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x@ |OwQw |xO=t QO OwHwt QwirwU |t=tD ,=@} QkD p=}U QDU@ R=UR=o pN=O QO
|xOwOLt QO |}=yv R=o QwirwU |wDLt xm u}= R= u=v}t]= |=Q@ "OwW|t p}O@DH2S
QDU@ |=yR=UR=o OQwtQO "s}vm =OH OvthOy CQwYx@ =Q u; O}=@ 'OW=@ |rw@k p@=k
OwN uwQO xOWO}rwD H2S |xOta ?PH |=Q@ u=wD|t =Q ly; nvU 'p=}U
QO OwN xm 'OwW|t ly; x@ p}O@D (CaCO3) ly; nvU "CiQo Q=m x@ QDU@
Oy=wN p}O@D (CaS) s}Urm O}irwU x@ R=UR=o uwQO H2S =@ Vvm =w QO xt=O=

"OW
|}=yv p}rLD QO =yv; uOw@ R}J=v p}rOx@ N w S Q}O=kt R= =yxr=kt |NQ@ QO
xO=iDU= OQwt |=wy |rwt Q=Okt u=ty m ?} Q[ "CU= xOW |WwBsWJ CNwU

[22]"O�=R CNwU |}=yv p}rLD "1 pwOH
HHV

Ash �S �N �O �H �C
CNwU

�MJ/Kg� O�=R
19 495 10 4 0 0 0 69 38 6 6 21 44 7 RDF

5



"""|
@}mQD

sDU
}U|

O=Y
Dk=�

|Ov
tOwU

|R=
Uxv

}y@O}kt |xOQt sDU}U p}O@D R= xm CU= |Q_v O}it Q=m xv}W}@ |}=}t}W |OvtOwU
"OwW|t pY=L 'CU= \}Lt =@ pt=m pO=aD QO sDU}U u; QO xm |}xOQt Cr=L x@
u; Q=Okt w CU= R=o Xr=N |}=}t}W ?}mQD *OQ=Ov=DU= |}=}t}W |OvtOwU �"ch0
\UwD R}v R=o \wrNt |}=}t}W |OvtOwU [24]"CU= xOW xO=O =yR=o |NQ@ |=R=x@

%OwW|t xO=O 24 |x]@=Q

�eCH =
X
i

xi�"CH0;i +RT0
X
i

xi lnxi (24)

xOwDCU} R CNwU |OvtOwU "3"2
%OwW|t pY=L 25 |x]@=Q R= xOwDCU} R |=Q@ |OvtOwU

�"0;biomass = �LHVbiomass (25)

x@ |}=}t}W |OvtOwU C@Uv � 'CNwU u}}=B |DQ=QL VRQ= LHV u; QO xm
[26]%OwW|t x@U=Lt Q} R CQwYx@ xm CU= xOwDCU} R |r; QUm LHV

� = 1 0412 + 0 216(ZH=ZC)
1� 0 3035ZO=ZC �

0 2499ZO=ZC [1 + 0 7884ZH=ZC ] + 0 045ZN=Zc
1� 0 3035ZO=ZC

uSwQD}v w uSwQO}y 'u@ Qm 'uS}Um = |tQH |=yQUm ?}DQDx@ ZN ; ZH ; ZC ; ZO
%xH}DvQO "CU= xOwDCU} R QO

_Efuel = �"0;biomass � nfuel (26)

|OvtOwU "CU= Q_v OQwt CNwU |=Q@ |OwQw |=ypwt O=OaD nfuel u; QO xm
CUO x@ 20 |x]@=Q R= R}v _Emois |OwQw C@ w]Q |OvtOwU w _Eair |OwQw |=wy

"O};|t

|OvtOwU |yOR=@ "4"2
|yOR=@ u=wD|t '� _Ee� =yR=o |HwQN w p=}U QDU@ R=UR=o |OvtOwU Q}O=kt uDW=O =@

"OQm x@U=Lt =Q p=}U QDU@ R=UR=o |OvtOwU

�Ex =
_Eout
_Ein

=
_Ee

_Eair + _Emois + _Efuel
(27)

|OvtOwU w |Br=Dv; Q}O=kt '1 pmW |v=} QH \=kv Qo}O |=Q@ xOW xDio VwQ x@
|yOR=@ 'sDU}U hrDNt \=kv QO |OvtOwU Q}O=kt uOWXNWt =@ "s}@=}|t =Q
Q} R \@=wQ R= =yOL=w Qo}O |=Q@ |OvtOwU |yOR=@ "Ot; Oy=wN CUO x@ |OvtOwU

"Ov};|t CUO x@
R=UR=o

_EP = _E4
_EF = _Eair + _Emois + _Efuel (28)

"gasifier =
_E4

_Eair + _Emois + _Efuel
(29)

QO w CN=wvm} |@=@L p=}U QDU@ |=tO 'OW xO=O QDV}B xm |D=L}[wD x@ xHwD =@
T=U=Q@ |rO=aD C@=F '=tO uDW=O =@ u}=Q@=v@ "Ow@ Oy=wN 1200 � 900oK xR=@
|rwt Q}O=kt pL |=Q@ CqO=at x=oDUO C}=yv QO w 'OwW|t x@U=Lt p@k CqO=at
uwUi=Q � uDw}v VwQx@ CqO=at |NQ@ |]NQ}e C}y=t Crax@ =Q |HwQN |=yR=o

%s} Q=O Ot=H CNwU QO �p}mWD |Br=Dv;� |x@U=Lt |=Q@ "s}vm|t pL
�h0
f;fuel = LHV +

X
k=prod

h
nk
�

�h0
f

�
k

i
(16)

w 'Ot=H pt=m j=QDL= \}=QW CLD k pwYLt p}mWD |Br=Dv; (�h0
f )k u; QO xm

p=}U QDU@ R=UR=o R= |HwQN R=o |Br=Dv; "CU= CNwU u}}=B |}=tQo VRQ= LHV
%OQm x@U=Lt u}vJ u=wD|t =Q |@}mQD *sDU}U |R=o Cr=L |x]kv Qy QO |Br=Dv; w
�h =

X
i=prod

xi
�

�h0
f;i + ��hT;i

�
(17)

xOW xO=O Cr=L u}@ |Br=Dv; hqDN= Qou=}@ ��h w [24]p}mWD |Br=Dv; �h0
f u; QO xm

%OwW|t xOR ?} QkD 18 |x]@=Q \UwD xm CU= `HQt Cr=L w

��hT =
TZ

298
�Cp(T )dT (18)

|x]@=Q T=U=Q@ p;xO}= R=o |B wQDv; "OQm x@U=Lt 15 |x]@=Q R= u=wD|t =Q �Cp(T )

%OwW|t u=}@ 19

s = �s0 +
TZ

T0

�Cp
T
dT �R ln P

Po
(19)

[25]"CU= �p0 Q=Wi w T0 |=tO� `HQt Cr=L QO |B wQDv; �s0 u; QO xm

|OvtOwU p}rLD "2"2
|m} R}i |OvtOwU w (ECH) |}=}t}W |OvtOwU pt=W xO=t u=} QH |OvtOwU

%OwW|t xO=O u}vJ R}v |O=t u=} QH pm |OvtOwU "CU= (EPH)

_E = _EPH + _ECH (20)

%R= Ow@ Oy=wN CQ=@a |rwt |=v@tQ@ xm
�e = �ePH + �eCH (21)

=@ x}rw= Cr=L R= sDU}U |Dkw xm |Q_v O}it Q=m xv}W}@ �� |m} R}i |OvtOwU
T=U=Q@ �� OUQ}t p0 Q=Wi w T0 |=tO =@ O}kt |xOQt Cr=L x@ p Q=Wi w T |=tO

%R= Ow@ Oy=wN CQ=@a 22 |x]@=Q
�ePH = (�h� �ho)� To(�s� �s0) (22)

P0 Q=Wi w T0 |=tO QO XwYNt |B wQDv; w |Br=Dv; ?}DQDx@ s0; h0 u; QO xm
C-=Wv |]N \qDN= uwv=k |rm |xOa=k R= R=o \wrNt |m} R}i |OvtOwU "CU=

%OQ}o|t
�ePH =

X
xi�ePHi (23)
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"""w
|v=i

s}Qt
'xO=

RQ@v
ks}

Ni
l@

=@ sDU}U pm |=Q@ ,qwtat 15xv} Ry Tvq=@ 'swUQt |O=YDk= p}rLD l} QO
%OwW|t |Ov@pwtQi =}=B Cr=L l} QO xOvvmpta �tot T} wvQ} R�

_CP;tot = _CF;tot + _ZOMtot + _ZCItot (41)

|w=Ut � _CP � sDU}U pwYLt x@ \w@ Qt xv} Ry nvy; xm Ovm|t u=}@ xv} Ry Tvq=@
CNwU |xv} Ry nvy; p=Ft |=Q@ 'pwYLt O}rwD |=Q@ xOWO=H}= GQ=Nt pm nvy;
w OQmrta w � _ZCI � x}=tQU |Q=Pox}=tQU x@ \w@ Qt xv} Ry |=ynvy; w � _CF �

%OQm xO=iDU= u=wD|t _z |x@U=Lt |=Q@ =Q 42 |x]@=Q "CU= � _ZOM � |Q=Oxov
_Zk = � + 
k

�
(TCIk) (42)

%=@ CU= Q@=Q@ w CU= 16x}=tQU CWoR=@ ?} Q[ � u; QO xm
� = ieff (1 + ieff )n

(1 + ieff )n � 1 (43)

Ow} QB QO xQy@ OYQO 'i x@ 44 |x]@=Q |x]U=wx@ xm CU= xQy@ QF-wt MQv ieff
%OwW|t \w@ Qt '17|v=tR

ieff = ei � 1 (44)

|=Q@ u; Q=Okt xm CU= |@} Q[ 
k "CU= |v=tR xR=@ QO 18RQ= pO=@D C=aiO n w
"CU= 0 1 =@ Q@=Q@ |DQ=QL |=ysDU}U


k = 0 1 (45)

\UwD xm CU= OL=w Qy |=Q@ pm |Q=Pox}=tQU |xv} Ry TCIk '42 |x]@=Q QO
%OQ=O |oDU@ OL=w Qy 19�PEC� xOW |Q=O} QN |xv} Ry =@ 46 |x]@=Q

TCIk = 6 32PEC (46)

Q@ Q=PoQ}F-=D |m}t=v}OwtQD |=yQ}eDt ?ULQ@ OL=w Qy |=Q@ PEC x@ \w@ Qt \@=wQ
"CU= xOW xOQw; 2 pwOH QO OL=w u;

|OvtOwU hqD= |xv} Ry "1"3
'CU= u=yvB Kq]Y=x@ |}xv} Ry Ov}=Qi l} QO |OvtOwU hqD= =@ Q_=vDt |xv} Ry
�|O=YDk= �|OvtOwU� l}t=v}OwtQD p}rLD j} Q] R= =yvD xm CU= |tyt QDt=Q=B =t=
hqD= =@ Q_=vDt ,=t}kDUt xm |}xv} Ry sQD I}y 'xv} Ry uR=wD QO "OwW|t Q=mW;
xJQy "OQ=Po|t Q}F-=D (cp;k) O}rwD |xv} Ry Q@ xJQo = 'OQ=Ov OwHw 'OW=@ |OvtOwU
QDW}@ cp;k Q=Okt u}=Q@=v@ w 'CU= QDu}}=B _Ep;k Q=Okt 'OW=@ QDW}@ |OvtOwU hqD=

"OQm u=}@ 47 |x]@=Q =@ u=wD|t =Q |OvtOwU hqD= "OW Oy=wN
_CD;k = _CD;F;k = cF;k _ED;k (47)

|xv} Ry u}ov=}t w pwYLt |xv} Ry u}ov=}t u}@ �rk� |@Uv |xv} Ry hqDN=
cF;k Q@ ��ck = cP;k � cF;k� xv} Ry hqDN= s}UkD R= 's=k OL=w |=Q@ CNwU

"O};|t CUO x@
rk = cP;k � cF;k

cF;k
=

_Zk
cF;k _EP;k

+ 1� "k
"k

(48)

|O}it Q}eDt |@Uv |xv} Ry hqDN= "49 |x]@=Q T=U=Q@ �"k� |OvtOwU |yOR=@ =@
"CU= xawtHt OL=w u}t=k |R=Uxv}y@ w |@=} RQ= |=Q@

"k = EP;k
EF;k

(49)

HRSG |DQ=QL pO@t
_EP = _E7 + _E8 � _E5 (30)

_EF = _E4 � _E6 (31)

"HRSG =
_E7 + _E8 � _E5

_E4 � _E6
(32)

j=QDL= |x_iLt
_EP = _E11 (33)

_EF = _E6 + _E10 (34)

"CC =
_E11

_E6 + _E10
(35)

u}@ QwD
_EP = _WT

_EF = _E11 � _E12 (36)

"Turbine =
_WT

_E11 � _E12
(37)

QwUQBtm
_EP = _E10 � _E9
_EF = _WC (38)

"Comp =
_E10 � _E9

_WC
(39)

Q@=Q@ �1 pmW� Q_v OQwt sDU}U x@ xHwD =@ R}v xawtHt pm |OvtOwU |yOR=@
%=@ Ow@ Oy=wN

"Total =
_Wnet + _E12 + ( _E7 + _E8 � _E5)
_Eair + _Emois + _Efuel + _E9

(40)

|O=YDk= � |OvtOwU p}rLD "3
%R= Ov=CQ=@a |m}twvwm =wtQD p}rLD h=Oy=

"|SQv= sDU}U l} QO '|m}t=v}OwtQD hqD= `@=vt uOQmXNWt �
"|OvtOwU hqD= =@ Q_=vDt |xv} Ry |x@U=Lt �

R= V}@ xm |SQv= p}O@D sDU}U l} QO �|HwQN� pwYLt |xv} Ry |x@U=Lt �
"OQ=O pwYLt l}

"|SQv= sDU}U l} |=Q@ |L=Q] R=i |] |R=Uxv}y@ C=ar=]t uOQmQ=wty �
|SQv= w |OvtOwU |=y|yOR=@ |x@U=Lt |=Q@ |twta w l}D=tDU}U VwQ
XwYNt |OvtOwU |xv} Ry VwQ |x}=B Q@ |DQ=QL |=ysDU}U QO xv} Ry x@ \w@ Qt
Ovts=_v C@F \UwD OL=w l} pwYLt w CNwU u; QO xm CU= 14�SPECO�
=yxv} Ry w 'sDU}U |OvtOwU u=} QH R= |OvtOwU |=y|HwQN w |OwQw |xty
h} Q=aD u}@ u}=Q@=v@ "OvwW|t x@U=Lt |Q=HD u}v=wk R= |}x}=B pwY= OQ@ Q=m \UwD
Q=QkQ@ s}kDUt \=@DQ= Q_=vDt *|}xv} Ry CqO=at w OL=w l} |=Q@ pwYLt w CNwU

"OwW|t
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@}mQD

sDU
}U|

O=Y
Dk=�

|Ov
tOwU

|R=
Uxv

}y@"1 pmW |=yOL=w |=Q@ PEC x@ \w@ Qt \@=wQ "2 pwOH
u=U p=}U QDU@ Q}=i}Uo

PECg =
h

c21 _m1
c22�PGasifier

i
[1 + exp(c23T4 � c24)]

c21 = 46 08 $
(kg=s)

c22 = 0 995
c23 = 0 018 (k�1)

c24 = 26 4
|DQ=QL pO@t

PEChnsg = c51
��

Q
�Tbn

�0 8�
+ c52 _mw + c53 _m1 2

4

c51 = 6576 $
(kg=k)0 8

c52 = 21276 $
(kg=s)

c53 = 1184 4 $
(kg=s)1 2

QwUQBtm
PECac = ( c11 _m9

c12��sc )(P10
P9 ) ln(P10

P9 )
c11 = 71 1 $

(kg=s)

c12 = 0 9
u}@ QwD

PECgt = ( c31 _m11
c32��st ) ln(P11

P12 )� [1 + exp(c33T11 � c34)]

c31 = 479 34 $
(kg=s)

c32 = 0 92
c33 = 0 036 (k�1)

c34 = 54 4
j=QDL= |x_iLt

PECcc =

"
c21 _m9
c22�P11

P10

#
[1 + exp(c23T11 � c24)]

c21 = 46 08 $
(kg=s)

c22 = 0 995
c23 = 0 018 (k�1)

c24 = 26 4

_ZK+ _CD;K |=yMQv ẁtHt u; |=Q@ xm OW=@ OL=w wO =}l} |=Q=O sDU}U Qo = "3
s}tYD Q}eDt wO =}l} 'OW=@ QDnQR@ Qo}O |=yOL=w Q}O=kt R= |yHwD p@=k Qw]x@
|=Q@ xm ��|@Uv |xv} Ry hqDN= |R=Uxv}tm =@ |m}i=Qo CQwYx@ =yv; |=Q@ =Q
|R=Uxv}y@ �� xOW x@U=Lt Q_=vDt s}tYD |=yQ}eDt hrDNt Q}O=kt QO =yOL=w
|OvtOwU OL=w QO xv} Ry s}vm ZQi =D CU= |QwQ[ OQwt u}= QO "s}vm|t

"Ov=t|t C@=F |OwQw u=} QH Qy |=Q@
_Zk + _CD;k R= |}q=@ ,=D@Uv Q}O=kt xm |}=yOL=w xS} wx@ '=yOL=w Qo}O |=Q@ "4
|=Q@ xv}y@ |xv} Ry QO OwHwt Q}O=kt R= |ak=w Q}O=kt |@Uv C=i=QLv= 'OvQ=O

%OvwW|t x@U=Lt |@Uv xv} Ry hqDN= w |OvtOwU |yOR=@
�rk = rk � rOPTk

rOPTk
(50)

�"k = "k � "OPTk

"OPTk
(51)

|=Q@ xv}y@ |xv} Ry QO OwHwt Q}O=kt "OPTk ; rOPTk w |ak=w Q}O=kt rk; "k
|=yOL=w u}= |xv}y@ KQ] "Ov=|@Uv |xv} Ry hqDN= w |OvtOwU |yOR=@
KqY= Q} R ?wr]t Q}O=kt =@ 'OvwW xv}tm �rk;�"k Q}O=kt xm s=O=t xOv=t|k=@

%OwW|t

) "OPTk = 1
1 + Fk

(52)

|m}twvwm =wtQD |@=} RQ= "2"3
|=Q@ Q} R |=yQ}eDt T=U=Q@ |SQv= Q@ RmQtDt |Ov}=Qi l}twvwm =wtQD pt=m |@=} RQ=

%CU= s=k OL=w
&�rk� |@Uv |xv} Ry hqDN= �

&�"k� |OvtOwU |yOR=@ �
&� _EL;k� |OvtOwU Ci= w �ED;k� |OvtOwU hqD= �

&� EL;kEF;tot
w ED;k
EF;tot

� |OvtOwU |=yC@Uv �
&sDU}U OQmQ=m w |Q=Oxov Ot;Q@ =@ Q_=vDt �Z� |}x}=tQU |=yxv} Ry �

"� _CD;k� '|OvtOwU hqD= |xv} Ry �

|O=YDk= �|OvtOwU |R=Uxv}y@ "3"3
"OwW|t O=H}= Q_v OQwt sDU}U |=Q@ |rta |LQ] 's=o u}rw= QO "1

p@k |xrLQt QO xDi=}xaUwD *KQ] pm |=Q@ |m}twvwm =wtQD |@=} RQ= w p}rLD "2
x@ OwQ|t Q=_Dv= xm KQ] C=Q}}eD u}}aD |=Q@ xrY=L G}=Dv R= "OQ}o|t CQwY
xU QO R}v w xrLQt u}= QO "OwW|t xO=iDU= 'Ot=Hv}@ Q_v OQwt KQ] |R=Uxv}y@
Qy Q@ xm s} Q}o|t Q_v QO =Q s}tYD |=yQ}eDt QO |D=Q}}eD =yvD '|Oa@ |xrLQt
|=yQ}eDt |k=@ "OW=@ Q=PoQF= |Q=Pox}=tQU |=yxv} Ry w |OvtOwU |yOR=@ wO
O}=@ xm =Q |}=yQ}eDt O=OaD 'Q=my=Q u}= "OvwW|t xv}y@ xrLQt VW QO s}tYD

"OyO|t Vy=m OvwW xv}y@ u=tRty Qw]x@
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|v=i

s}Qt
'xO=

RQ@v
ks}

Ni
l@

=@ R=o |xOvvmlvN OL=w �?
_C4 + _C5 + _Zgc = _C7 + _C8 + _C9 (58)

lvN u=} QH uOQmsQo sDU}U u}= QO |DQ=QL pO@t |xi}_w xm u}= x@ xHwD =@
|OvtOwU OL=w |xv} Ry xm Ow@ Oy=wN u; HRSG |=Q@ |mtm |x]@=Q 'CU=

%|va} &Ov=t@ u=Um} �|R=o hQ]� d=O hQ] QO

c4 = c6 ) _C4
_E4

=
_C6
_E6

(59)

"s}vm ZQi QiY =Q 5 Cr=L u=} QH |=Q@ xv} Ry Q=Okt xm u}= w
_C5 = 0 (60)

"CU= Q@=Q@ 8 w 7 |=yCr=L |=Q@ |OvtOwU OL=w Q@ xv} Ry xm u}= w

c8 = c7 ! _C8
_E8

=
_C7
_E7

(61)

QwUQBtm �G
_CW;Com + _C9 + _Zac = _C10
_CW = cW � _EW;Com (62)

Q=m |OvtOwU _EW;Com w QwUQBtm x@ |OwQw Q=m |OvtOwU OL=w |xv} Ry CW
|xv} Ry _CW;Com u}=Q@=v@ " _EW;Com = _WC xm |Qw]x@ CU= u; x@ |OwQw

"CU= QwUQBtm x@ |OwQw Q=m
j=QDL= |x_iLt �O

_C6 + _C10 + _Zcc = _C11 (63)

R=o u}@ QwD ��y
_C11 + _Zgt = _C12 + _CW;Turb (64)

QO |OvtOwU OL=w |xv} Ry u; QO xm CU= |}x]@=Q u}@ QwD |=Q@ |mtm |x]@=Q
%|va} &OW=@ Q@=Q@ u=} QH hQ]

c12 = c11 ) _C12
_E12

=
_C11
_E11

(65)

%=@ CU= Q@=Q@ w u}@ QwD R= |HwQN Q=m |xv} Ry _CW;Turb

_CW;Turb = cW � _EW;Turb (66)

Fk = nk+1
s

(�k + 
k)Bknk
�cF;k _E1�mk

P;k

(53)

rOPTk = nk + 1
nk

Fk = nk + 1
nk

�1� "OPTk

"OPTk

�
(54)

XNWtmk w nk |m}twvwm =wtQD |=yu=wD Cw=iDt Q}O=kt =@ xawtHt OL=w Qy
0 6 R= QDsm nk Q}O=kt '|m} QDmr= QwDwt |=Q=O |=yAtB QO ,qFt "OvwW|t
|=Q@ nk "CU= 0 9 R= QDW}@ nk Q}O=kt Q=N@ |=yu}@ QwD QO xm |r=L QO CU=
w hOy x@ xDU@=w |O=} R OwOL =D |}=}t}W |=yQoWvm =w w |DQ=QL |=ypO@t
|=Q@ u=wD|t 3 pwOH |=yxO=O R= "CU=yOL=w u}= QO xO=iDU= OQwt |Q=m O=wt

"OQm xO=iDU= hrDNt |=yOL=w mk w nk '�k Q}O=kt
hOy `@=D Q=Okt w O@=}|t xaUwD O}OH |LQ] 4 '3 '2 pL=Qt G}=Dv |=v@tQ@ "5
xDi=} Ow@y@ Q=Okt u}= |r@k KQ] =@ xU}=kt QO Qo = "OwW|t x@U=Lt u; |=Q@
Q=Okt Qo = |rw "s}yO|t s=Hv= xQ=@ wO =Q Q=m u}= 5 =D 2 |=yxrLQt Q=QmD =@ 'OW=@
Q=QmD x@ |D=Q}}eD p=ta= R= TB O}=@ 'OW=@v p@k R= QDy@ O}OH KQ] QO hOy `@=D

"s} R=OQB@ 5 =D 2 |=yxrLQt
|xar=]t |R=Uxv}y@ Ov}=Qi Q@ |R=Uxv}y@ G}=Dv QF= |UQQ@ |=Q@ u=wD|t C}=yv QO "6

"O=O s=Hv= |QDt=Q=B
|=yOL=w |=Q@|mtm\@=wQ w xv} Ry uR=wD 'xOWxO=O C=L}[wD\@=wQ x@ xHwD =@

%Ov=xOW |Ov@xrwtQi u}vJ �1 pmW� Q_v OQwt sDU}U *hrDNt
R=UR=o �hr=

_C1 + _C2 + _Zg = _C3 + _C4 (55)

_C3 = 0 (56)

x@ |i=[= GQ=Nt uwO@ w ,=t}kDUt �3 *u=} QH� QDUm =N |HwQN u=} QH uwJ
C@Uv =Q QiY Q=Okt 3 *u=} QH |xv} Ry x@ u=wD|t u}=Q@=v@ 'OwW|t `iO \}Lt
xDiQo Q_v QO |OwQw u=wvax@ R}v CNwU w =wy u=} QH x@ \w@ Qt |xv} Ry "O=O
=yu; x@ xm |Q}O=kt '=yv; |xv} Ry |wQ xOWs=Hv= |UQQ@ x@ xHwD =@ xm OvwW|t

%R= CU= CQ=@a xOW xO=O
_C1 = 0 1 $

s
; _C2 = 0 2 $

s
(57)

R}v =Q � _Zg� R=UR=o OL=w C=Q}taD w |Q=Oxov w |Q=Pox}=tQU x@ \w@ Qt |xv} Ry
_C4 Q=Okt u}=Q@=v@ "OQm x@U=Lt 2 pwOH QO xOW xO=O \@=wQ |=v@tQ@ u=wD|t

"CU= xrO=at u}= *pwyHt
"hrDNt |=yOL=w mk w nk '�k Q}O=kt "3 pwOH

OL=w B n M

QwUQBtm 58 135 3 0613 1
=wy |xOvvmsQoV}B 18816 1 1 2753 0 6
j=QDL= |x_iLt 294 03(1 + exp(19 359� 10�3 � T4 � 28 854) 1 1

R=o u}@ QwD 169 949(1 + exp(42 134� 10�3 � T4 � 64 362) 1 813 1
Q=N@ |DQ=QL |@=} R=@ sDU}U 80119 8 0 2477 0 9

9



"""|
@}mQD

sDU
}U|

O=Y
Dk=�

|Ov
tOwU

|R=
Uxv

}y@Cr=L |=Q@ Q}O=kt u}= 7 w 6 pwOH QO "OQw; CUO x@ =Q OL=w Qy |=Q@ |OvtOwU
"CU= xOW x�=Q= |@}mQD sDU}U |L=Q] |x}=B

wQ}v O}rwD |@}mQD sDU}U |O=YDk= �|OvtOwU p}rLD G}=Dv "2"4
w 'x@U=Lt �1 pmW� wQ}v O}rwD |@}mQD sDU}U hrDNt \=kv u=} QH |xv} Ry MQv
u=} QH |xv} Ry Q=Okt u} QDW}@ xm OwW|t xOy=Wt "CU= xOW x�=Q= 8 pwOH QO

"|}=}t}W w |m} R}i |OvtOwU Q}O=kt "6 pwOH
_E _ECh _EPh \=kv

(kW) (kW) (kW) Cr=L
427 4 3 75 423 64 1
27140 27140 { 2

0 { { 3
23593 20422 3171 4
3 54 2 805 0 732 5

21487 20432 1054 6
1248 538 32 142 01 7
441 4 190 31 710 8
23 4 23 40 251 9
7913 23 40 0 10
23381 355 6 7890 11
1762 355 6 1407 12

"x}=B Cr=L QO hrDNt |=yOL=w |OvtOwU |yOR=@ Q}O=kt "7 pwOH
OL=w �"
R=UR=o 87 24

|DQ=QL pO@t 80 12
j=QDL= |x_iLt 80 78

u}@ QwD 73 29
QwUQBtm 69
pm 23 77

"x}=B Cr=LQO xv} Ry u=} QH MQv "8 pwOH
c�$/GJ� _C�$/h� _E�kW� Cr=L \=kv
233 97 360 427 4 1
7 37 720 27140 2

0 0 0 3
16 42 1394 23593 4

0 0 3 54 5
16 42 1270 21487 6
26 64 119 72 1248 7
26 64 42 32 441 4 8

0 0 23 4 9
121 89 3473 7913 10
56 53 4760 23381 11
56 53 358 7 1762 12
80 12 1271 4408 13

%u; QO xm
_EW;Turb = _WTurb (67)

Q_=vDt |xv} Ry u=} QH MQv Q}O=kt 'p@k |x]@=Q 13 pt=W |]N x=oDUO pL =@
"s}vm|t x@U=Lt =Q 1 pmW QO xOW xO=O |u=} QH 13 Qy =@

G}=Dv "4
sDU}U |m}t=v}OwtQD p}rLD G}=Dv "1"4

X=YDN= s}tYD |=yQ}eDt x@ =Q 4 pwOH QO xOW xO=O Q}O=kt 'sDU}U p}rLD |=Q@
xDU@=w |=yQ}eDt Q}O=kt 'sDU}U *|L=Q] |x}=B p}mWD ut[ =yu; |=R=x@ =D s}yO|t
,qw= xm Ov=xOW ?=NDv= u=vJ =yQ}eDt u}= "s}vm x@U=Lt =Q x}=B sDU}U u}= |=Q@
l}ORv sDU}U l} |=Q@ ?wr]t Q}O=kt x@ ,=}v=F w OW=@ xDW=Ov |D=i=vt pta =@
xH}Dv x@ QDsm |=yQ=QmD =@ |O=YDk= �|OvtOwU |R=Uxv}y@ EL@ |xt=O= QO "OW=@

"s}UQ|t
sDU}U R= Cr=L |x]kv Qy |=Q@ |tQH u=} QH MQv w |B wQDv; '|Br=Dv; Q}O=kt

"CU= xOW x�=Q= 5 pwOH QO 'CNwU pwt 5 |=R=x@
pwOH QO sDU}U |x]kv Qy QO �|m} R}i w |}=}t}W� |OvtOwU x@ \w@ Qt G}=Dv
|yOR=@ u=wD|t sDU}U R= x]kv Qy |=Q@ |OvtOwU uDW=O =@ "CU= xOy=Wt p@=k 6

"x}=B sDU}U |=Q@ xOW xDiQo Q_v QO s}tYD |=yQ}eDt "4 pwOH
s}tYD |=yQ}eDt x}=B Cr=L

Frq 3
T 1100
T6 700
P15 10
T16 1500

etaSC 0 85
etaST 0 85

"|tQH u=} QH MQv w |BwQDv; '|Br=Dv; Q}O=kt "5 pwOH
|BwQDv; |Br=Dv; |tQH u=} QH MQv =tO Q=Wi \=kv

s(kJ/mol k) h(kJ/mol) _m�kg/s� T�K� �bar� Cr=L
0 18 13 28 1 78 393 45 1

{ �1243 1 21 298 1 2
{ { { 1100 1 3

0 2185 �67 10 3 49 1100 32 4
0 0712 9 07 1 12 303 15 20 5
0 1890 �60 33 3 097 650 26 89 6
0 1723 54 34 1 12 383 15 20 7
0 1723 �239 0 3967 383 15 4 28 8
0 2040 0 11 10 298 1 9
0 2259 29 86 11 10 1233 10 10
0 1850 �22 28 14 14 1500 9 5 11
0 2247 �54 73 14 14 594 1 05 12
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"""w
|v=i

s}Qt
'xO=

RQ@v
ks}

Ni
l@

=@ "Q=QmD Qy QO s}tYD Q}eDt |=Q@ xOW ?=NDv= Q}O=kt xYqN "10 pwOH
4 Q=QmD 3 Q=QmD 2 Q=QmD 1 Q=QmD x}=B Cr=L |=yQ}eDt

s}tYD
3 5 3 7 3 7 3 5 3 Frq

1010 1000 1080 1050 1100 T

650 675 675 630 700 T6
7 8 8 5 9 10 P15

1510 1510 1520 1520 1500 T16
0 81 0 81 0 81 0 8 0 85 etaSC
0 8 0 8 0 8 0 81 0 85 etaST

"xv}y@ Cr=L QO =yOL=w |R=Uxv}y@ |=Q@ |O=YDk= � |OvtOwU Q}O=kt "11 pwOH
OL=w cF cP �r �" _CD _Z _CD + _Z

�$/GJ� �$/GJ�
R=UR=o 10 9 15 73 44 16 86 67 143 9 269 5 413 39
pO@t 15 97 27 14 69 87 79 93 19 09 34 53 14|DQ=QL

|x_iLt 33 79 42 24 52 80 7 660 56 17 12 677 67j=QDL=
u}@ QwD 42 07 57 35 52 76 4 782 23 113 85 869 088
QwUQBtm 57 02 90 3 58 4 64 82 743 2 56 54 799 79

CPtotal = 0 4368 $/s

"xv}y@ Cr=L QO '1 pmW |x]kv Qy QO xv} Ry u=} QH MQv xv}y@ "12 pwOH
c�$/GJ� _C�$/h� _E�kW� Cr=L \=kv
272 97 360 366 34 1
7 37 720 27137 2

0 0 0 3
15 9 1349 23566 4

0 0 2 6965 5
15 9 1253 21896 6
27 92 5 951 64 7
27 37 04 381 8
0 0 23 38 9

91 48 2272 6899 10
43 12 3543 2776 11
43 22 139 53 896 83 12
58 18 1303 622 48 13

|OvtOwU |yOR=@ w 'OUQ|t x}rw= Cr=L x@ C@Uv |QDsm Q=Okt x@ _Cp sDU}U
QO x]kv Qy QO xv} Ry u=} QH MQv '12 pwOH QO "CU= xDi=} V}=Ri= R}v sDU}U

"CU= xOW xO=O xv}y@ Cr=L
x@ 0 5 $/S R= sDU}U pm pwYLt |Q=H |xv} Ry u=} QH MQv Q=Okt C}=yv QO
�59 9 x@ �46 77 R= R}v |OvtOwU |yOR=@ w O}UQ 0 4368 $/S |}=yv Q=Okt

"O}UQ

"x}=B Cr=L QO =yOL=w |R=Uxv}y@ |=Q@ |O=YDk= � |OvtOwU Q}O=kt "9 pwOH
OL=w cF cP �r �" _CD _Z _CD + _Z

�$/GJ� �$/GJ�
R=UR=o 10 88 16 11 48 87 24 137 74 314 76 452 5
pO@t 16 42 26 9 63 8 80 12 23 2 36 5 59 75|DQ=QL

|x_iLt 45 82 56 9 24 19 80 78 929 6 15 67 954 27j=QDL=
u}@ QwD 56 91 80 36 41 69 73 29 1199 172 84 1372
QwUQBtm 80 63 122 99 52 54 69 1048 177 56 1226

CPtotal = 0 4993 $/s

|HwQN QO |OvtOwU |xty xm |}=H "O};|t CUO x@ QwUQBtm 10 |x]kv QO
"CU= sDU}U QO CNwU u} QDCt}ku=Qo xm OwW|t sy=Qi |m}v=mt |wQ}v \UwD
Xr=N |wQ}v |=Q@ |OvtOwU OL=w x@ xv} Ry C@Uv xm OwW|t xOy=Wt u}vJty
HRSG R= |HwQN ?; Q=N@ |=Q@ |OvtOwU OL=w x@ xv} Ry C@Uv R= QDW}@ sDU}U

"CU=

O}rwD |@}mQD sDU}U |O=YDk= � |OvtOwU |R=Uxv}y@ G}=Dv "3"4
wQ}v

ẁQW |=Q@ '|O=YDk= �|OvtOwU |R=Uxv}y@ OQwtQO xOWx�=Q= C=L}[wD x@ xHwD =@
s}tYD Q}eDt C=Q}}eD |=R=x@ w xOQm R=e; sDU}U |L=Q] |x}=B R= |R=Uxv}y@
w sUQ =yOL=w |xty |=Q@ =Q �"w �r *C=Q}}eD '=yQ}eDt |x}k@ uOw@C@=F w
�r sy w �" sy xm |}xvwox@ 's}vm|t ?=NDv= s}tYD Q}eDt u; |=Q@ |Q=Okt
"OQ=O =Q _Z + _CD u} QDW}@ xm OvW=@ |OL=w |=Q@ umtt Q=Okt u} QDsm |=Q=O
sDU}U |L=Q] |x}=B Cr=L QO s}tYD |=yQ}eDt |=Q@ =Q |Q}O=kt ' ẁQW |=Q@
|=yQ}eDt u}= |=R=x@ OL=w Qy |=Q@ xOWx@U=Lt Q}O=kt "�4 pwOH� s}vm|t ?=NDv=
T=U= u}=Q@ &OwW|t xOy=Wt 9 pwOH QO |O=YDk= �|OvtOwU p}rLD QO s}tYD
CPtotal = 0 4993 Q@=Q@ x}=B Cr=L QO sDU}U |HwQN |xv} Ry |rm Q=Okt

"CU=
u}=Q@=v@ "CU= _Z + _CD Q=Okt u} QDW}@ |=Q=O |R=o u}@ QwD =yOL=w u}= u}@ R=
QO s}tYD Q}eDt Qy Q}}eD |=R=x@ =yOL=w |xty |=Q@ �" w �r |=yQ=Owtv sUQ =@
Q}eDt |=Q@ |Q=Okt w xDiQo Q_v QO =Q |R=o u}@ QwD x@ \w@ Qt |vLvt 'Q=Owtv l}
Q}eDt u; QO |R=o u}@ QwD |=Q@ �" w �r xm |Qw]x@ s} Q}o|t Q_v QO s}tYD
x@ s}tYD |=yQ}eDt |=Q@ Q}O=kt |x}k@ ?}DQD u}tyx@ "OW=@ Q=Okt u} QDsm s}tYD
s}vm|t ?=NDv= =Q |OL=w 'Q=QmD |xt=O= |=Q@ w 'x@U=Lt =Q pw= Q=QmD R= xOt; CUO

"OW=@ xDW=O =Q _Z + _CD Q=Okt u} QDW}@ xm
l} QO � _Cp� pm |xv} Ry hqDN= xm |v=tR =D s}yO|t xt=O= ?}DQD u}tyx@
u}= xm s}W=@ xDW=O xHwD O}=@ "OUQ@ OwN Q=Okt u} QDsm x@ p@k |xrLQt =@ xrLQt
R= Oa@ =yvD 'OwW|t xOy=Wt G}=Dv R= xm Qw]u=ty w OwW|t =Qosy OwR |r}N VwQ
Qy QO xOW?=NDv= Q}O=kt xYqN Qw]x@ "s}UQ|t Q_v OQwt |}=yv Q=Okt x@ Q=QmD 4

"Ow@ Oy=wN 10 pwOH j@] Q=QmD
|rm |xv} Ry Q=Okt xm OwW|t xOy=Wt xv}y@ Cr=L QO 11 pwOH x@ xHwD =@
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|R=
Uxv

}y@(kW) |OvtOwU MQv % _E

|rwmrwt sQH %M
|m} R}i |OvtOwU MQv % _EPH

|R=o ?}mQD s=k RH pwt O=OaD %nk
|}=}t}W |OvtOwU MQv % _ECH

(bar) Q=Wi %P
Cr=L QO =wy x@ CNwU C@Uv x@ |ak=w Cr=L QO =wy x@ CNwU C@Uv %Frg

|QDtw}mwDU=
sDU}U OL=w l} |Q=O} QN |=Q@ xv} Ry %PEC

|QDtw}mwDU= Cr=L QO =wy x@ CNwU C@Uv %Fst
��� |@Uv |xv} Ry hqDN= %r

kJ/mol T@}o O=R; |SQv= % �G0

kJ/mol pwt OL=w QO |B wQDv; %�s
kJ/mol pwt OL=w Q@ |Br=Dv; %�h

(kJ) |B wQDv; %S
kJ/mol p}mWD |Br=Dv; %�hf

`HQt Q=Wi w T |=tO QO |B wQDv; %�s0(T )

(kJ) |Br=Dv; %H
`HQt Q=Wi w =tO QO |B wQDv; % �S0

f

CNwU QO OwHwt C@ w]Q OYQO %�
|OvtOwU |yOR=@ %"

|Q}oxH}Dv "5
Qw_vtx@ |}xOwDCU} R C=a}=[ uOv=RwU |=Q@ |@=@L p=}U QDU@ |m}t=v}OwtQD pOt
|wDLt wQ}v O}rwD |@}mQD sDU}U |m}t=v}OwtQD p}rLD w '|UQQ@ u; R= R=o O}rwD
QO |m} R}i w |}=}t}W |OvtOwU |x@U=Lt =@ "OW s=Hv= Q=WiQB *|@=@L p=}U QDU@
|xv} Ry |R=Uxv}y@ 'u; |O=YDk= �|OvtOwU |@=} RQ= w sDU}U Cr=L \=kv |t=tD
pwYLt |Q=H |xv} Ry Q=Okt xm |Qw]x@ 'CU= xOW p}rLD w x} RHD QwmPt sDU}U
|OvtOwU |yOR=@ w O}UQ 0 43668 $/S |}=yv Q=Okt x@ 0 5 $/S R= sDU}U pm

"O}UQ �59 9 x@ �46 77 R= R}v

s�qa CUQyi
J/Mol K C@=F Q=Wi QO XwYNt CQ=QL %Cp

q=@ |DQ=QL VRQ= %HHV
$/s |OvtOwU =@ Q_=vDt |xv} Ry MQv % _C

|rO=aD C@=F %Kp

$/GJ |OvtOwU OL=w x@ xv} Ry C@Uv %c
u}}=B |DQ=QL VRQ= %LHV

kJ/mol pwt OL=w Q@ |OvtOwU %�e
kg/s |tQH MQv % _m

CWwv=B
1. 
uidized bed gasi�er
2. exergoeconomic analysis
3. gasi�cation
4. integrated gasi�cation combined cycle
5. biomass gasi�cation in bubbling 
uidized beds
6. Creusot Loire
7. Pyrolysis
8. Tribus and Evans
9. El-Sayed and Evans
10. refused derived fuel
11. equivalence rate
12. gasi�cation
13. Shift reaction
14. speci�c exergy costing
15. cost balance
16. capital-recovery factor
17. percent interest per time period
18. money transactions
19. purchased equivalent cost
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