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Abstract 

Fuel gas derived from biomass gasification is an attractive renewable energy resource. It 

could be utilized in many applications: e.g., for combustion engine, electricity engine and fuel cell. 

However, a major problem which complicates its use is due to the presence of high hydrocarbon 

compounds (tars) . A number of post-treatment units are, therefore, traditionally required. In this 

project, a novel design of gasifier integrating a conventional gasifier with a catalytic reformer for tar 

removal and further hydrogen production is proposed . The heat demand for operating the 

endothermic steam reforming of tar can be directly supplied from the excess heat from the gasifier, 

thus allowing the efficient heat management within the system. The proposed integrated system 

offers several potential benefits such as reduction of number of unit operations (thus reducing 

system size and capital cost), improvement of system efficiency and reduction of operating cost 

arisen from better heat integration and increased hydrogen production in the fuel gas product, and 

improvement of product gas quality. This research will focus on selections of suitable catalysts and 

operating condition for reduction of tar and improvement of hydrogen production via steam 

reforming of tar. Integrated tar reformer with biomass gasification system was investigated in 

producing H2 and energy term. This study was determined thermodynamic equilibrium. Gasification 

was operated at gasification temperature (Tgs) =973.15-1173.15K and 02:BM=O.5. Represented 

tar, toluene, phenol , naphthalene and pyrene, can reduce by increasing Tgs. The released energy 

was split for supply steam generator and tar reformer. Generating steam was restricted by exhaust 

energy at high Tgs can producing lower steam:biomass (S:8M). And S:BM has been mainly 

affected on producing H2. Consequently at high Tgs, low steam potential affects to low producing 

H2. In addition, the design of the integrated system for efficient heat integration between the 

gasifier and the tar steam reformer and the determination of suitable operating parameters will be 

performed in order to achieve an efficient system that can generate high quality fuel gas suitable 

for various applications. 
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11 ~l) t1.~t1.,[t LttM LLJ~tf11111 t'!1. Vl.n.1J t1.Gf rt Lt ~t1.LL'I:",~ MJttLrt t1.1-~1~!I;~Y11 LI1~!Jgf1 U L~~!J1~ I:~ M 18 g.1UoLy 
~ ~ , 

~~11 L~1 L'(3fT. t1. t11 LLJt1.~~!J1~t1.(31-rtLt~t1.LL'I:~ ML' (3 fT.gH blAL'LlALHU~ 11 ~l t1.~t1.,[tLr'tU Lrt~f1~~::~1m~1t~1~~ 

UoLy'tU Lrt~f1rt~m~12-tLrtUoLy ~~I1L~mt11 LLJt1.(31-rtLumLL'I:~ME-t(jtLrtL~~~trtt~UL~UoLY~~I1L~1LHU~ 

L-R.U~.t.LU~1t1I1GIt p.~ 

no 
t1.LI:I1 Ltl:~ ~",~::~11ltltn.rt~n.11'nt1.Ll:rJLtfT.W11 ·6 

no 
'tU tn.rt~n.n.'nt1.LL' 11 LtL'LtLlA~~ ·9 ,,9 ""1) I 0 <'1> 

• t1.LI:I1 LW ~mbL1f1t~t1.11!l-1]t::Lt~1 ~Lrt~~~~11 Ltt .L 

f1~(3~LHU~tLU~11n.1J rm !d-ml1~f11 

::~11]t::Lt~1 ~tLULkt~~~~11Ltt L'(3 ~~lAtLULktrtl1 ~~1(3 ~1 tl'l1m~nlfoLHU~tLU!J",~~~rtL~n.n.::tt1. t11 LLJ 

t1.(31-rtLt~t1.LL'I:~ MI1»L(3 (jtLrtL~~UoLy~~11 L~1Lt1.~",MLrtLttL'~ tl'l1m~::LrtVI. '~LI1~!Jgf1L'~1t~n.1J tl1 ~1 

LHU~tLU~ 11::~11 ~rtVl.L'",lALI1 ~!Jgf1L'(3 fT.t1.Gfrt Lt~t1.Ln",~MgHbUnlALHU~tLU~11~~UL~I:",~VI. ·9 
... 

L, t1. ~UoLy::~11 t1.~~!J1~t1.~1t~1~~UoLy'tULrt~f1L'tU tL~tt-:: ~11 t1.1-~1~!I;~y11 LI1~!Jg f1U L~t1.~~!J1~t1. (3frt LW 

t1. LI: I:~MrL",U t1. ~t1.,[t Ltt M LLJ ~t f11111 t'!1. VI. L' (3 fT.2-tt LU L' (3~!d-t1. (3f rt Lt ~t1. LI: I:~M rLl1 ~f11 L 'tU tL~tt-(3!;!t 1 L'j;1. (3~11 t",~t1. ~ 
.... , I .... 

t1.",rtLtttv\,LLJ~tf11m t '!1.VI.:: ~1' L'~ M 18g.1UoLy ~~11L~mtLrJ~!Jgf1l:(3 fT.t1.(31-rtLt~t1.LL'L'",~MgH blAL'LlALHU~ ·v ~ ~ 

s 

http:f1t~t1.11
http:n.n.'nt1.LL
http:11ltltn.rt
http:t1.~LlAfv1.t1.11
http:11.t.~t~~Lt,~L~U,tt~~l~.t.rl
http:t1.q~::~m~Lt1.fT
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2 . ll.1 (:.J iih:J1 'UnT)'Yl~HH1'] ll~ !:llTI 11!:l-f l <ill (:.J ~ <il rllOU lllJU1~ 1i l.Jll U 'U~'UllUU 1 'Unl11ill~ !:l~tJ 

~ tl~u1'U1.J~11'YlmbftJ 

3 . ll.1 (:.J~']1'Un11'Yl<il~ tl,] ll~!:llTl11::l-f l<il1 (:.J ~<il rllOUllUU 1 ~1i ~U~Wl.JvflU'UU'YlTllll.Jl"151n11 

4. ll.1 (:.J~']1'Un11'Yl<il~tl']ll~!:llTl·n::l-f l<il1 (:.J~<il rllOUllUU 1 ~1i ~u-;)<il ~'YlTIU<il1 
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. 

<'t 

lJ't1't1 2 

1'U,nl''l~m~nd1.~~'U,1~~m~n m::U1Unl'H..Jf:l~ LLuuril6Jl-rryhfli'U,~ln ~l''l-nlJJlfl LVf'll::yj ~>1~lU 

11~ LL l1'U,LLUU d ~1 JJl'H1 -;lmn1.~~1 [J 1 'U,'U"l:: L11 i'I~ nl ~~ W~ 'U,1 LLfl:: L U U tl"l:: L11 i'I n ~n "l"l JJ El cil ~ L"Ii'U, 

lh::Ll1i'11.l1 [J 1~muyjl::El cil ~ d~ 1.:lfuUil LUU~l"l-nl JJ1 fl~1iyj~~~lUfl1rIJJ 1 El UJJl n nil ~1"l-n1JJ1 fl 

tl"l::Llll15'U, Lrlmti [Ju~mh~~un ~1"l~1i,'l1'U,1U~Lrh flU i~if'U,1'U,m"ll-;lmLfl::w~'U,lf1f~d 1.~~m~n 

1~ [J1iA~1.:If'lJEl~~'U,~lJJ~1 Lu'U,i1 LL l1Um"l~nBl'lJ El~-n1JJ1 fl1 Utl"l::L l1i'11.'Yl [J• 

m"lt:..Jf:l ~ril6JlL '1fEl Lyj f:l~~1 n ~1"l-n1 JJ1 fl iim "l~ nBl~ fll n~ fll rJ flU1 U J~ ~1 wnit.~"lJ El~ L~l t:..J f:l ~ 

ril6JlL'1fmyjf:l~~Lu'U,J~LLUULU~ii~ (Fixed bed) LLfl::LLUULU~LfI~ElU~1.~ (Moving bed and Fluidized 

bed) [1-3] LL~~nBrn::L~l~hl'U,m"ll')rJd~El LmLLuuril6Jl1.~flfl~ (Downdraft Gasifier) ~~LU'U,Lm~ 

ifElUL '1fEl Lyj f:l~ 'Yll~ ~lUU 'U,'lJ El~ L~l ~1'U, Ell nli'1~:: ifElUL"Ill n fll~ L~1 ~U1 L 1 rniu'lJ El~ nl"lL t:..J1 1.~:If 
'U 

~::LLn"l~ L~mXEl [J ~ El i'U,1ini'U, (Reduction Zone) ~~ ~lU1mli~::Ln~tJ5 n1fJ1~ ~fl11JJ1ElU1.~ril6Jl 

L '1fm yjf:l~ ElElnm'Yll~~l'U,~l~'lJEl~ L~l 1 U'lJrn::L?l rnnuiu'lJ El~L'1fm yjf:l~ LLiJ~ ~ El iun £U~fll rJ (Pyrolysis) 

LLfl:: iUfl~fl11JJ'1f'U, (Drying Zone) ri El ci~l'U,UU1l1 rJ1ULm LWU,ElU1L1 rnm"lLt:..J1 1.~:If~::L n~tJnn1rJl~~ 
'U ~ 'U 

fl11JJ1ElU L~El~~ln iitJ1mrn O2 El ci,'ll fl~~::Ln ~m"l"l::L~ rJfll1JJ~U1UiUfl~ fl11JJ,}U Ln~m"lnfl':''U, 
'U 

~fll rJ1'U,i'U, i'U,n£u~fllrJ 1.~~l"l"l::L~ rJ L~El~~lmuwnit.~riiitJ"l::~'Ylrr1l1yj ~>1 LLL'I::~lm"lt:l~l L it. um"l1.~ 
'U 

http:l1i'11.l1


----------------
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-- - -Drying 

.J 
('Yl:lJ1: www.ata.or.th/Ashram/ATApowerplant.html) 

1) #uu:n1'Yi3Y (Oxidation zone) 


1'U U 1 L ') rn it~1ofUtl 'U ';1 :: LC.J 11VI arnUtl tl n .u L';1 'U .yj ij tl rJ 1'U tl1 n 1 i'l1 'U U1:JJ 1rn -;) 1n~ (Partial

'IJ 

Combustion) ~,)rJulJn1r.n~~~tlhjd 

C+02 -----+ 393.8 kJ/gmol (2.1 ) 

285.6 kJ/gmol (2.2) 

unn1m1'U.ff'ULC.J11Vlardj'Uunn1mmrJ~,)1:JJ1tl'U tlrnVllljJ1W1!~'UittlrJ1::V\'"h~ 900 - 1200 DC 
O:J , :w 1 cu '\.I 

~,)l:JJftl'U.yjLn~.ff'U1'U.ff'U dn mt11u1"ISl 'UU nn1rl1 LLUlJ ~~~,)1 :JJ1tl'U1'U.ff'U~~mr'ULL~::.ff'Un ~'U~~1 rJ 
'IJ :.J 'IJ 

C.J~C.J~~VI~n.yj1~';11nm1i'i1ulJn1m1'U.ff'ULm1Vlard ~tl ~,)1:JJ1tl'U L(11(h'U 

,.., 
Q,..o .c:t a,... a,... 

2) '1l'W)"l.9IWll'U (Reduction Zone or Gasification Zone) 

I 

www.ata.or.th/Ashram/ATApowerplant.html
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fh'1f CO2 LL~::lentl~l~~l nnTHmlVl3J1 'U.ff'ULmh'lar~::lVI~L,rlti.ff'U1~mr'U tllin1!'J1Ln~.ff'U 

1'U.ff'UtlLij'Utllin1!'J1~LtI ~ £mrll'1f CO2 LL~::1mi'1 1 iL U'Urll'1fL~eH~ ~\I~Lm1VI aT 1~ rJ rll'1f CO2 ~::1VI Sl 

~.h'UmflHm~femLL~::Ln~ co ~\I~3JnTl~ (2.3) e:nu,VlIliiriLVlm::~3J1'U.ff'UtleHj~tI"l:::J-nrnn11 500 ­
, 'IJ 'IJ 

1000 °C 

C + CO2 ----+ 2CO -172.6 kJ/gmol (2.3) 

C + H2O ----+ CO + H2 -131.4 kJ/gmol (2.4 ) 

C + 2H2O ----+ CO2 + 2H2 -90.2 kJ/gmol (2.5) 

CO + H2O ----+ CO2 + H2 41 kJ/gmol (2.6) 

C + 2H2 ----+ CH4 74 kJ/gmol (2.7) 

tllin1!'J11'U~3Jm"l~ (2.3) L1rJnl1 tllin1!'J11lJlmf~ (8oudouard Reaction) ~\lLu'Utllin1!'J1 

~~fl113Jfem (Endothermic Reaction) 1'Umrnri~El\lm"lL~3Jtl1mrn"lH)\I CO ~lm"ln'Yhl~l~rJ5,~lEl
'IJ 

JlfElm,rl1t1~\llmi'1~::1t1l'htllin1!'J1nlJmflJEl'U ~\I~3Jm"l~ (2.4) l~rll'1f CO LL~:: H2 L~3J.ff'U ~\I 

L1fmtlnn1!'J1tl';h Water Gas Reaction ~\I ilLij 'Uti nn1!'J1~~fl113JfEl'ULL~::~::Ln ~.ff'Ul~~ri El rnVlIlii ~\I:w ~ '\.I q 'lI '\J 

, ° n11800 C 

~1V1flJtllin1rJl~ (2.5) ~::Ln~;}'Uri~rnVl1Jiitl"l::mrn 500 - 600 °c tllin1!'J1tl'Yh1i~1'Uf,j~3J 

"lJEl\lleJlmL~'U1'U Producer gas iJmn;}'U ~\liJf,j~'Yh1ifil~~\I\ll'Ufl113JfawlJa\lnl'1fff\l;}'U LL~nlii1El 
'IJ 

Jlmmn'Ult11aJl al~Yhtllin1!'J1nlJmflJ a'U3J a'Ua nl'1f~l~fllflJ a'U1~ ElEl nl'1f~LL~::leJl~"lL~'Um3J 

tllin1!'J1~ (2.6) L1rJntllin1!'J1tl"h Water Gas Shift Reaction Yh1ifilfl113JfawlJa\lrll'1f~1~~~~\I 

tl1m rn"lJ El\lleJl~"lL~'U~::ff\l ~~ Lfl El El rnVlIlii"lJ a\ll'1f'U1~ni'Ua citl "l::3Jl rn 700 °C Lfl El a rnVlIlii ff\l;}'U
'\.I q q cu \J q 'lI '\.I 

L~arJ 6) tl1mrnleJl~"lL~'U~::~~~\lL~El rJ"J LL~tl13Jl rnmflJEl'U3J El'UEl nl'1f~~::L ~3J;}'U III rJ 1~fl113J~'U~ \I 

H2 El1~~::1t1"l13J~1nlJmflJEl'ULL~::f,j~~ CH4 aElnml~~\lL1rJntllin1!'J1tll1 Methane Reaction ~\I 

ff3Jm"l~ (2.7) 1~rJ~::Ln~;}'Ul~~~fl116J~'U~\l6) LL~::ElrnVlIliihJ~\lmnun 
'IJ , 'IJ 'IJ 



10 


" . 
3) i'Uml'''H'fa1t1 (Pyrolysis Zone) 

1uiudL.ffm ~~\ll~fUflrn l1felu,;)lniuL~,nl~ar Lv:i el ~~ltJ~11~UYl~rJlUL.ffel L~ ~\l'Yh1~1~~11 

1:::L~rJ (Volatile Matter) ~l\l G) elelnl1l t5\llh:::nelUltl~lrJ Ll1YllUel~ m~lltltfl1 tilaru~u fh6U~Lm 

l~111~LL~:::lJJl~ m;u,~11iiluiud';):::tl1:::mrn. 135 - 600 °c 'lJel\lLL-rr\l~L~~elelci~Lf\lm::Ulud ~el 
• '\J '\J 

mfuelulu1tlrhu (Fixed Carbon) i\l~l1m1~ (2.8)
'\J 

Dry wood + Heat-----+ 

Pyroligneous Acid + Tars (2,8) 

.... " ...., 
4) '.li'Ua~A113J'.li'U (Drying Zone) 

,;)lniu Pyrolysis ';):::1:::L ~ rJfll111.ffU~iielciluih111 ~1iel elnmlu1tl'lJ el\lleltilelrn.~11iiluiud,;):::elci~
\J \J CI \.I \J 

tl1::mrn. 100 - 135°C 

,;):::L~Ul~11,;)lntl5n1rJl~ (2.8) ';):::iitilaru~u (Tars) eleln111 i\l,xu~\lii~~m~nti\lflll11 

LUUltll~~';):::rh;)~tilaru~u [4-7] t5\lL UU~11tl1::n elUlTIt~1L';)unumfuelu"15u~~ii\l~ii111~tl1L~ n~
• 

(2.9) 

i\l,xu,;)::~lm1tl~~tilaru~u~Ln~~ul~ t~ m~l1tilLilltl ~ elU1111Ln~tl5 n1rJl111 [J1UL~l C-J~~ 

nl6UL.ffm~ ~\l LL~:: J\l ~111l1tl L~111.11111 rn.'lJ el\l nl6UL.ffel L~ ~\ll~ LL~ 1.11111 rn.til~Lill1.1 ~el\l L~m:: ~11 

L~11::tl5n1rJ1il\l ~ULumLuu~ ~flll11felu i\l,xut1'1l~tt1111 n L nUL1.1 el rn.~11 iin,;)::~~~l~\l'Yh1~lJJ 
'\J • '\J 

~lm1tl Ltl~[Jutilaru~uhlLuunl6UL.:fm~~\l~~el\lm1l~ LL~::J\l~el\l~uhti\ltl1m rn.el1m~~Lilltl 

1iL~111::~mlutl1111 rn. til ~L~m~ 11 Lilltl~l tJ ~ ~"'nnl1~,;):: ~11111tl ~ ~nl1Ln~til arU~U,;)l n 

I 

http:nl6UL.ff
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m::UlunTm1"H"~1il ~El n1"H~:lJElrn'VIl1illuLIil1~~lilnlrn llil£Jl~Elrn'VIl1ij~\mll 900 DC [4] LLi.'l:: n1J 
ct '\I '\ '\I '\I 

L~:IJL~:lJtllL"llllU1U~lU~Lilliln1"H~'UlillU (Oxidation zone) [5, 6] Sun S. LLi.'l::Tlrn:: (2009) ~m~nn1J 

L~:IJ Elln1~L"llllUlULIil1~~lilnlrn 1U~lU'LJ El-1.ffu1~mru (Reduction Zone) llil £J'VI1-111~::~l:1J1Jm~:IJ 

U1::~'YlTIl1TV~"lJ El-1LIil1~~1il nlrnl~ LL~~i.'luJln!J1U'n~'Yll-1~1-1 nU"lll:IJ ~ El l~~ i.'l"lJ El-1 n11L U~£JULLU i.'l-1"lJ El-1 

;jl:IJli.'l~li.'l-1 (Carbon Conversion) ~\'I~i.'ll~nlrnL1fm~~-1~~~lill~flU1:1J1 rni.'llil i.'l-1 LLi.'l::~~lflqjU1:IJlrn 

tllaJu~unu~-1.ffu5 n~l£J [7]11il £J ~lJ~U£J:lJli'Yllil ~ElUL~ElLL'Y1 UtllaJU~U o'fi-1L UU~11~fl~11U1::n ElU 
'II 

~l£JnUElTYkrlu ~UEli.'l LUU.uU l~1U LLi.'l::~11Elh:lJ1~n 1.f111il1TlTfUElU LUU~U LL~lun11~m~nflmJ 

1i~11<ill LL 'YlUltlaJU~UEl ci Ly:; £J-1 m1'Yl1ili.'l El-1 i.'l::"15UIil LLi.'l::fl~\~umLUlTlll:IJ~1il n-1 mJ1i ~11U1::n ElU~ 
'II 'II 

Luu<ill LL 'YlU"lJEl-1 LL~ i.'l::n ~:IJ"lJ El-1~11~ El cilUltlaJU~U<il-1dC7HS C10HS C16H1O C6H60 :lJlliLUU<illLL'YlU 
• 'II 

.., 
"lJEl-1tbaJu~u [8] 

~lUn11i.'lIilU1:1J1 rntl1 aJU~U 'VI ~-1~1 n r·hUn1::Ul Un11nlrn-nvhmru (Gasification) tilllilllil £J 

r.ilunlrn~lIil1Um.b mLi.'lnLU~£JUTlll :lJfElu (Heat exchanger) LiiEl-1~lnLri El El rn'VIl1il~l i.'l-1tllaJU~U,;)::
• 'II 

Reactor) ~~1:IJ11mLliln~i.'l1£JvrU1i::'Yl1-1LTlfl (Catalytic cracking) "lJEl-1tllaJU~U (Tar) 1~fl"lJU11il 

lTl1-1~fl-1L~ni.'l-1 ';)UL 'VI:IJ1::~lWfUlUl "151 um1L~ll'VI:lJl~ llil£J Li, J. LLi.'l::Tl rn:: (2008) l~~m~nn-1n1J 

tb <illL1-1u5n1£J1 Nano-NiO/AI20 3 :IJ1l"151 Un11i.'lIilU1:IJ1 rn tllaJu~u~Lnlil.ffu LU1£JULri£Junu<ill L1-1 

u5n1£J1~miEl~ LLrl'111il£J1::uu~Lm~~lilnlrn~liLUULLUU nlrn~-1.ffu l~m111Lri Ell~<ill L 1-1U5 n1£J1L"ll1 

lujl:IJ~lmfu~Ull<ill L 1 -1u5 n1£Jlrf-1 ~El-1"15UIil ~1:IJ11rl i.'llil n1 1Lnliltll aJu~u1.~ ';)1 nU1:::IJ1 rn 20%llil £J 

tll'V1Un"lJEl-1;jl:IJli.'l~l~L"llllU L'VI ~ElL y:; £J-1 0.2-4%llil £Jtll 'VI un LLi.'l::£J>'l~l:1J11m ~:IJ,J1:1J1 rnnlrnL'ifm~~-1 

llilmU~1::~l:1J11~~lilnlrnlf1lIil1L,;)U,;)lnL~:lJU1:::IJ1 rn 18-19% llil £JU1:1J11il1"lJEl-1LLn~L'ifm~ ~-1~1.lillu 

dju 45-50% llil£JU1:1J11il1 o'fi-1.ffUEl ci nu El rn'VI 11 illUn11LnIilU ii n1£J1 [9] <il-1tiUtll L 1l~l:1J11rl'l4'~Ul n11 
'tI '\ 'U dJ 

Ul <illL 1-1U5 n1£Jl:IJllinULlil1 ~~ IilnlrnL'ifm~~-1LLUUnlrnl 'VI i.'li.'l-1~1.~flnlJ~m~lLLrl'llll~U1:IJ1 rn 

tllaJU~U,rEl £Jnll LIil1LLUunlrn1.'VI i.'l.ffu tfi-1 ~l:1J11rlUllUlinu'VItb£J~ m"h-1~l-1"J 1.~ 

UEl n,;)l ntll aJU~U~~El>'l nl1rll-;l1il LLrl'l £J>'l fl L~HL tll~~El-1 rll-;llil~l £J L iiEl-1,;)l n U ~ n1£Jl~ L nlil 

lu"lil-1ElEln~LIil-nu';)::'thl~LnIilLih Cummera, K.R. and Brownb, R.C., 2002 l~11:IJ11UL~£J1nU 

Elun1m~,hLUU~ Eln1::Ulum1~~lilnlrnL:Em~~-1 [1 0] 1.~n ~11 n-1 ~lU"lJ El-1 n11rll-;l1il Ltll~Lnlil.fful~£Jfl. . . 

rf-1n11li lrnlTlU~~l:1J11rlrll-;lIilLtll~fl"lJU1Iillmunl1 5 1.:IJlTl1L:lJ1il1l~ LL~11il£JU1n~';)::flLtll~U"lJU11il
v • 
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L'lH~~Lirm~~\I i.'1l:UnTJ~m~nnUEltil\1LL~1'VHnrJ [11-15] L"liu D.R. Mcilveen-Wright LLtl::flru.:: (2000) 

i.'1l~m~lLLtl::L t11rJU L'n rJU mjUlti nn1r.J1nl6Jf6Jl~ LfI';U:JJ11i'f111flU L6Jftl ~L.fm~~\I 2 '15ii.~~mLUU 11 El~ 

'YlEltlmfumu~ (MCFC) LLtl:: nj~yJEl~yJEl1n (PAFC) ~lrhtlj::~'Ylli!)l~"lJEl\l MCFC :U:JJ1nnl1 

L~mtmJ [11] H. Morita LLtl::flru.:: (2004) i.'1l~m~lLtl1rJULrirJutlj::~'Ylli!)1~"lJEl\lmjUlm::U1Umj 

~~~nl6JfL.fm~~\I (Gasification) :JJ11i~~~nj::LL~i.yJ~1~ln 2 i1f ~El ~~~nj::LL~i.yJ~1'1l1rJ LfI~El\ltl~U 
a..,..ca,.,-., n- (j'~ A A (j' 6' • 

n\l'VIU~lrJnl6Jf (Gas-Turbine) LLtl:: L6JftltlL'15m~tl\l'15U~11Eltl'YlEltlflljUElULU~ (MCFC) ~U11 

t1j :: ~'Ylli[n~'Yll\1i.yJ~l"lJEl\lLLuuri~~flu MCFC :U111nnl1 [12] C.A.C. Sequeira LLtl::flru.:: (2007) 

~m~nti\lfl1111Luui.t1i.~lumj~ ~~nl6Jfi.ul~jL~ml1n ~lj,h!)l~ 1~ rJi.'1l~jtl LLtl::j1Uj1 1111fmjL yj El1~
• 

i.'1l111~\lnl6Jfi.u1~jL~U i.'1lLLfi mj'VI~n (Fermentation) mj~~~nl6JfL.fm~~\I (Gasification) LLtl::mj 

mfU~tllrJ (Pyrolysis) "lJEl\l~ljri:umfuElULUUff1utlj::nElU (carbonaceous residues) (j111L1I:Jnl1 

F GPCR) LLtl::'15ii.~riL 'VI:JJ1:: ~11"lJ El\l L6Jftl ~L.fEl L~ ~\lri~:: ~1111jt:lU1:JJ11i ~m 6Jftl ~L.fElL ~ ~\lri~1L ii. U mji.'1l 

ri El ru.'VI!) i1 ~\l ~:::U t1j:: ~Yi !)lWri LVI:JJ1:: ~11 flU L.fElL~ ~\ltI j:: L!)'Yl ri n ~11:JJ1 LifEl\l'1lU [13] Ph . Hofmann 
• 'II 'II 

LLtl::mu.:: (2008) i.'1l~ n 'l!tl ti \I ~ tl"lJ El\l nl jti El Unl6JfL.fElL ~ ~ \11 ~ rJ ~j \I 'VI cr\l ~1 n n j::U1 Unlj~ ~ ~ nl6Jf 

L.fElL ~ ~\I (Gasification) L"1l1 ffL6Jftl ~L.fElL ~ ~\I 1~ rJ ~n 'l!tl ~ tl nj::'Ylu~ Eltlj::~'Ylli!)l~'Yll\1 i.yJ ~lriLii~;ju
'II 

Lt11rJU Lri rJU flU j::'VI11 \I j::uuri :U'VI'I.i.1 m 1.1 ~ rJULLti tl\l,ll ~U~U flurii.3-1:U'VI tb rJd L"1l1 ffL6Jftl ~L.fElL~ ~\I 
'II 

'15ii.~ El El ni.6Jf<3lLL-iJ\I 'Yll\1'1l1ULLEl1U~ri:U~l L1\1 1.1 nn1r.J1 Ni-GDC ~Ul1 i.3-1 :U~tl LL~ n ~l\lnU LL~ mj~n'l!tld 

~n'l!t~1 LV1rJ\l1U j::rJ::L1tll«U 6) LYhJu~\I rJ\li.3-1 L~U~tl111nUn LL~ 5n~lLLtljri~lflru5n~1~El~ULtl1ri:u
'" . 

"lJU1~ El tij::'VI11\1 5-10 i.111f1jL11~j ~::i.t1 El~~U'1l1ULd ElL~ El mhu rh1~iimjLfI~ElUri ~lU"lJ El\li.El El ElU 
'II • 

tl~il'ElrJtl\l LUU~tl~lflryrirh1~t1j::~'Ylli!)1~"lJEl\lL6Jftl~L.fElL~~\ltl~~ltl\l [14] LLtl:: Th. Seitarides LLtl:: 

fI ru.:: (2008) ~ n 'l!tlLLtl::j1Uj1 11 mj1i~ cr\l \11 U El til\1 rJ\I OU"lJ El \I n j::U1 umj~ ~ ~ nl6JfL.fElLW~ \I 

(Gasification) ~ln~lj-n1111tl'1l1 mlunUL6Jftl~L.fElL~~\I [15] 

uEln~lndrJ\liimj~n'l!tlmjL ~11i.El,llL"1l1 i.t1 11111UnljLn~t1nn1rJ1'f111'1l1rJ [16-19]. V. 

Skoulou LLtl::flru.:: (2010) [16] ~n'l!tlti\l~tlnj::'YlU"l.IEl\l t11:JJ1ru.nl6Jfi.ut~jL~U~~~~i.'1l LLtl::,ll~U~U 

LriElL ~11i.mtl ~ ru.'VI1Jii ~\I 1utlnn1r.J1 LLn ~6Jl~ LfI-nU"lJ El\l-n11J1tl ~Ul1 ~1111jt:l tl~,ll~U~Ui.'1l LL~mj 

L~11i.mil n crurl1 1 ~nl6Jfi.ul~jL~Utl~il'El rJ tl\l J\I itfl ru.:: ~l')rJ i.~~jtll1 1umj'Yl~ tl El\l1i El ru.'VI!) i1~\1 
'II, • '11'11 

http:utlnn1r.J1
http:a..,..ca
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1.eJ'l~dL~m~\'l;}tl,LL~t1 B n1rnii'dltUL u Ufl1 rJ~ ~>1>11 tl, ~::Ln ~I.~rn n~ el rnVlJlii ~>1L-rltl,L~ m nu~1 '151tl,m d 
\J " '\I \.I 

'Yl~~el>1d s. Koppatz LL~::flrn:: (2009) [17] ~m~lmdL~:JJ<ll'l'~)umfueltl,l.~elelnl.6JJ'~JllrJ1tl, 'lJelwm 

r.J ~ ~ ril6JJ' LL Uui"l ~ ~ 1.~';11:JJ ~1 rJl.el J 1 1~ rJ 1iil ~ ~ iu TIl fu eltl,I.~ el el n1.6JJ'~~l rJ LLfl ~ L.u rJ:JJ el el n1.'1l~ 
~ ~ 

(CaO) L~ El LUtl,mddUmtl,~:JJ~~'lJel>1t1Bn1rn~Ln~;}tl,1Vll~r.J~ ~rlrnsrlL ~:JJ:JJl n;}tl, 1.~r.J~il ~1:JJ1"Hl L~:JJ 

t11:JJ1rnril6JJ'I.eJ'1~dL~tl,I.~:JJ1nn>1 50% hWtl1:JJ1~dLL~::Jl6Jtl,~tl,~~~1~>1I.~ P. Lv LL~::Tlrn:: (2007) 

[18] ~m~l e)ml ~ltl,~ LVI :JJl::~:JJ'lJ el>1 el el n-nL ~tl,LL~::l.elJl~ eltld::~'YlfiJll~ mdr.J~~ ril'1l i>1 Lfldl::~ (H2 

LL~:: CO) LW::~~>1>11tl,Yi1i ~1Jile)~dl~ltl,~LVI:JJ1::~:JJ'lJel\Jeleln-nL~tl,~ell.elJl ~el 0.7-0.9 ~\J~::I.~ 

e)~dl~ltl,'lJ el\Jl.eJ'l~dL~tl,~elmf1Jeltl,:JJ eltl,el el n1.'1l~ 1.06-1.27 tl,eln~l n~::iimd~m~n n\J 1. mil el rnVlJlii ~\J. ~ ~ 

LL~liJ\Jjjmd~mnn\Jmd1i supercritical water 1tl,t1:Bn1rnLLri~-nv:lLflitl, [19-28] ~lrJ Y. Lu LL~::Tlrn:: 

(2010) [19] ~m~nmdr.J~~I.eJ'lmL~tl, ~lnn~lfl~~\J1iLL'Yltl,ih:JJ1~ ~lrJ supercritical water Utl,<lllL1\J 
~ 

t1:Bn1rn NilAI20 3 LL~:: NifGeOrAI203 ~l:JJ1dCl ~1t1I.~ilLrlmYlrJunud::uu~l.a.jjjmdL~:JJ<ll1L1\JtlB1 

rn flll:JJ ~1:JJ1dCl1tl,mdr.J~~~::jjTil:JJ1 nnil:JJl n LL~ Lrl mt11rJU LYl rJU nmel\Jd::Vlil>1 ~el\J <lll L1 \JtlBn1rn 

-nl\J~tl, Ni/GeOrAI203 ~::1vi'r.J~mdr.J~<ilI.eJ'l~dL~tl,~nilL~nuel rJ Lliel\J~ln Ge ~l:JJ1dCl~~mdrielil 

'lJ el\Jmfu eltl,Utl,dtl,~l'lJ el\J<lll d\JtI:Bn1rnI.~ tl,el n~l n1~VI:: Ni ~jj~~tl,tv1tl,md~m~lLumhtl,ltl,:JJ1n 

LL~l [20-23] iJ\Jjj~~tl,hn\Jl~VI::ii<ild::n~L-rltl, Pt Pd Ru Rh [20, 24-25] tl,eln~lniiiJ\Jdl:JJl.t1n\J
'IJ 'IJ 

Activated Carbon [26-27] LL~::l~VI::elelnl.'15~ [28] :JJl1iLUtl,ilL1\Jtlfin1rn1tl, t1:Bn1rJ1LLri~-nv:lLTlitl, 

~lrJ supercritical water 

tl,el n~l n~::L ~:JJtld::~'YlfiJll~1 tl,mdr.J ~~1. eJ' 1~ dL ~ tl,~l rJl.elJl LL~::l.elJl rJ\J rJl ~ supercritical 

water LL~l iJ\Jjj~~m~nn>1mdL~:JJflll:JJ<lltl,1tl,d::UULLri~-nv:lLflitl,~lrJ [29-30] J. Fermoso [29] ~nMl 
'IJ . 

mdL n~t1Bn1rJ1 LLn~-nv:l L flitl, 11:JJ ntl, d::VI il\Jih:JJ 1 ~ LL ~ ::,htl,~ tl, 1~ rJ m dL t1~ rJtl,'15U<il LL~ ::fll1J~:JJ flll:JJ 

<lltl, 1.~r.J ~ ~1t1il:B n1rJ111:JJ fltl, ifm n ~ ril'1ll. eJ' l~dL~ tl,1.~t11:JJl rn:JJl n ~flll:JJ <lltl, 15 atm T.R. 

McLendon LL~::flrn:: (2004) [30] ~nMlmd1iL:Em~~\J11:JJL-rltl,ntl, LL~::1iflll:JJ<lltl,~\J1tl,md<illLUtl, 
~ 

t1nn1rn LLn~-nv:lLflitl,LLU1Ji"l~~~I.~~LU~ l<ilrJ1iflll:JJ<lltl,~\J~ 3.03 MPa 
~ 'IJ ~ 

1tl,\Jl tl, iirJd~tl,tv~m~n nldL ~:JJ f1'n rJ Jll ~m dr.J ~<il nl'1ll. eJ' 1~ d L ~tl,LL ~:: m d~ ~ J 16Jtl,~tl, L<il rJ 

ellf1'rJflll:JJ~~\J\Jltl,flll:JJfeltl, JllrJ 1 tl,Lm r.J ~~ L:Em ~ ~\Jiftl, 1~ rJ~nMlt11:JJ1 rnm mT'!~1i LLiIl::t11:JJl rn 

J 1 ~ LVI :JJl:: ~:JJflU nld r.J ~<il1. eJ' 1~ dL ~tl, LL~:: nl d ill ~ Jl6Jtl,~tl, 1~ rJ ell f1'U<lll L 1 \J t1:B n1 rJl 1~ rJ~ ::rh nl d 

mm LLUUL<illr.J~~ril6JJ' ~~:JJ1dmb~~\J\Jltl,flll:JJfeltl,'lJ el\J ~ltl,~1.~~1 n-rll\J el el n-nL~,rtl, :JJ11itld::LrJ'15U 

http:vi'r.J~mdr.J~<ilI.eJ
http:1.06-1.27
http:el\Jl.eJ
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rlU nTH~ JJ'WU') m tJ~ tJtdh6!flifm~ ~\llliil::,r16T'U,~'U,1ilU'U,ltjt~'H ';)'U, t~ tJ ~n~rn::"lJ El \ll~l~,;)::U1JJ1 

~,;)11rnl-;u::ii~m~rn::~\l1tJ~ 2.2 
'II 

Wood 
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.d 
U't1't1 3 

mj~m~1d d'lumj~m~1'Yl1~~1lr<ihtH)~l.ml'J::mjrn "lJEl~mjbn~Unfr~tnLLri~.uv:lbflilt"lJEl~ 

~1jihJJ1~ (Biomass Gasification) (~JJmj~ 3.1) LL~::mjfh,)mt1aJlt~lt~1 llmjbil~u5n~tnmj 

LU~lllt~U~111i.mt1 (Tar Steam Reforming) (~JJmjrt 3.2) LiiEl~~1nu5n~tnrf~~El~i1~~ltbUlt 

Unil~tnmllfll1JJfEllt (Exothermic Reaction) LL~::u5il~tn~~f111JJfEllt (Endothermic Reaction) 

mJJ ~1<ilU t~ 1l~1ltl~"'lldi.~El1TiiJ~ in"lJ El~f111JJ~El~ mj'Wi~~1ltfll1JJff:mrt Lb~ mh~nlt ml"151~ llmj 

U1rf~~fl~Unil1tnm1hLiiltmj'hJJnlt 
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Proximate Analysis 

Volatile Matter 74.76 wt% 

Fixed Carbon 13.66 wt% 

Ash 4.38 wt% 

Moisture Content 5.41 wt% 

High Heating Value 18.87 MJ/kg 

'. -
Ultimate analysis 

-;~ ".. " 

.•... " . 

Carbon, C 44.24 wt% 

Hydrogen, H 6.548 wt% 

Nitrogen, N 0.071 wt% 

Oxygen, 0 49.141 wt% 

Lrl tl~'ill1 ill1 m1ril,r~ ti'1 :IJ'-'U~u~,.ltJ nl1Ln~tl5n1rn nl1Ltl ~ tJU~tl ~"'HJ1 m,t1 (Tar 

Steam Reforming) (ff:IJm1~ 3.2) 1~tJ~'ill1illli'm'Ylu'lJtl~JlaJU~U~l:IJ lJ'Yl"11:IJ'lJtl~ D. Singh LL~::: 

"ru,:: (2005) [8] ~~'ill1rn.l ff11L"ii 4 "l1it~LuuilLL'Ylui~d' 

'" .LlJWl1UtltJ 2 1~ 
'IJ 

1y..j1U (Pyrene: C16H1o) 1iLuuilLL'YlUffl1"illy..jlnffl1tl1::: n tllJ1e11~1mflJ tlU"l1it~iiL lJu.nUtl rJ 
'IJ 

3 1~ -tuttl 

I 
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~ll.El~ (Phenol: C6H60) 1iLUll.i"mi'lll.~11,)1'V'l1 n ~l'n..h:::n Elui.fllmmfuElWlfU~ ~1ll.~f1 

LL~:::1'lit]~gll. ') 

1~ ~ ~~m 1i'l1 \l Lfl ii"lJ El \l nl'lnl'~-'mtl11ll.~ll.<1h ~ n11Ln mJli n1m n11L tl ~ ~ll.~tl ~1 ~i.mb Lri El 

Vi-;)11nn1i~1J\l 4 '1fU~dLLi'lll. (~~m1~ 3.. 3-3 .. 6) 11~J\l tllin1mn11Ltl~~ll.~tl~1~i.mrl"lJEl\liiLi'lll. 

(Methane Steam Reforming) (~~n11~ 3.. 7) LL~::: tllin1m1m~ElfLLn~:nyJ (Water-gas Shift 

Reaction) (~~n11Yi 
. 

3.. 8) i\lii 
" 

C7 Hg +7H20~7CO+ t 1Hz iJH39JK = +881 .. 74 kJ/mol (3 .. 3) 

C'OHg + IOH20~ taCO + 14H2 iJHJ93K = +1,177 .. 8 kJ/mol (3..4 ) 

CI6 H 10 + 16H20~ 16CO + 2 tHz iJHJ93K = +651..7 kJ/mo\ (3 .. 5) 

C6H60 + 5HzO~6CO + 8Hz iJHJ93K = +1,834 .. 7 kJ/mol (3 .. 6) 

CH4 +HzO~CO+3H2 = +209..44 kJ/mo\ (3 .. 7)iJH39JK 

Co + HzO~COz + H2 iJHJ93K= -40 .. 01 kJ/mo\ (3 .. 8) 

u~:::tl1mru."lJEl\li1LLi'lll.,rl11ll.~ll.J\l 4 '1fU~Vi-;)11ru.li.~-;)ln Ui'lfl11~"lJEl\l C.. Brage LL~:::f1ru.::: 

(1996) 1~~tl1m ru."lJ El\l ~11tl1:::n ElU1ll.,rl11ll.~ll.LL~~\l~\lm11\l~ 3.. 2 [31] 
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Analyte 700°C 800°C 900°C 


Phenol 1.069 0.941 0.753 
(J-Cresol 0.929 0.737 0.300 
m-Cresol 1.140 0.917 0.503 
p-Cresol 0.739 0.545 0.276 
2,S-Xylenol 0.340 0.303 O. £37 
3,4-Xylenol 0.260 0.184 0.077 
2,6-Xylenol 0.260 n.d.a 0.174 
o-Ethylpheno] 0.353 0.381 0.240 
Toluene 1.125 0.274 0.538 
o-Xy]ene 0.580 0.356 0.653 
Indene 0.649 0.628 1.425 
Naphthalene 0.345 0.494 1.722 
2-Methylnaphthalene 0.242 0.277 0.456 
I-Methylnaphthalene 0.164 0.187 0.289 
Biphenyl 0.044 0.053 O.l25 
Acenaphthylene 0.208 0.285 n.d. 
Fluorene 0.119 0.149 0.276 
Phenanthrene 0.065 0.100 0.368 
Anthracene 0.017 0.042 0.107 
Pyrene 0.049 0.038 O.l40 
Pyridine 0.168 n.d. n.d. 
2-Picoline 0.04] n.d. n.d. 
3~Picoline 0.027 n.d. n.d. 
2-VinyIpyridine 0.054 n.d. n.d. 
Quinoline 0.055 n.d. n.d. 
Isoq uinoline 0.014 n.d. n.d. 
2-Methy]quinoline 0.009 n.d. n.d. 

a Not determined 

~1~1.h::n e:JtJ~dlu ~1~1.h::n e:JtJLf]~~1TnftJ e:J'I.t~fl 1 1\!"lJ e:J\! LtJu.ihuihte:J\!Tlth::n e:JtJ :lJ1'W'il11lli1 LUU 

tJ1:1J1 lli"lJ e:J\! lYl~ 5u rl'il::lbLtJ1"151 ULLtJml1 ~ e:J\!~1l11::n11rn ~ e:J LtJ t~ ~n11fim~nii'L~fi m~1~~~\! 
'IJ 

U~~\!1U1tJ~ 3.1 
'IJ 

I 
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0.3 
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§ 0.05 C Hg 

1000 1050 1100 1150 
Gasification temperature (Tgs) [K] 

~-1~'H'lYii.~d~:;'\.b'hniLilu,]tlaJ ~"1J1l']1 1Un11'Y11 ~aJ~~ aJ1 ~ ~11nu 1.1 nn1mlln~6fiYllT1iu"1J tl-1 
'U • :.J 

~11i51aJ1 ~1~ fJ~~11rn1'Yl1-1 ~ rn'WV'l~~l ~~f"1J tl-11l11n1fJ1 (Thermodynamics Equilibrium) 1m] 

llUU']l~ tl-1'Yl1-1T1 rn~~l ~~f"1J tl-1lln~6fiYllT1iu i-1ll~~-1 

(3.9) 

(3.10) 

(3.11 ) 

(3.12) 

~lnn11~~11rn1llUU']1~tl-1~fl11:;n11ru"1J tl-11l11n1tJ11~fJli ~3Jm1~ 3.1 ll~:; 3.7 n-1 3.12 

3J1~~11rn1vntl13J1 rn"1J tl-1~11~1-1 ') rn .~ rnlUJ n ~1-1 ') 1~ fJ ~aJ aJ~lill11n1tJ1J-1~ aJ~ lUU t111n1tJ1Yi 

~aJ~~ (Equilibrium Reaction) rn tlrn~fln~l-1 ') ll~:;11aJnU~1ll'YluJ1aJU~U ~li,]tlaJ~~lnn11
• • 'U 'U 

'Yl~ ~ tl-13J1lUU,]tlaJ ~J tlUl,]l 1~ rJ ~aJm1llUU']1~ tl-1 ~Jl11::m1ruJ-1~ aJ~ tl rJUU~U~lU"1J tl-1 m1~aJ~ ~ 
'U '\I lilt 'I 

~~-1-11U (Energy Balance) ll~:;~aJ~~aJ1~~11 (Mass Balance) 1~fJ,]uaJ~'Yl1-1tlrnWY-l~~1~~f"1Jtl-1
• 'U' . 

~11lT1ij~1-1 ') ~~11rn1~1i.~~ln Perry's Handbook of Chemical ~-1i.~~~i-1ll~~-11u1t1Yi 3.2 ll~:;Yh
'U . 
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~1.l~ 3.2 tl>'lf11l1::ntl1J"lJe:h'l~11~1>'l ') llf:l:: Y.H~'>'l>'llUTll111fm.l.rtmtmtlmn,;)lmJ5n~rn ru rt 

ElruVllln~l>'l ') 
, 'IJ 

I' iJ"iu 
. 

I I 

A1 [VlU1U] 

... 
~1111f:lllElUl"lh 

·1 
1 [kg hr ] 

~ru1Jn"lJEl>'llmun~snvhTl'iu (Tgs) 973-1173 [K] 

er<il11~lut<iltJ tllf:l"lJEl>'l O2 n1J~1111f:l (Oz:BM) 0.5 [-] 

ElruVllliJ"lJEl>'lLmll (Tot)
, . 'IJ 

673-973 [K] 

lrim~,;)11rul~f:l,;)ln11lrt 3.2 ';)::l ~Ul1lrlElEl ruVllln"lJtl>'lll nn~rnLLnffsnvhTl'iu ff>'l;iu1J~1I1 ru 
. \J C( \J ~ cu 

"lJtl>'l COUf:l:: ,il ff>'l;iwmllhJ~ltJeludju~ f:l1l1,;)ln1l5n~rn tl ElnsnL~-iU"lJ tl>'lffl1~1111 f:l ll~,;)::l~UL~ 
. . 'IJ 

I 
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11 CO2 Ll~:: H2 ~<i1~~El'UL~El~JJ1~lmJlln1rJ1'i1El~ Water-gas Shift Reaction ~liJ'U1.1lln1rJ1mrJ 

v)llJJfEl'U n~11~f1 fi~~rnVlJ~PJ~~1f'U 1.1lln1rJ1ln<i11~uElrJ~~ rh1i1.11JJ1rn"lJEl~ CO2 Ll~:: H2 ~<i1~~ 

Ll~::Lri El Vi~11rn1<i1~ ~~~l'Uv)llJJfEl 'U ~1.1 ~ El rJ El El n JJ1~1 n L <ill Un~.Ji1y.J l El Elf ~::~U11ii~ ~~~lUUEl rJ ~~ 
'IJ 

~lnLVI<i1j:..J~l"li'UL~rJ1nunmh~~'U
• 

n11Vi~11 rn1 ~~~ ~lU"lJ El~1::U m.f~VI JJ <i141 ~ 1.1 1::n ElU1 1.1 ~1 rJ ~ ~~~1 'UV) 11 JJfElU ~~El~ n11"lJ El ~ 

Vllb ml~m 1.1 ~ rJ'Uv) 11 JJfElU"lJ El~ El1n1 ~ (Qair) ~~~~l'Uv)llJJfEl'U~1.1 ~ <i1U~ El rJ El El nJJ1~1 nulln1rJ1 LLn ~ 

.Jivhf1-n'U (Qexh. 9s) LL~::~~~~1'U~ElElnJJ1~fElJJnULLn~l;rm~~~ (Qout. 9S ) LriElVi~lrn1~~~~lurf~~1:IJ 

"ljitWlr1-1~U ~::~U11~~~~lU~LVI~El (Qremain) ~ ~lm1nlh1u1inU1::uu~h~ 6) L~JJL~JJ1~~~ ll~<i1~1'U 

1Url 3.3 
'IJ 

Qair , , 

:::::;
50 0 

(TO
t.< 

1 1000 1050 1100 1150 35 
Gasificatiol1 tcnnpcra lure (Tg.J [IC] 

~ln1url 3.3 Lri El~~11rn1~ ~~-11'UrlL VI ~muuWU1 rJfEl rJ~:: "lJ El-1~~~ ~lU~ El El n m~lm<i11LLri~ 
'IJ 

.JiYl Lf1-n'U rf~VI JJ<i1~::l ~'U1~11 ii~~~-11U~ LVI ~ El ~<i1 ~ ~ El'Ul ~El-1JJ1~1 n ~El~1i~~~~l 1,1,1un11fm~n 

El rnVll1iirl~~1fu LL~::L n<i1n11LL~ m u~ rJ'U ~~~~1'UJJ1 n1f'U~~'Yi11i~~~~lU~LVI ~mfuLriEl Lfi rJunurf~ 
, 'IJ 'IJ 

Vl3J<i1 U~liiVi~-1~l'U.rl L'l<i1 ~~ t<i1 rJ~~-1~l'U.~LVI ~ mf'U~::th1u1'"nU1::Ull j:..J ~ <i1 1mi'1 LL~::1::UULU ~ rJ'U.1U 
'IJ 
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Stearn: Biolnass lnolar ratio ( S:BAf) [-1 

I,tl,r'I ~ tl ~1 jii'J:I,]1 ~ LL~:: D\I L~:JJ i~ ~1U"li tl \I ~ ~\I \11 wYi L'" ~ tl1 riLL rb::1J 1J ~ ~ ~ I, mt1 fi ~::~ 1J 11~::I,~ 

5~jl ~lUL~ rJ L:JJ~"li tl\l1,5,r 'I ~ tl ~ljiil:JJl ~ L~ :JJifu Lrl tl1 ri~ ~\I\llUitl rJ~:: 50 "li tl\l~ ~\I\llU~ L'"~ tl~1n 
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"- l:p.llIh .lJ ~lIli' f( \ "H\i. "-1)(a..,..,l lt .... oc.-· ,illg. ' t..,) ' lI l", :O ll li L" . pli t tio l 
4C"lH..,r)) · I ~\I \!.'M:.·l tl ph1.1,·"I N:- lJl<.l (t h'l"l h~bLn:w.;:~ lj~ 

nll )()l1n~k !fIo.f p~r\",'t~ 1C ,,,H, 11). r i1' I~~ llti u g 11H~,...... i rLg,~ 
and h~l~r ":~Hl'l)()lIt..1 ( 1'~ JIL'~ p..:l r:m l ~k_~ 0 1 1&f.. 
~f(.~ftu ing . Th · ", f~ult.j ".... ...1 ~ .u ta I; ,:t."d k' i .t.i.iwn...'tl 
OOI ~ II l() ;;; ti I of t~. Fig. 1. 1l.i fc>ul (i It'' I a- ";)' :i.lllpl t! f 
UtI' COU1l'c); itiou C):sl bimu3.".. ¥... iliCal io ll:. n~ 1:.'1 ~1 n..~tiO'n ()f 
hioma.i....__ !;i,.ili (: ll~')o.IL .J 1O\'9' in &t... . 

(3 1p~ ... wJI .l~\" "-'JJ <!- -- ) ,~II , 1.'!1lJ ... .." f!) { .. . ) 

-"'U,p · .•,eU, 

llu~ \"f~(~• • ~ ",,·s11Li.-~ f.t >s I ":'P"~ "CIt! h 4.) lII ~~'" 'I hi.' ~u·....t 
I" 'IX1Uo gi,~ d~~ I . in ",,,.., I . T'h.e d ,<mjCl/ I'''",ul " i,f 
"")oxl i<CH, .~(>u ,,,h,,"g"'(1 N· - Lh lit '). 

Ph)" i ll l.:ih! A n;) I s is, 

\'< , I ~li'" M lI1ld 

Fi",d C!Ul'JOO I . l . f~\ ~ c .~\ t 
A~I! ':'( . J ~ ~ \I\"1 

M~)i .i.tw~ C tH t ..:.'1tl 5 , .~ l " \~\"l 
Hi~h f:(~ !lIi, ' V<llu;, 1 ~ . n "Hl. ~ 
Ulti,mk 1I/!iSI~ ti" 
CJiJIA>",C 4~. '24 'l,;j~~t 

Hl<l",«~n, If 6 .54& \ :,,,1 
N"i ll"!l.~l. N H.m l 0.;,<>1 

fh}.\lOI,O 49.141 % \til 

~1"d..:rlt,·J W i$ c()fIJPOk,,1 Id u..'fI ~ . n lj)"l ltJ l ~I~. 

l, h<'1l{)1III p)~n~. TI",,1M , f.:onl refl""u,,~ IT$lo. ': ,'::llure! 
.<i.;a,II f\:' nni,, ~ ( M~ R) ",,4 " iIl.:r gav 1,il; le ,"li"!1 
(W I R) " L":("'L>d.~ .:,I(r:<j . 5 - I Q) . 

C;,II, + IHlif ).-·-.. 'I ~;CI')+ 1~1l , 

co + /I P t- _·>f:o, + If • 

If""l f>f LSI rctr..rrn,-r is I.1Ibd31i!d hy ",,,,,,,,athn .,1' 
fN IIUlioll ""'IE<l .~ · I () . 

RESIlT.TS o\ND DISCUSSIONS 

Th~ dUgI':lI1l of b. lqt:!ltlltl 1M re l"'m"~1 On biolll3 
Jlll'ifiealiOft S) lcm ," 3.< StoWII 011 Fi ll- I. Thi. illu5.w.>I ioo 
,_ cClIIIIHorni><:rl l>el'.\ c ' lI 0111<."11n;': r<oaCb01I WIICI 
ijpUificabOU) ,,·ill. IWb lben'lic t«tt li on 2.-.,01 -(tilt Ic fonrli:f) 
to util izru II,,:m'31 OIOJ!Y fOl Slljl'{,ly by ~ul",s (Ilm 

1I ..!t.·J ~\\&:rll..;t1 ...:naR\). Eli":f'!;J III 3JU~ Ht:"! J1l ~"<).1211~::e or" 
h'l!."1 up 3 [,. g\.'1l-Cr.lp ~"'dlU ~t:d o r rdon~li.us rC,H':l k>ft by 
,tL":lui g:..;ifk :ui.,n knq>.: ' I" t'" ('i~.l.I 5 ' 11 7 .l . 1 5 Ki .I"d 
il&Jld--ll' J 01~'I'~ti Ull 01 btoltl3..u !:p." j ri C4 ti \,) ll ~!J" H'" .Il T3hl~ 1. 

r..... 'IJ'I'~\(:I~ l." ft.i IC1l' m..... 
n",..-; ,~ r4 '" AIIo .-a 1O"l T.r.J'IfO 

F i~, . I . & k:::n'k! ()f i n~g,I-:lI-L'd t.at ' ~fofla l .t!1' Oil g.a~i fiani4)ll 
.t,;r,,~ ,n. 

['llM,i1''''' Vitlu...
ll',,,,a...,, I [kg 11['J 
('ra5i li eJtiooTeo"'~ I~IU" (~i <lH IS , II 73. 15.JKl 
O')g"" .. 13, 0 1u,3:'3­ lIIoic 1'8!i fi 

.JI! ' .8,\ti 
05[.] 

S"'OIll ' 1~ 'IlJ>'-"3 IUr": l T ,:O (, ) 3. 1S.lYI 3. 15.JK] 

TN Jail! y,::..< rq"'r~d hj C fuage d 'II. [ITh ;!o1 
,}H.I q 17).15 K of gs;j(jcati<>tl "'1\,""~11U '. C mpositimt 
o>f ~lUi["'31i (>!l "" a.;. \.u~ 01\ t lJ .b!a And U",'!ltl<:oJ)1 Illk 
~<{';liI.iulll . n.~1I! ",~I I:$ iU Ilitr.l \? in fig.. 2.. (f\£1 g;>S 

cOI~itioll 311<1 "x <1<~,er lflic ~ ' !l)o) anJ Fi S. 2..b ~!a r 

cO<l~itl,rn) a l ' :;O liC)'t1S rr ' Fig. l .a tt>l\'1l f~ 1 l!;u 
C....'Y.osilioll :and .r' 01J '~nsl m"fl!..~ c f g;bifr.: :nloll. 
H.vJroj;CrI .-.lis/ttlf dR>J1S flOlll 15.3 I.. 1-l .6 I, I Ill " alld 
C3I1. "dio< ldi! do"" ,,'3Id from 17J II) 1".6 ,!\-11 I"' . CO 
3M H:.() ris..:: fmm 11.2 II) I ,.1 ne ll,{ ' all.d 14 .7 t) 16$ onol 
hI", r~>jl<! Cl i ,e ly . M.'tIolI<: i.l: d .,$oC to u ro (O.OO2~,()o() 1 
.".-.1111" ). W..l.!t j,!"" u llifl ~(;Iit>1l (W GSR) i> mAi.dy h!ti()!I 

of fu,, 1 Sib oo'"p<"ilioll tl'!suli., lA:rolt.;O: \'';GSR i~ 
ol I t "~ lniC lC4eli:' Il :n high..:... ICfllp' !'8I"re J"..'<i'u<:lio1\ "" 
rcdllCild. Tlli~ fi",un! illu;tr.:ni:" U':3l CO il"Ml,\\:d 811d H, 
doco""s~'<1 by - d<l,;!s",d eop.._ ting Ib'~ftdure . And 
" Q)lh<tmic ~rBY dJot> fmlll 4.2 'to .1 .1 MJ 10,(' . B~ of 

;o.lUllllli oll i; wt1'<~1Il'31 r hl)1l. f..l'i:f\.'Y l>alatlOi! WU 
c8Icu l ~l<!d Q", F' al ' ''''''11 tOl1l1'Crll1 l>fe. Q"", '" al lln>it:ic:llioll 
1>;!( 1l1"-1'J nlf~ (T,')' Q"", ~ COO'1VU~d by 1.<J(A1 .) [ ,,",c ,uJllte31 
t" ..."1 i<>" ill <'1 1111 ii>rilllh 01 lJIiitlcllI; '''' :lItd Q=~ t, d.':ICfmincd 
IIY en gy b31..nce (EQ-Q) . Tar "'liS pr\!'Ml 'I~d by CHi. 
C",H,1. C, ~H," :<1ld C,,1-4<> [2). Fig . 2. b show< tilt 

cOflllt)5itiOll de1tc1 luinoo by tar \X.II,» ..itilil d!J! (JJ] and 
t;!I'hlSellloo lilt oo'tll' - iLi M [1]. Oper:aUllg lelll(le ralUfi! 
'''''i'' ij 9 73. 1-11 1J. IS K (700-9ooItc). Thr t> aooLl. 0 .42­
0, 17 RtOl Iw· '. Ih pt:Cli -eiy. At 101"'" op;lI'lltillll fen~"''t'.l lul~, 
C"H..() is fI\!ijo, fa.. oolll f>Ol1enl ab/)ul 0.27 n),~1 10 ," H>J%1M 
C~"l"'" " '1), ollre rwill! I'hCr ool .is f rou('cd a) 0.06 1I,{)III1- '1Il 
11 73. IS IC ll,C8l) ".'s uh$~IIO"" ~IC stJJn~ ty c, ioos ,. "It.>, 1M 
~ redi<:oo by iu<':1~ g3>illcat.ion t~loOlrul """' , 

a 
J.. 
1~~T,!!i!!!!~~~ 
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_- VJ 
..I! 
1 il ~ -- (' ,J (0

i ...~ 
~u I, 
a. 
~ ,H 

b, ~Oll! 

fig 2. 1. fu-tl y;t t(mlf~)_~iti ,m [tUfll Itr ~ ll ;;'1I ~1 ~\~)lIL..:tmi..: 

(1' ~ tsY t,I.!; ;J1 lil\~ ) (I.J 111' I), b, r.". ""'''1''.'; 1; .,,, 4l1t ur;o"" 
g -a: .iti-..'.3li<m .e ft'q)£"t:!d lU i" t O!:h'.U - I . .! .!ami Hl:"i . ...tUft: (\Tfll ,ur 

- 5.41%), 

F,.J~""f£) b:u~lysh 6 f ~;nitl i::ld (}n f~ in~I'}~,)I~Ju1 IXf 

l'i~fuJ1l1~ \4.·ith g " ii~ati{J\ &}$1~1fI .JWI,o\.- t:.n fiS _ .L fl li .,. 
fig-u:t"" nhli1.r,U~ Q...IO'. f " Q~ ,. . Q..r (L'11-t;."1 ~y- ff,r JtGkl u.p .1il 'J 

~ ';;0, ..... •.(CJ.'Il!J:irling. \:lh::rg)' ~) t PUXi!l..::iflg, ik .1ln ~u.d 
$'U l)pl~;I\S W Ic fu" lli'i), In ~l il ~l\oJ), ll., ""ILintil "'''' 'll')' 
(Qo.4. .. ) utld 1(, d4lt~fIlri,,~ I,,, s llj' l'ly ~" arll .!~!n"r.'l;)I .,,' \ 
Ill! reti")II"'H j}Jily. At ~ "".lIlt, lit" I\!")~ 'lill!! ;!]I C"S~ 
{;;',Q,_,.) ..Ia'1 e.1>e.s 'N"I\ 61. 60\" ~) J1JiY'" W,,~"' 
incR!N.i JI£, SJiiit1~tiol\ t~r.>eJ~Uf~ i. re '~" bUl tll.l:.: ~'1""t!:'l\" 
(~1Id",, ~,y) o( fu~1 ax, !;rill I'i!!.ka aI 1M.' 1""'1"1:.101", f l..., 
.exJ11iW.1 t':J1-e"SY (Q..... .,) i ~ split 10 J{I", ffl" Ci,J pf(xlllci"J; 
SJ.<:lIn (Fig, ~). Til" "wei ,luun """'n 110" ml., ( 'Ii!!sm, 
h i ()u~'io:i. ~ti(») d~pend"l. on .sI\."•.:un 1t!n:.~ral1uc { f s) ~1I..: 1 

SlIW""1 bf ~11"'llY (%Q"", iP). kv .. ",,,! rgy eW" I,., fl"><Iu~~ <1 
k,,",' ~Irolll 1.!"'J~:t:al= 3I,J/,}f S:8M t:<Iio, DL.. gl1(>S<: ,,; , uh~ 
1.:1.. 11 Fi fl, 3 WoQ_-l wi!.h Fi g, <I (~:oQ.... ,,) can 
ilh"l~_i! Ill" l ><l1.eIlti~ of S:8.11 .at.,31l.:l jI< In \d"I>i'J'3 nu", 
Fa ""aJo pi<, , ~I~C~IS >:i.!mt\ e>II1,<)1 1I ,"" owrik." S:IHl 
- I ~.. I' r, - 6\t) K :!Ol eopeul irtg f? ~.i{i;: Iil~'" 1i.~"pU"'u" Tr> 
- 11 13, 15 K.. 

FigJ , n,e.-lIl31 en~ .'i g,;;.ilkau<M. lU I' AI""I fud g:.> , 
('Ill fro", !lJl" ificOllk>n On ,~""ak!d g:.>.iilk ll l'lll. hllnl><!r3Q{I", 

~ld filll!ifiiit~ ~ic'ID' iN i'lljlj\ly lte!dll ~ n':-f:>lW I>Ikt t>I 
~~fNmer, 

"\ -t.,.II !\ I~'"
\ · ··-"t..r Hln ltk 
... \-.~:,'nf l $ '" 
\\ 

'. \ 

\\
'. \ 
\, x 

.J 

Fig, 4 Efl;:,al of M.r.l.illll):m <1&\"': bioJll"$ (S:8.\f) ,"I 
~!llt".,er.. u:re and J>MlCjll!l&~ 0(g:osi rj tion exod'~I1lIi" 
,-,nergy (">'OQ",,,.,J, (81 r .. -97],I~ 1h73.tS lIfkll ll 13. IS K) , 

~~1.IL'\. Li ur r ~c'u u.";1 oiI l l\ "'~ (ud ~-' ~i~<lUr~h i1i ()-n fH~ , 
(OJ, CO 'tJ (' t...f.~) !int i b ul Pu.l f c (o n ut:t l o(1nrk·rsll.u~ (HL 

,3(011) S_-fiH - 0- 1 j [ -] 11",1 w~" 1~ ltq",JijllL1<! 41:) (Fi ~, r< ), 
Th.c s. k.' ,wn k 1tlJ't.': t • .dI1fi: {TJ d'b fu--:' l .lIT« l on t~1 ~ 

.on, ~. i f)U :!nJ. t-HL4)ut h:.'!¢ rJ.tu.r~. B-t:al IL~ o f dli: 
:l :W;UJIl I:.. ti "~ 1l u(t h~ ll ( ~ ;. cttoi: lg.:r ilLJ'UI It) 1M f(:(4.":<11Ih •., no t 
~lin:':l.;-nL Th:: Ul a.i¢)r 1 ).;tJ~I!"':'I':f ·of tM n::t( )rt1ild j", ill1H:<ng. ·f) 

~1 U'i m, (n.cl\:.> ..ins " _OM, H, il~f""a;,;" irool 1.1.61 III'» fll " "-I 
liN adJ , -I.,."" ~,~ ,f~ ",,,/111 iii S :B,II- Ij, And 1/", 'i,h' 
~jgl1 it1 · , n,,-c i .... Ill" m.)ldc l) ~lirniu.;31~1 hy Ur S.k:· ~1!1 

'C I{)'(ul in t\:..ji..1~')II . Output h.::nl p!ltltu r.: i_..;: dt~{ b)f' adJitl!t 
:t.t~tI *'.0:1 r ~ l,,1j ,)"( r'C..i~lk):ll i". \VO~I{ . k....:l"..;.\?d (_~O ~tJl d 

;II""':~ f-I,~ "'ICO" 

Fig, S Erl~cl M u)JIII""'" n 2nd l~nJ'OlllIW"('I' fucl Sl~ 
Ou.l r'tltlil tnt fli:t<l" Ii'\;."! ( 4.T .....) t.m l C3J rl : hio,nt u 'lO hlt ffi.1j~) (al 
Tr -97.l H K. T.- 6'J .I~-9iJ.l 5 K ar1o/) 

fi g, 6 ,!tw dlet t (i g;nir'k: i.)11 ti: JlIf~rllLure (T.J. 
ile41!l t~ n'l ' ~'.lnlrt:! t TJ ) 'fDld i k~2I: bi,"")J.~-" (S,-Sf\/) ()u 

1'1m<i llc ing H,.: , AI higll;!r £I~f"r l~nl~t lu.re, .§h!~ll 

1t!ItIJ'lrII.~ n.Lh! ~ T,) It.::!. .i all t:rfeCI ,)H pnxlu:.tittS le2Jll, 
!Uk' ltIali::311l' Ir} rduA:d H" TII.c>e r",ul-s. ,IIU, lial>< -at I.,., ,,,' 
"1'<' !d uOS f?£irl('Su" " "'!a,tio ll 4'[ - 0) ) ,), I ~ K) call llfO<h,oe 
i lcam rtK}1e Utall at high ~fin.g g:i~jl1~tio.n t-e~t iuu 

(T~-It n l K) 

l ~~ • '-I 12 L5 
;l;o"", : I-l i,_", trot" fa'. S lIAJ)f-j 

Fi~ , 6 P"xitc<l<II'ydloS<O' ilm ll I", I ~(i>mld .~ '1~: 
1,;",,,,, -,,, It.)"" "'I k, tS :8MI (T; -(" .U 5 K _ 

car.- Cr.(J~l()N 

CUIll I'" ' li(11.> 01 fll~1 ~ tk~1d on ga; iti{:;kJirut 
ICJIIpen! llLU:. "It~n jll<;,.,,,,i'l!l ~jIJ.::llioo WI(~Ioc't1lllLt () (1,J 
1'1,~" If... Co, ",,,1 "If 1I.~",CI.': d, CO liIoJ liP il\O re:!! ' w II, Ii 

[ " illl!, !!,3.;.ifi ti.", l<...q"'Ilid)"~ (7, '). OOl60 i" l1uj(,r t 
cmlllOll<!J11 3 1 I.,.,,, gaiillCillin l1 la" ~~lf(! (T~,). a nd il c: 
red~ t>y iJ~ .n ill //, !l;ll>i ii::alil)t, 1I!n~loL~amIC (T. ,}, ru1""". 
~rl!rllY fro m !';l ifl<: sti/)11 (Q..... ••) ..It<lj'l al 1lillb .,.,~dilg 
g .... iflcat ioll "',,~)i)f;!l t"'t (T..). o.tsu:tuefill y, ell rg)o' fN 
" '4'1)I~ Slo!arll !lCJ~or lind I «'1(>fltk!1 i,. 001O'iI fD<). 

(~I'8II~ gr,lfi:61k»i "tropet ~ltre (T.J i,,~o)l,et e>(1'U.1;1 

~~ , to... ) irl lru,1 <'If ~/i.' :ollIlA iWM 6Jld '~fAtrulti 
i3J ,"'IOlt.ial : fflti' S_Iu,~ '/U)" biilY of 1.iIl' di"~l1.1lo!d 

I 
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I ~ ",1t:".'dU (~J{H1il iu g. Jlt•.l hi!:)ll.:f p uxt u.{: ill!,!. H .! (~ . . (~ r 'PHI 

l 'S l x 11101 hi' '.I.. o.)IUI'lJJ{" [ ~, ilh Ih ll ~ illh.: £. I,) kJ 1;:-«( ~ rt~f1t':: I. 

n., ; u",pam f,o,,, Tk" 11,1il;n,..l R"'~ d, F lUi" 31tJ 
CI. ·~)ln j .Hioll Oil High-t=f L llh::alio ft .;u~ g,f l l t.ndl), 
ac kl.,,,loo~od . 

Rf.FTR UK£: 

[lJ C. Li and K. SlLLUki. T>t 1"q"::'1Y;31r«Iy-'; ;'. "Rd<'!r",ing 
In L'C.hllni~ll llud ulOd\:!"1 (.. I bi ~~n1" ~1.'\irk-.:tti')lIAn 

o i; ~r\,'it"'Aol•• Rt:. n:.""tJl:,'e u.r,J Su.\~jrt".hl.! EIfffx..I~ Rt..... l ' ..")"t X . 1.1, 
211!19, nd9-1'(..()l . 

[~] D. $i"git el <ll., ·'Cisri)(>" <kl.)~ iti(,,, itt!U\ SOFe fu~lod by 
,,,,··IId,, ,, 1i()1ll!.'iS g'll a ll""rn.o.t;n1illl~ :ilt.>ly:;"", 1: Pm,." 
S""n.·"'·, 1,(1. 1005 . "" . I>;.I-I?;). 

[3] M.P. K>ul",,\ ., uL. " hI fooll." li..,,, I.lw ouglt 1>3I1GI 
('()lIlbtai"",o!' fu.:1 g/1i.", Ft<!/,IW. 2005 . i:p . al~. ~:!,I. 

[4] P. Gil ",,",I d "J.. " J.( f'(xt~<·,j,'}J' jJlI'f,,' I y<i~ ~3j"'!lu" (1<,'" 

bi():fn.ui. O\- i'1 .a It()ldw I,..~·I, 8it.1~.'I,).IIn.:t.! Tt..l..}mu'uK~. tOO, 
2Q()9, n,, 6Q4S · ('):l I. 

[j] J. H"" a.1l<1 H, K;n~ ·'T'h..: NrlI1..:li(m 3:l<1 cottlu)1 
lirl'MIi:'g» of LlI ,I",illg bi",,, ~ S ill~ ti "ft:' l'jf("y ;, i'>. Aft 
o'fmii!w", R~tI!.",u.b lc un.} 5".' II.Ii"dl>{" En."·,, R", j""",,, 11, 
100&, WJ~' -4 If;, 

[i;] J. Li clui.. "~'CI<lp"L.lIlof N.'lIl(>-NiOiAl!O ,l (3ul ~>1 
I,) be 15M<! (," Tilt RC'llC'ul in 81"" " (~,,-,jfiC3l i~,n " , 
Em;",,,_.~. ,-. ·&d,/""I. • • 2, ))QS, l>r"G224 -('~ 2<> . 

fn c. Li '" ul., " St.:.-.tn refol1l,iu!!, ofh;o,:a;; l!!t l,roJ ~<'i" !I 
H,· lid . !laia O\'e ' Nil Mg(h 'C"OI -ll caW} ' r ' , B,v rt!.·w n.<' 
Thdrr.Ul<}K~ 101. 2010, l'p,97-1l)Q. 

[iiI H], P'Jlk "I d ., N !'-.~ClUll r;'(-Ilfllljll& o( binn" ~. 
gaiifica1.j(>n tal t&iu.£, b-.!u.l('th! .a..i: iii u"xlcl ,"·~II1J,,)un-d i).,, (:f 

,ariou, Ni ' ''1>1""",,11 ""'ttl mddi! c:ru.1} " L;", Biur e"," /U' 
rd.'Ir"U/<'J()', lOt, 2010. 1'1' 101-103 , 

[9] T, h,_" alld A. l i uwnu, " [.kwdopnk:Il[ (,i <o l,all 
ClIlI~u Jf,r tl..e = III Ie l'>rtll inS of 1IJ!f,] ,l!ilbtc I.; a ,,1Il<k1 
OOIl1l>()ulIl o( br dt:rjy.,.:1 fn')m hiMtWi g.><itkaliml", 
Appl;"a C-suly..·'-,u4: (;"" • .,.0/1. 178, lOfI5, PJ', I <;5-205 . 

[10] D. Xu d ill. Call1IYli< !l-&lil1{21ioll "r gl)(: iu.< aM 
glj<:erol in ~lll~"ol1ic>1 ,,~~.l"'i!l llty<irog<en t ll""gy :\.4, 
2009, (l'.5J57-5J64, 

[II] S, HM<,iai «t d1., " $I)<)'Ol\I!O"tM;> 9',li:f>Ili..,,, <Ii tru 
dccon.'POiiti~1L ilI\) itlOl i'I t.n .a biornau. i l..C3J U ~f~-'f u"K;t", 
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