrogen Energy 2010; 35:3159-3164. 

[11] Gallucci F, Basile A, Tosti S, Iulianelli A, Drioli E. Methanol and ethanol steam refonning 

in membrane reactors: An experimental study. Int. J. Hydrogen Energy 2007; 32:1201-1210. 

[12] Park BG. A hybrid adsorbent-membrane reactor (HAMR) system for hydrogen production. 

Korean J. Chem. Eng. 2004; 21:782-792. 

[13] Barelli L, Bidini G, Galloririi F, Servili S., Hydrogen production through sorption-enhanced 

steam methane refonning and membrane technology: A review. Energy 2008; 33:554-570. 

[14] Chen Z, Po F, Grace JR, Lim CJ, Elnashaie S, Mahecha-Botero A, Rakib M, Shirasaki Y, 

Yasuda 1. Sorbent-enhancedlmembrane-assisted steam-methane refonning. Chem. Eng. Sci. 

2008; 63:170-182. 

[15] Florin NF, Harris AT. Enhanced hydrogen production from biomass with in situ carbon 

dioxide capture using calcium oxide sorbents. Chem. Eng. Sci. 2008; 63:287-316. 

[16] Harrison DP. Calcium enhanced hydrogen production with CO2 capture. Energy Procedia 

2009; 1 :675-681. 

38 




[17] Harale A, Hwang HT, Liu PKT, Sahimi M, Tsotsis TT. Design aspects of the cyclic hybrid 


adsorbent-membrane reactor (HAMR) system for hydrogen production. Chem. Eng. Sci. 2010; 


65:427-435. 


[I8] Freni S, Maggio G, Cavallaro S. Ethanol steam reforming in a molten carbonate fuel cell: a 


thermodynamic approach. J. Power Sources 1996; 62:67-73. 


39 




fllflNU1t1 



· r 

1. 	 Saebea, D., Arpornwichanop, A., Patcharavorachot, Y. and Assabumrungrat, S. (201l) . 

Adsorption-Membrane Hybrid System for Ethanol Steam Reforming : Thermodynamic 

Analysis . International Journal of Hydrogen Energy (accepted). 

2. 	 Arpornwichanop, A., Wasuleewan, M., Patcharavorachot, Y. and Assabumrungrat, S. 

(2011). Investigation of a Dual-Bed Autothermal Reforming of Methane for Hydrogen 

Production. Chemical Engineering Transaction, 25, 929-934. 



From: "Nazim Muradov" <muradovCd{fsec.ucf.edu> 

To: <amornchai .aCa-';cbula .ac. th> 

Sent: Friday, August 05,2011 9:32 AM 

Subject: Your Submission - HE-D-l1-00818Rl 


Ms. Ref. No.: HE-D-I1-00818Rl 

Title: Adsorption-Membrane Hybrid System for Ethanol Steam Reforming: 

Thermodynamic Analysis 

International Journal of Hydrogen Energy 


Dear Dr. Amornchai Arpornwichanop, 


I am pleased to inform you that your paper "Adsorption-Membrane Hybrid System 

for Ethanol Steam Reforming: Thermodynamic Analysis" has been accepted for 

publication in International Journal of Hydrogen Energy. 


Below are comments from the editor and reviewers. 


Thank you for submitting your work to International Journal of Hydrogen Energy. 


For further assistance, please visit our customer support site at 

http: //support.elsevier.com Here you can search for solutions on a range of topics, 

find answers to frequently asked questions and learn more about EES via interactive 

tutorials. You will also find our 2417 support contact details should you need any 

further assistance from one of our customer support representatives. 


Yours sincerely, 


Nazim Muradov, Ph.D. 

Subject Editor 

International Journal of Hydrogen Energy 


Comments from the editors and reviewers: 


http:http://support.elsevier.com
http:aCa-';cbula.ac
http:muradovCd{fsec.ucf.edu


C 

Submitted to the International Journal of Hydrogen Energy 

Type of manuscript: Full length article (accepted manuscript) 

Adsorption-Membrane Hybrid System for Ethanol Steam Reforming: Thermodynamic 

Analysis 

Dang Saebea a, Amomchai Arpomwichanopa,b*, Yaneepom Patcharavorachot C and 

Suttichai Assabumrungrat a 

a Department of Chemical Engineering, Faculty of Engineering, Chulalongkom University, 

Bangkok 10330, Thailand 

b Computational Process Engineering, Chulalongkom University, Bangkok 10330, Thailand 

School of Chemical Engineering, Faculty of Engineering, King Mongkut's Institute of 

Technology Ladkrabang,Bangkok 10520, Thailand 

*Corresponding author. Tel.: +66-2-2186878; fax.: +66-2-2186877 

Email: Amomchai.A@chula.ac.th. (A. Arpomwichanop) 

mailto:Amomchai.A@chula.ac.th


Abstract 
, 

In this study, an adsorption-membrane hybrid system in which a carbon dioxide 

adsorbent is used to remove undesired carbon dioxide and a membrane is applied for 

hydrogen separation is theoretically investigated with the aim to improve the performance of 

an ethanol steam reforming. A thermodynamic analysis of such the system was performed 

and compared with a membrane reactor and an adsorptive reactor. It was found that the 

removal of hydrogen by membrane separation has higher impact on the reformer performance 

than the carbon dioxide capture by adsorption. The adsorption-membrane hybrid system for 

ethanol steam reforming gives the highest hydrogen yield . Considering a possibility for 

carbon formation, the simulation results showed that the use of membrane for pure hydrogen 

production increases the trend toward carbon formation. This is due to an increase in carbon 

monoxide concentration in the reaction zone that promotes the Boudouard reaction. In 

contrast, the use of carbon dioxide adsorbent reduces the formation of carbon as carbon 

monoxide is less generated in the system. 

Keywords: Ethanol steam reforming; Adsorption-membrane hybrid system; Membrane 

separation; Adsorption; Carbon formation 
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1. Introduction 

Hydrogen is a major fuel for electricity generation in fuel cells; however, its uses are 

still facing with several issues such as its economical production, storage and distribution [1]. 

In general, hydrogen can be derived from primary fuels such as natural gas, methanol, 

ethanol, gasoline, and coal via a fuel processor. Among all possible fuels, ethanol has been 

considered as an attractive green fuel since it can be produced renewably from the 

fermentation of various biomass sources, including energy plants, organic fraction of 

municipal solid waste, waste materials from ago-industries, or forestry residue materials [2]. 

Moreover, the use of ethanol for producing hydrogen offers some advantages as it is easy to 

store, handle, and transport in a safe way due to its lower toxicity and volatility [3,4]. 

Considering a fuel processor, there are three main reactions (i.e., steaming reforming, 

dry reforming, and partial oxidation) used to reform ethanol into hydrogen-rich gas; however, 

the ethanol steam reforming provides a higher hydrogen yield, compared to the other 

reforming processes [5]. Ethanol steam reforming has been widely investigated based on 

thermodynamic [2] and experimental studies [6,7]. Thermodynamic studies indicated that at 

atmospheric pressure, the steam reforming of ethanol can achieve high hydrogen production 

at temperatures higher than 1000 K because it is limited by the thermodynamic equilibrium 

of the reversible reforming reaction. Furthermore, the operation of ethanol steam reforming 

conswnes high energy and needs expensive alloy reformer tubes [8]. The problem on 

purifying hydrogen is another issue in hydrogen production. Consequently, a new concept for 

the production of hydrogen with lower operating and capital costs compared to a 

conventional reforming process is desired. 

The use of membrane reactors for improving the ethanol steam reforming process is 

one of the interesting options to be considered due to the integration of two different 

processes (reaction and separation) in a single unit. For this purpose, hydrogen as a desired 
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product is selectively removed through the membrane and thus, it is possible to overcome the 

thermodynamic limitation [9,10]. In addition, the increased reaction rate leads to a reduction 

in the operating temperature and consequently the energy requirement [11]. However, 

hydrogen produced from the membrane reactor still contains substantial amount of undesired 

by-products and a treatment unit is also needed to remove such the undesired by-products 

before its subsequent use in fuel cell powered vehicles [12]. 

An alternative way to enhance the hydrogen production is the addition of a carbon 

dioxide adsorbent in reforming reactors [13-17]. A hybrid system of adsorption and 

membrane processes in a single unit is considered as a very promising technique for 

hydrogen production via steam reforming reaction. Carbon dioxide adsorbent is used to 

remove undesired carbon dioxide, whereas hydrogen is separated from the reforming reaction 

by a hydrogen selective membrane. Therefore, the adsorption-membrane hybrid system 

shows good potential to obtain pure hydrogen without the requirement of shift reactors. This 

would result in a reduction in operating temperature, providing low operating and capital cost 

[16]. 

In this study, a thermodynamic analysis of ethanol steam reforming with and without 

the presence of carbon dioxide adsorbent and hydrogen selective membrane is presented. A 

comparison among a conventional reformer, membrane reactor, adsorptive reactor and 

adsorption-membrane hybrid system is performed to determine the suitable process of 

ethanol steam reforming. The effect of operating conditions, i.e., temperature, steam to 

ethanol ratio, and fraction of carbon dioxide and/or hydrogen removal, on an equilibrium 

composition of the reforming products is investigated. In addition, the boundary of carbon 

formation in the ethanol steam reforming system is considered. It is noted that although the 

study on the adsorption-membrane hybrid system is performed based on a thermodynamic 
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analysis, this would demonstrate the possibility of applying the adsorption-membrane hybrid 

system for hydrogen production from ethanol. 

2. Theory 

In this study, a thermodynamic analysis of ethanol reforming systems is performed by 

usmg a stoichiometric approach to compute the equilibrium composition of reformed 

products. In the ethanol steam reforming, the following reactions are considered [18]. 

(1) 

(2) 

(3) 

The equilibrium constants of all the reactions can be determined form the Van't Hoff 

equation (Eq. (4)) as 

dInK t;..}r 
(4) 

where K, T and R represent, respectively, the equilibrium constant, the operating temperature 

and the gas constant, and LJJ-t> is the heat of reaction. 

As all the reactions take place in the gas phase, the equilibrium constant can be 

expressed in terms of pressure and composition as follows: 

(5) 

~ n. v= .L..i Vi and Yi = I;n (6) 
i 

where P, pO, Yi and Vi are the total pressure, the pressure at standard condition (1 bar), the 

mole fraction of the component i, and the stoichiometric coefficient, respectively, and ¢i is 

the fugacity coefficient of the component i. 
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For the computation of equilibrium compositions, the gaseous mixture was assumed 

to be an ideal gas and thus the equilibrium constant of each reaction (Eqs. (1)-(3» can be 

written as: 

(7) 


(8) 


K) =YCH'Y~20 p-2 (9) 
YCOYH, 

The molar flow rates of each component for the reactions In the ethanol steam 

reforming process are given by the following expressions: 

(10) 

(11 ) 

(12) 


(13) 


(14) 

(15) 

6 

ntotal =In; = a+b+4xI -3x2 (16) 
;-1 

where a and b represent the inlet molar flow rate of ethanol and water and XI, X2 and X3 are 

the extent of reactions (1 )-(3), respectively. 

In an adsorption-membrane hybrid system of ethanol steam reforming, carbon dioxide 

adsorbent is mixed with steam reforming catalyst in a membrane reactor; carbon dioxide is 

removed from the reaction zone by adsorbent whereas hydrogen is separated from the 

reaction zone by membrane. Considering the carbon dioxide adsorption and the hydrogen 

6 



separation in the ethanol steam refonning process, the molar flow of carbon dioxide and 
; 

hydrogen are expressed as: 

(17) 

(18) 


wheref is the fraction of carbon dioxide that is removed by adsorption and r is the fraction of 

hydrogen that is removed through membrane. As a result, the total moles of all species in the 

gas phase are decreased as shown below: 

6 

ntotal = In; = a+h+4x, -3x2- fX2-r(4x, +X2 -3x3 ) (19) 
-- i-I 

It is noted that for an adsorptive reactor, the composition of gases produced can be 

computed by setting the fraction of hydrogen removal through membrane to be zero. On the 

contrary, the fraction of carbon dioxide removal by adsorption equals to zero when a 

membrane reactor is applied to ethanol steam refonning. 

The most possible reactions that can lead to the fonnation of carbon in the ethanol 

refonning system are as follows: 

2COBC02 +C (20) 

(21) 


(22) 


(23) 


In this study, the thetmodynamic analysis of the carbon fonnation is examined by 

considering the Boudouard reaction (Eq. (20» since it shows the lowest value of Gibbs free 

energy. The possibility of carbon fonnation can be calculated from the value of carbon 

activity as defined: 

7 




• 


; (24) 

where Gc is the activity coefficient of carbon and K4 represents the equilibrium constant of the 

Boudouard reaction. 

In case of the carbon activity greater than unity, the system is not in equilibrium and 

the carbon formation is present. When the carbon activity equals to unity, the system is in 

equilibrium. Finally, at the carbon activity less than unity, the formation of carbon is 

thermodynamically impossible to occur in system. It is noted that the carbon activity is only 

an indicator for determining the presence of carbon in system and thus, an amount of carbon 

formation cannot be examined. 

It is to note that in this study, the analysis of ethanol reforming systems is performed 

based on a theoretical study and thus, types of membrane and carbon dioxide adsorbents is 

not considered here. The set of the formulated nonlinear equations for computing the molar 

flows of each component at the equilibrium condition is solved by using MA TLAB. 

3. Results and discussion 

3.1 Ethanol Steam Reforming without Carbon Dioxide Adsorbent and Hydrogen 

Selective Membrane 

In this section, a thermodynamic analysis of ethanol steam reforming process without 

the removal of carbon dioxide by adsorption and hydrogen by membrane (referred to a 

conventional process) is presented. At the standard conditions, the inlet molar flow rate of 

ethanol is 1 mol/s and steam to ethanol ratio is 3. Since the reformer temperature is identified 

as a key parameter having a significant effect on the hydrogen production, the distribution of 

the reformed products at different operating temperatures is analyzed as shown in Fig. 1. The 

results indicate that the amount 01 hydrogen increases rapidly with increasing temperatures 
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from 673 K to 973 K and reaches its maximum value at 1073 K, whereas the opposite trend is 

observed for methane. This is because the strong endothermic steam reforming reaction is 

favored at higher temperatures. Furthermore, an increase in operating temperature strongly 

raises carbon monoxide as water gas shift reaction (Eq. (2)) is less pronounced. As can be 

seen in Fig. I, the content of carbon monoxide in the synthesis gas obtained is rather high. 

This would indicate that the hydrogen product with high carbon monoxide may not be 

suitable for direct use in low temperature fuel cell stack like PEMFC unless there is a carbon 

monoxide treatment unit. 

-, Fig. 2 shows the effect of steam to ethanol ratio on the equilibrium compositions of 

ethanol steam reforming at T = 1073 K and P = I bar. When more steam is added in the 

system, the water gas shift reaction (Eq. (2)) can be driven forwardly and thus, hydrogen is 

more produced whereas carbon monoxide shows the opposite trend . However, the unreacted 

steam may lead to the dilution effect of hydrogen so that the choice of the steam to ethanol 

ratio should be carefully considered. The effect of operating pressure on the ethanol steam 

reforming is shown in Fig. 3. The simulation results show that increasing operating pressure 

leads to a decrease in hydrogen, carbon dioxide and carbon monoxide. For this reason, 

operation of the ethanol steam reforming in the conventional steam reformer at the 

atmospheric pressure is considered to be a suitable condition. 

From the above results, it is indicated that both the steam to ethanol ratio and the 

temperature have significant effects on the hydrogen production. Fig. 4 presents the influence 

of the steam to ethanol ratio at different operating temperatures on the hydrogen produced at 

atmosphere pressure. From Fig. 4, it can be seen that the optimal condition of the ethanol 

steam reforming in the conventional reformer is at the temperature of 1073 K and the steam 

to ethanol feed ratio of 5. Due to the equilibrium reactions, the maximum hydrogen produced 

is 4.9 moUs. According to the reaction stoichiometry, for the steam reforming process, one 
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mole of ethanol can provide 6 moles of hydrogen product. In order to improve the 

performance of hydrogen production, the removal of carbon dioxide by an adsorption process 

and the separation of hydrogen by a membrane should be considered. 

3.2 Ethanol Steam Reforming with Carbon Dioxide Adsorbent and/or Hydrogen 

Selective Membrane 

3.2.1 Effect o/Carbon Dioxide Removal 

When carbon dioxide adsorbent is mixed with catalyst in an absorptive reactor, 

carbon dioxide, the undesired product produced in the ethanol steam reforming process, is 

removed by adsorption. Fig. 5 demonstrates the effect of carbon dioxide removal from the 

steam reforming system on the equilibrium compositions of the reformed products. 

Increasing the fraction of carbon dioxide removal slightly promotes the water gas shift 

reaction, improving hydrogen production and reducing carbon monoxide in the system. The 

use of carbon dioxide absorbent also decreases the content of carbon dioxide remaining in the 

reforming system. 

3.2.2 Effect 0/Hydrogen Removal 

The production of hydrogen from ethanol steam reforming is can-ied out in a 

membrane reactor. The effect of fraction of hydrogen removal on the performance of ethanol 

steam reforming is investigated as demonstrated in Fig. 6. The results show that the content 

of hydrogen in the reformed product decreases with increasing the fraction of hydrogen 

removal. However, the total amount of hydrogen produced, sum of hydrogen in permeation 

and retentate streams, considerably increases. When hydrogen is increasingly removed from 

the system, the water gas shift and the reversed methanation reactions become more 

pronounced as observed from an increase in carbon dioxide and a decrease in methane. 
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Comparing with the case of carbon dioxide removal by the adsorption, it indicates , 
that the selective separation of hydrogen via the membrane offers higher hydrogen 

production of the ethanol steam refonning. As the hydrogen is generated at higher content 

than the carbon dioxide, the removal of hydrogen has more effect on the ethanol reforming 

system. However, it is found that the amount of carbon monoxide becomes lower when the 

carbon dioxide absorbent is applied to the system. As a result, the fractions of hydrogen and 

carbon dioxide removal are key design parameters for the ethanol refonning process to obtain 

high purity of hydrogen with less carbon monoxide. 

-. 

3.2.3 Simultaneous Removal o/Carbon Dioxide and Hydrogen 

In this section, a thennodynamic analysis of ethanol steam refonning in an 

adsorption-membrane hybrid system is perfonned. Figs. 7a-d show the effects of 

simultaneous removal of carbon dioxide and hydrogen on the equilibrium compositions of 

the reformed products, i.e., hydrogen, methane, carbon monoxide, and remaining carbon 

dioxide, respectively. As hydrogen separation is carried out along with carbon dioxide 

capture, the reversible refonning reactions are more driven to the product side, compared to 

the use of either an adsorptive or a membrane reactor. Increasing the fractions of hydrogen 

and carbon dioxide removal highly increases the amount of hydrogen, whereas the methane 

content deceases (Figs. 7a-b). Fig. 7c shows that the capture of carbon dioxide in the ethanol 

reforming system has strong effect on the content of carbon monoxide, compared to the 

removal of hydrogen. Moreover, it can be seen that the increased fraction of carbon dioxide 

removal leads to a reduced carbon dioxide content remaining in the reforming system, 

whereas increasing the hydrogen removal fraction gives an increased trend as shown in Fig. 

7d. Therefore, addition of carbon dioxide adsorbent in the membrane reactor results in further 
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purifying hydrogen in the reaction zone due to a decrease in the amount of carbon dioxide 
J 

and carbon monoxide. 

3.3 Carbon Formation in Ethanol Steam Reforming Systems 

Generally, an excess steam is required for fuel reforming processes to promote water 

gas shift reaction, resulting in an increase in the amount of carbon dioxide. Higher carbon 

dioxide concentration can prevent the formation of carbon from the Boudouard reaction. 

Consequently, the boundary of possible carbon formation can be defined from the less 

requirement of steam fed to the reforming system. In this section, the impact of operating 

temperatures on the steam to ethanol ratio required to avoid carbon formation in the ethanol 

steam reforming systems is investigated at different fractions of carbon dioxide and hydrogen 

removal. 

Fig. 8 shows the requirement of inlet steam to ethanol ratio as a function of operating 

temperatures for the adsorption-membrane hybrid system of ethanol steam reforming. The 

region on the left side under the boundary line is the area where carbon formation may occur. 

It is found that at the fixed fraction of carbon dioxide removal if = 0.8), the possibility of 

carbon formation is more pronounced even the fraction of hydrogen removal is slightly 

increased (r = 0 ~ r = 0.2). On the other hand, the tendency of carbon fOlmation in the 

adsorption-membrane hybrid system with a less removal of carbon dioxide (r = 0.8,/= 0.2) 

at a low temperature range (500-800 K) decreases when compared with the reforming system 

using only a membrane (r = 0.8, / = 0). As a result, it can be concluded that addition of 

carbon dioxide adsorbent in the membrane reactor alleviates the occurrence of carbon. 

Considering the amount of steam required for this system, increasing the fraction of carbon 

dioxide adsorption in the membrane reactor (r = 0.8,/= 0.8) results in a significant reduction 

in the requirement of steam fed to the system at low temperature of 500-800 K. However, 
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when the operating temperature is higher than 850 K, the boundary of carbon formation of 
J 

the adsorption-membrane hybrid system is greater than the use of the hydrogen selective 

membrane reactor. 

4. Conclusions 

This study presented the thermodynamic analysis of ethanol steam reforming in the 

adsorption-membrane hybrid system in which carbon dioxide adsorbent is used to remove 

undesired carbon dioxide and membrane is applied for hydrogen separation. Effects of 

operating conditions, i.e., temperature and steam to ethanol ratio, on hydrogen production 

were investigated. The results showed that at atmospheric pressure, the production of 

hydrogen from the ethanol steam reforming is favored at high steam to ethanol ratio and 

temperature. Considering the adsorption-membrane hybrid system, it was found that 

hydrogen removal by membrane separation has more impact on the reactor performance than 

carbon dioxide removal by adsorption. However, the boundary of carbon formation is likely 

to decrease when carbon dioxide adsorption is considered. The use of the adsorption

membrane hybrid system in ethanol steam reforming process does not only provide the 

highest hydrogen yield but also obtain pure hydrogen product. 
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Figure captions 
.' 

Fig. 1 Effect of temperature on equilibrium compositions in ethanol steam reforming (steam 


to ethanol ratio = 3 and atmospheric pressure). 


Fig. 2 Effect of the steam to ethanol ratio on equilibrium compositions in ethanol steam 


reforming (T= 1073 K and atmospheric pressure). 


Fig. 3 Effect of pressure on equilibrium compositions In ethanol steam reforming at 


steam/ethanol ratio = 3 and T = 1073 K. 


Fig. 4 Effects of temperature and steam to ethanol ratio on hydrogen production. 


Fig. 5 Effect of fraction of carbon dioxide removal on ethanol steam reforming (T = 873 K, P 


= 1 bar, and ethanol to steam ratio = 3). 


Fig. 6 Effect of fraction of hydrogen removal ethanol steam reforming (T = 873 K, P = 1 bar, 


and ethanol to steam ratio = 3). 


Fig. 7 Effect of the removal fraction of carbon dioxide and hydrogen in the adsorption


membrane hybrid system (T = 873 K, P = 1 bar, and ethanol to steam ratio = 3): (a) 


hydrogen, (b) methane, (c) carbon monoxide, and (d) remaining carbon dioxide. 


Fig. 8 Effect of fraction of carbon dioxide and hydrogen removal on the requirement of inlet 


steam to ethanol ratio at different operating temperatures. 
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This paper presents a performance analysis of a dual-bed autothern1al reformer of 

methane for hydrogen production. The first section of PtfAh03 catalyst is designed for 

oxidation reaction, whereas the second one involves steam reforming reaction based on 

NilMgAh04 catalyst. A one dimensional, non-isothermal reactor model was employed 

to examine the refonner performance regarding important operating conditions such as 

H20/CH4 feed ratio; OiC~ feed ratio, temperature and location of steam feed. The 

simulation results indicate that when the dual-bed reformer was operated at the 

H20/CH4 feed ratio of 1.0-2.0 and 02/C~ feed ratio of 0.45-0.60, the methane 

conversion of 93% and the H2/CO product ratio of higher than 2.9 were obtained. In 

addition, it was found that adding steam at lower temperatures to the steam reforming 

section of the dual-bed reformer can produce the synthesis gas with a higher H2/CO 

ratio. 


1. Introduction 

Hydrogen is considered a clean and sustainable energy that can be effIciently convelted 

into many useful energy forms. In addition, it is a significant energy source along with 

the development of a fuel cell technology. Presently, most hydrogen is derived from 

methane using various reforming methods, i.e., steam reforming, partial oxidation and 

autothermal reforming. Although a steam reforming provides the highest hydrogen yield 

compared with the other reforming processes, it involves a highly endothermic reaction, 

which requires high external heat source. In a partial oxidation process, methane is 

combusted under a condition of limited oxygen. Although a large energy input is not 

needed for this process, hydrogen yield is a major concern. Recently, various studies 

have been conducted to develop an autothermal reforming process by coupling an 

endothermic steam reforming with an exothermic partial oxidation (Hoang and Chan, 

2007; Wang, 2008; De Castro et aI. , 2010). The heat balance of both the reactions leads 

to a thermally neutral process and thus a more compact system (Authayanun et aI., 

2010). 

In the autothermaL reforming process, a consecutive reaction pathway that a total 

oxidation of part of fuel is carried out to produce CO2 and H20 , followed by a steam 

reforming of the remaining fuel with steam, is occurred. Since the oxidation reaction is 

faster than the reforming reaction, a large temperature gradient in the autothermal 

reformer is generally observed. The presence of a hot spot in the autothennal reformer 
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may affect stability and safety of the process and severe catalyst deactivation by .. 	 sintering and carbon formation (Li et al., 2006). In order to control the reaction 
temperature, the autothermal reformer should be operated under suitable conditions. 
Previous investigations showed that the addition of more steam to the autothermal 
reformer decreases the reformer temperature and increases hydrogen yield because the 
methane oxidation is less pronounced (Simeone et aI., 2008). Considering an operation 
of the autothermal reactor, Ni-based catalyst is normally employed to catalyze both 
steam reforming and oxidation reactions. However, the use of different catalysts for 
each reaction in the autothermal reactor is more effective (Zhu et al., 2004; Li et aI., 
2006; Meng et aI., 2010). 
In this work, a performance of the dual-bed autothermal reforming of methane for 
hydrogen production is analyzed. A non-isothermal, one-dimensional reactor model is 
used to investigate the reformer performance in terms of methane conversion and 
H2/CO product ratio. The effects of H20lCH4 feed ratio, 02/CH4 feed ratio and 
temperature and location of steam feed are examined to determine an optimal condition 
of the dual-bed autothermal reformer. 

2. Mathematical model of a dual-bed autothermal reformer 

A dual-bed autothermal reformer is generally an adiabatic fixed-bed reactor in which 
the catalyst bed is divided into two sections, as schematically represented in Figure I. 
The first section involves the oxidation reaction based on PtfAh03 catalyst, whereas the 
second one involves the steam reforming reaction based on NilMgAI20 4 catalyst. The 
reformer feeds consist of methane, steam and air. Methane is reacted with oxygen to 
produce carbon dioxide and steam - Eq. (l). Then, the remaining methane and the other 
gaseous components enter the second catalytic zone, where hydrogen-rich gas is 
produced via steam reform ing and water gas-shift reactions (Eqs. (2)-(4» . In this study, 
it was assumed that the oxidation section occupies the reactor volume of 1 0%. 

CH 4 + 202 ~ CO2+ 2H2O ~W =-802.3 kJ/mol 	 (1) 

CH 4 + H20 H CO + 3H2 
~Ho = 206.2 kJ/mol 	 (2) 

CO + H20 H CO2 + H2 ~Ho =-41.2 kJ/mol 	 (3) 

CH4 + 2H20 H CO2+ 4H2 ~Ho= 165.0 kJ/mol 	 (4) 

CH4 

o 

~ G ° .0·:.:.:.:.:•••••:.:.:.:.:.:•••: ••::.:-: 
Doe·oo •••••••••••••••••••••••••••••••••••• 
o (!) 8 0 0 •••••'.'.'•••••••••'.'•••••••' •••'.'.' 

0,00.................................... 


Figure 1.' Schematic ofa dual-bed autothermal reformer. 



931 

A one-dimensional model was employed to investigate the performance of the 

-' 	 autothermal reforming of methane in a dual-bed reformer: 
Mole balance equations for component i: 
dn 4 

-d =(\ -c)APcat 2>/7/i,j (5)I 

Z j=1 

Energy balance equations: 

dT 42:>,cp" - =(l-c)APcatL7] j rj (-f1H)j (6) 
,dz j=1 

The value of the effectiveness factor (7]) of the reactions - Eqs. (1-4) - used to account 
for a intraparticle transport limitation are 0.05, 0.07, 0.70 and 0.06, respectively (Chan 
et a!., 2005). The kinetic rate expression for the total oxidation, steam reforming and 
water gas-shift reactions are extracted from Halabi et a!. (2008) as shown below: 

k1a PCH 4 P02 	 k1b PCH4P02r.= 	 +-----~-=--- (7) 
I (1 + K~~. PCH. + Ko: P02)2 (1 + K~~4 PCH. + Ko: P02) 

k2 I P~~ (PCH4 PH20 - P~zPco I Keq ,2) 
r2 = 2 (8) 

(I + KCOPCO + KHzPH2 + KCH4PCH4 + KHzOPHzO I PH2) 

k3 I PH z(PCOPH 20 - PH) PCO I Keq ,3)z (9) 

(10) 

Tables 1 and 2 show the Arrhenius kinetic parameters of reaction rate constants and the 
Van't Hoff parameters for species adsorption used for calculation of reaction rate and 
equilibrium constants, respectively. 

Table 1: Reaction equilibrium constants and Arrhenius kinetic parameters 

Reaction kOj (moJ/(kgcal s» Eaj (kllmol) KOj HJ 

k" a 8.11 xlOs bar 86.00 

k"b 6.82x 1 05 bar2 86.00 

2 k2 1.17xl 015 barDs 240.10 5.75xlOJ2 11476 

3 k3 2.83x10'4 baro.5 243.90 7.24x10 1O -4639 

4 k4 5.43x105 bar" 67.13 1.26xI0·2 21646 

Table 2: Van 'f Hoffparameter for species adsorption 

Ko! Miads,! (J/mol) KOi Minds,i (llmoJ) 

K?CH4 1.26x10-1bar' 1 -27.23 Kco 8.23x 1 O-s bar'1 -70.65 

j(J02 7.87xl0·7 ba(' -92.80 KH2 6.12xl 0-9 bar" -82.90 

KCH4 6.65xlO·4 bar-' -38.28 KHZO l.77x 105 88.68 
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Figure 2: Composition profiles in a dual-bed autothermal reactor at standard 
conditions. 

3. Results and discussion 

The fixed-bed reformer considered in this work is of cylindrical shape with 0.04 m in 
diameter and 1 m in length. Under the standard conditions, steam and oxygen are mixed 
with methane and introduced to the reformer at the temperature of 800 K and the ratios 
of 1.5 and 0.5, respectively. Figure 2 shows the composition profile of each component 
in the dual-bed autothermal reformer. In the oxidation section, O2 is completely reacted 
with CH4 and HzO and CO2 are produced. When the product gas passes through the 
reforming section, CH4 and HzO are rapidly consumed to generate H2, CO and COz. It is 
observed that H2 is more produced due to the water gas-shift reaction. Considering a 
reformer temperature of the dual-bed reformer, it is found that the temperature increases 
sharply and reaches to its maximum value of 1692 K in the oxidation section and then 
drops to 1063 K due to an increase in the methane reforming rate. In comparison with a 
conventional autothermal reformer, the dual-bed reformer provides a higher maximum 
temperature, whereas the outlet temperature is identical. 

3.1 Effect of H20/CH4 feed ratio 
A H20/CH4 feed ratio is varied in the range of 1.0-4.0 while an OzlCH4 feed ratio is 
kept constant at 0.5 . The results show that the methane conversion decreases but the 
H2/CO product ratio increases with increasing the H20/CH4 feed ratio. When more 
steam is added to the reformer, the reactor temperature is reduced which in tum leads to 
lower reforming and oxidation rates. In addition, the equilibrium of the water gas shift 
reaction moves towards the product side, resulting in a higher Hz/CO product ratio. This 
implies that the addition of steam has a key effect on the reforming rates and the 
temperature of autothermal reactor. However, it can be observed that an increase in the 
HzO/CH4 feed ratio from 1.0 to 2.5 has no impact on the methane conversion. This is 
because O2 is more active than steam; thereby, the oxidation reaction is more significant 
than the reforming reaction . Comparing with a conventional reformer, when operating 
at the H20/C~ feed ratio of 1.0-2.5, the dual-bed reformer shows slightly hjgher 
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methane conversion and gives the hydrogen-rich gas with a lower H2/CO ratio due to 
the increased reformer temperature. For an operation at the H20/CH4 feed ratio of more 
than 2.5, the methane conversion and the temperature outlet of the conventional and 
dual bed reformer decrease with increasing the H20/CH4ratio because a high amount of 
steam in feed lowers the oxidation and reforming rates. 

3.2 Effect of 02/CH4 feed ratio 
In this section, the effect of 02/C~ feed ratio on the reformer performance is studied. 
The H20/CH4 feed ratio is kept constant at 104. The results indicate that when the 
content of O2 in the feed stream is higher, the methane conversion increases but the 
H2/CO product ratio decreases. An increase in the 02/CH4 feed ratio raises the rate of 
methane oxidation which in tum increases the reformer temperature and thus, the steam 
reforming reaction is more pronounced. However, water gas-shift reaction disfavors a 
high temperature operation, more CO in the product stream remains. Similar result is 
observed for a convention autothermal reformer. 

3.3 Effect of steam feed position 
Since the addition of steam has a significant effect on the dual-bed autothermal reactor, 
especially in the steam reforming section. The position of steam feed is investigated 
here and it is found that adding steam in the oxidation section of the reformer does not 
affect the methane conversion and the H2/CO product ratio. This is because the 
oxidation reaction dominates the reformer performance in this section. However, the 
addition of steam in the steam reforming section (z = 0.1-0.125 m) leads to a reduced 
methane conversion while the H2/CO product ratio can be improved due to an increased 
rate of the water gas shift reaction. At z > 0.125 m, the steam reforming process is 
completely carried out and thus, the variations in the methane conversion and H2/CO 
product ratio are not observed. 

3.4 Effect of steam feed temperature 
An impact ofthe steam temperature on the methane conversion and H2/CO product ratio 
is studied. Steam with different temperatures varying between 400 and 800 K is 
introduced to the reformer at z = 0.10 m. The simulation results show that an increase in 
the feed temperature of steam rises the reformer temperature. As a result, the oxidation 
and reforming reaction rates is increased and a higher methane conversion can be 
observed. By contrast, feeding steam with a higher temperature decreases the H2/CO 
product ratio due to a decreased water gas-shift reaction. 

4. Conclusions 

In this work, a dual-bed autothermal reformer in which two pack beds of ptfAI20 3 and 
NilMgAh04 is connected in series, to produce hydrogen from methane was investigated 
by using a one-dimensional model under steady-state and non-isothermal conditions. 
The simulation results show that the dual-bed autothermal reactor provides higher 
reactor temperature and methane conversion compared with a conventional fixed-bed 
reformer. When the dual-bed reactor was operated with the H20/C~ ratio of 1.0-2.5 
and 02/C~ ratio of 0.45-0.60, the methane conversion and Hz/CO product ratio are 
more than 93% and 2.9. Adding more steam at the same temperature of feed stream into 

http:0.45-0.60
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the steam refonning section can improve both methane conversion and H2/CO product 
ratio. When steam is added at lower temperatures, it was found that the H2/CO product 
ratio is enhanced even the methane conversion is lower. 
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