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(1 + ieff )n � 1 (35)

pw= p=U |=OD@= QO sDU}U CNwU |xv} Ry ?Q[ R= R}v CNwU K]Usy |xv} Ry
[14]%OwW|t x@U=Lt C@=F Q=Okt l} QO 'sDU}U OQmQ=m

FCL = FC0
KFC (1�Kn

FC)
(1�KFC)

CRF (36)

|Q=Oxov w C=Q}taD |xv} Ry ?Q[ R= R}v |Q=Oxov w C=Q}taD K]Usy |xv} Ry w
[14]%OwW|t x@U=Lt C@=F Q=Okt l} QO 'pw= p=U |=OD@= QO sDU}U

OMCL = OMC0
KOMC (1�Kn

OMC)
(1�KOMC)

CRF (37)

C=Q}taD 'CNwU x@ \w@ Qt |xOW K]Usy |=yxv} Ry xm u}= x@ xHwD =@ 'C}=yv QO w
|Q=Pox}=tQU |xv} Ry Q=Okt |x@U=Lt |=Q@ 38 |x]@=Q 'Ov=xOW x@U=Lt |Q=Oxov w

[14]%OQ=O OQ@ Q=m 11K]Usy
CCL;MSF = (TRRL � FCL �OMCL)MSF (38)

x@ xDU@ 'sDU}U |=RH= pm u}@ sDU}U |Q=Oxov w Q}taD w |Q=Pox}=tQU |=yxv} Ry
s}UkD sDU}U hrDNt |=RH= pm O} QN |xv} Ry x@ <RH u; O} QN |xv} Ry C@Uv

"=} QO ?; |BwQDv; w |Br=Dv; |x@U=Lt QO xO=iDU= OQwt |=yC@=F "2 pwOH
|Br=Dv; |BwQDv;

b1 = �2=348� 104 c1 = �4=231� 102

b2 = 3=152� 105 c2 = 1=463� 104

b3 = 2=803� 106 c3 = �9=88� 104

b4 = �1=446� 107 c4 = 3=095� 105

b5 = 7=826� 103 c5 = 2=562� 101

b6 = �4=417� 101 c6 = �1=443� 10�1

b7 = 2=139� 10�1 c7 = 5=879� 10�4

b8 = �1=991� 104 c8 = �6=111� 101

b9 = 2=778� 104 c9 = 8=041� 101

b10 = 9=728� 101 c10 = 3=035� 10�1

(0 � ws � 0 12 Kg=Kg; 10 � T � 1200C)

hw = 141=33 + 4202=07T � 0=535T 2 + 0=004T 3 (25)

hsw = hw � ws(b1 + b2ws + b3w2
s + b4w3

s + b5T

+b6T 2 + b7T 3 + b8wsT + b9w2
sT + b10wsT 2) (26)

sw = 0=154 + 15=38T � 2=99� 10�2T 2

+8=19� 10�5T 3 � 1=37� 10�7T 4 (27)

ssw = sw � ws(c1 + c2ws + c3w2
s + c4w3

s + c5T

+c6T 2 + c7T 3 + c8wsT + c9w2
sT + c10wsT 2) (28)

|SQv= `@=D R= uDiQo p}Uv=Qi}O =@ =} QO ?; QO OwHwt ltv w ?; |}=}t}W p}Uv=DB
%CU= x@U=Lt p@=k <RH Qy sQH x@ C@Uv T@}o

�w = @Gsw
@mw

= gsw � ws @gsw@ws
(29)

�sa = @Gsw
@ms

= gsw + (1� ws) @gsw@ws
(30)

h} QaD 31 |x]@=Q j@=]t xm CU=} QO ?; XwYNt T@}o |SQv= `@=D gsw
[15]%OwW|t

gsw = hsw � �T + 273=15� ssw (31)

sDU}U u; |SQRo = u=tOv=Q sDU}U |m}t=v}OwtQD OQmrta |=yQ=}at u} QDsyt R= |m}
sDU}U pwYLt w CNwU swyit wO CU}=@|t |SQRo = u=tOv=Q h} QaD |=Q@ "CU=
=Pr w CU= sDU}U |Q}oQ=mx@ R= Q_v OQwt |xH}Dv Qou=}=tv pwYLt "OwW XNWt
Qw_vt "OW=@ sDU}U |Q}oQ=mx@ w O} QN hOy =@ j@]vt w Q_=vDt O}=@ pwYLt h} QaD
,=twRr w 'OwW|t xv} Ry sDU}U CqwYLt O}rwD |=Q@ xm CU= |a@=vt CNwU R=
CQwYx@ sDU}U QO <RH l} *|SQRo = u=tOv=Q "CU}v Q_v Ot u; pw=ODt |=vat

[16]%OwW|t h} QaD <RH u; CNwU |SQRo = x@ pwYLt |SQRo = C@Uv

"k = EP;k
EF;k

(32)

x@ xm CU= CNwU |SQRo = R= |OYQO |SQRo = u=tOv=Q sDU}U Qy QO `k=w QO
"OwW|t p}O@D pwYLt |SQRo =
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"""w
O=Sv|

rkO
waU

t'|
Q@m=

|}q
@Qm

|ra [17]"|m}t=v}OwtQD |=yQDt=Q=B ?UL Q@ xv} Ry `@=wD "3 pwOH
|Q=Pox}=tQU xv} Ry `@=D sDU}U RH

Zbh = 430� 0=367� _Qbh � TTD�0=7
bh ��P

�0=08
t ��P

�0=04
sh QwW ?; umtQo

Zhr=hj = 430� 1=6� _Qhr=hj ��T
�0=75
n � TTD�0=5

c ��P
�0=1
t CQ=QL `iO/Ci=} R=@ CtUk

ZPump = 705=48� _W
0=71
pump

�1 +
0=2

1��pump
� AtB

41 |xrO=at 'sDU}U R= <RH Qy |=Q@ pwYLt w CNwU |SQRo = uDiQo Q_v QO =@
[14]%CU= Q}}eD p@=k 42 |xrO=at x@

cF _EF + _Zk = cP _EP (42)

=} |OwQw u=} QH l} R= V}@ ,qwtat 'xv} Ry Tvq=@ CqO=at R= xO=iDU= s=ovy
O=OaD xJv=vJ OQ=wt xvwou}= QO "OQ=O OwHw sDU}U |=RH= R= |NQ@ |=Q@ |HwQN
|mtm CqO=at R= 'OW=@ RH Qy |=Q@ xv} Ry Tvq=@ CqO=at O=OaD R= V}@ CqwyHt

"OwW|t xO=iDU= xr�Ut pL |=Q@ �pwYLt w CNwU�
CW=OQ@ x@ \w@ Qt |rm |xv} Ry %OwW|t h} QaD u}vJ CNwU |mtm |xrO=at
|SQRo = u=R}t u}t-=D |=Q@ xm OW=@ |}xv} Ry Q@=Q@ O}=@ 'RH l} QO u=} QH l} |SQRo =
u}= |SQRo = hqDN= "CU= xOW hQY u=} QH u=tyCUOq=@ |=RH= QO xOWCW=OQ@
|xrO=at "OwW|t xO=iDU= <RH u}= CNwU h} QaD |=Q@ |HwQN w |OwQw QO u=} QH
u=} QH Qy |=Q@ |SQRo = OL=w Qy xm OwW|t u=}@ CQwY u}O@ sy pwYLt |mtm

[14]"OwW|t u}t-=D u=Um} \UwDt |xv} Ry CLD '<RH l} pwYLt x@ \w@ Qt
T=U=Q@ '|WywSB Q=m u}= |D=@U=Lt hrDNt pL=Qt sD} Qwor= 2 pmW QO

"CU= xOW xO=O u=Wv |m}twvwm =wtQD w |O=YDk= '|m}t=v}OwtQD CqO=at

|R=Uxv}y@ "6
hOy `@=wD h} QaD "1"6

`@=wD u=wvax@ |O}rwD u} Q}W ?; |xv} Ry `@=D w |SQRo = u=tOv=Q 'Q[=L |xar=]t QO
"CU= xDiQo Q=Qk xO=iDU= OQwt xiOywO |R=Uxv}y@ QO hOy

�1 hOy `@=D� |SQRo = u=tOv=Q "1"1"6
sDU}U l} |xv}y@ |L=Q] w OQmrta |UQQ@ |=Q@ ?U=vt |QDt=Q=B |SQRo = u=tOv=Q
h}YwD |m}t=v}OwtQD Q_v x]kv R= =Q sDU}U l} OQmrta Kw[wx@ xm CU= |DQ=QL
xDiQo Q_v QO sDU}U |R=Uxv}y@ QO hOy `@=wD R= |m} u=wvax@ =Pr w [14]'Ovm|t

%CU= xOW

� =

�
_Erej + _Edist + _Ecw � _Esw

��
_Est � _Econ

�
+ _Wpumps

(43)

�2 hOy `@=D� |O}rwD u} Q}W ?; |xv} Ry `@=D "2"1"6
|O=YDk= ^=Lrx@ xQ=wty |DQ=QL sDU}U l} pwYLt O}rwD |xv} Ry |R=Uxv}tm
|xv} Ry u=wvax@ R}v |O}rwD u} Q}W ?; |xv} Ry `@=D u}=Q@=v@ "CU= C}ty= |=Q=O

"CU= xOW xDiQo Q_v QO hOy `@=wD R= Qo}O |m} 'pwYLt

_CP = _CF + _Zk (44)

"sDU}U p}rLD QO xO=iDU= OQwt |O=YDk= |=yxO=O w =yQDt=Q=B "4 pwOH
Q=Okt Q}eDt s=v
0 85 sDU}U OQmQ=m ?} Q[
20 �p=U� sDU}U |O=YDk= Qta
12 �OYQO� xQy@ MQv
5 �OYQO� sQwD MQv
5 �OYQO� |Q=Oxov w C=Q}taD |=yxv} Ry V}=Ri= MQv

23 7 [9]�pwS=o}o Q@ QqO� Q=N@ Ct}k
0 037 [9]�Ca=U C=w wr}m Q@ QqO� xD}U} QDmr= Ct}k
1710 4 2003 p=U Q=Qi w uwUrv ?} Q[
2435 6 2011 p=U Q=Qi w uwUrv ?} Q[
2011 sDU}U CN=U x@ ẁQW p=U
2013 sDU}U CN=U u=}=B p=U

[14]%OwW|t x@U=Lt <RH u; =@ ?U=vDt xv} Ry MQv w OwW|t

ZCIk = CCL
�

PECkP
k PECk

ZOMk = OML

�
PECkP
k PECk

Zk = ZCIk + ZOMk (39)

x�=Q= sDU}U |=RH= |=Q@ |m}t=v}OwtQD |=yQDt=Q=B ?ULQ@ xv} Ry `@=wD 3 pwOH QO
%OwW|tRwQx@ =yxv} Ry 40 |x]@=Q R= xO=iDU= =@ xm CU= xOW

Costry = Costoy �
�
CIry
CIoy

�
(40)

Qy Q}O=kt w sDU}U p}rLD QO xO=iDU= OQwt |O=YDk= |=yxO=O w =yQDt=Q=B u}vJty
"CU= xOW x�=Q= 4 pwOH QO l}

l}twvwm =wtQD p}rLD "5
|=Q@ xv} Ry MQv "CU=yxv} RyX}YND |=Q@ |}=v@t |SQRo =l}twvwm =wtQD p}rLD QO
=@ ?U=vDt |xv} Ry QO |UQQ@ OQwt u=} QH |SQRo = MQv ?Q[ pY=L R= u=} QH Qy
=yu=} QH x@ \w@ Qt |xv} Ry MQv |x@U=Lt =@ "OwW|tpY=L u=} QH u; |SQRo = OL=w

[14]%CWwv xar=]t OQwt sDU}U <RH Qy |=Q@ =Q xv} Ry Tvq=@ CqO=at u=wD|t
nX
j=1

�
cj _Ej

�
k;in

+ _ZCIk + _ZOMk =
mX
j=1

�
cj _Ej

�
k;out

(41)
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rwDw
CQ

=QL
Ci

=}R=@
xiOy

wO|
R=Ux

v}y@

"xr�Ut pL CQ=Jwri "2 pmW

[18]"l}DvS sD} Qwor= ltmx@ xr�Ut pL |rm OvwQ "3 pmW

|OOa |=yVwQ xrtHR= 12u=}O=Qo |=yVwQ '|R=Uxv}y@ p�=Ut pL |=Q@
TOL x@ xHwD =@ |a[wt |xv}y@ \=kv QO uO=Di= s=O x@ p=tDL= =t= Ov=j}kO Q=}U@
sRrDUt =yVwQ u}= QO ?wr]t |xH}Dv?Um u}=Q@=v@ "OQ=O OwHw =yVwQ u}= QO x}rw=
sD} Qwor= Ovv=t 13|iO=YD |R=Uxv}y@ |=yVwQ "CU= j}kO |x}rw= TOL l}
"Ov=xv}y@ |x]kv x@|@=}CUO |=Q@ |QD?U=vt |=yVwQ 15C=QP s=LOR= w 14l}DvS
|oDUw}B=v� Q}_v|r�=Ut '=yVwQ Qo}O hqNQ@ |wk |wHwCUH |=yVwQ u}= QO
VwQ l} l}DvS sD} Qwor= "Ovm|tv O=H}= xv}y@ MU=B uDi=} QO |rmWt �xvt=O
l}DvS 'xat=H ?=NDv= Q}_v |t}y=it |x}=B Q@ xm CU= C}atH |=v@tQ@ |R=Uxv}y@
MU=B uDi=} |rm OvwQ 3 pmW QO [19]"OR=OQB|t xv}y@ MU=B |wHwCUH x@ pt=mD w

"CU= xOW xO=O u=Wv l}DvS sD} Qwor= \UwD xv}y@

EL@ w G}=Dv "7
pOt |HvUCLY "1"7

|rY= |=yQ}eDt 'umu} Q}W ?; sDU}U |R=Ux}@W QO xDiQ Q=m x@ pOt O}}-=D |=Q@
�umlvN?;|@O wXwYNt|DQ=QLK]U 'OQmrtaC@Uvpt=W� sDU}U OQmrta
"OvwW|t xU}=kt Qo}Om} =@ [20]u}W}B C=ar=]t w sDU}U |R=UpOt R= pY=L

Ow}k w s}tYD |=yQ}eDt "2"6
"1 %OQ=O OwHw pkDUt Q}eDt ẁv wO |SQv= sDU}U l} |R=Uxv}y@ w |L=Q] QO
Q}}eD s}tYD |=yQ}eDt Q=Okt |R=Uxv}y@ Ov}=Qi QO "=yQDt=Q=B 2" &s}tYD |=yQ}eDt
OvDUy xDU@=w |=yQ}eDt 'Qo}O |=yQ}eDt "Ovv=t|t |k=@ C@=F =yQDt=Q=B |rw Ovm|t

"OwW|t u}}aD pkDUt |=yQ}eDt Q=Okt x@ xHwD =@ =yu; Q=Okt xm
'(TBT ) QwW ?; CQ=QL xHQO xv}W}@ '(N) umu} Q}W ?; pL=Qt O=OaD
QwW ?; umtQo QO |}=yDv= |=tO hqDN= '(Tn) QN; |xrLQt QO QwW ?; |=tO
QO s}tYD |=yQ}eDt (TTDc) QwUv=Ovm QO |}=yDv= |=tO hqDN= '(TTDh)

%R= CU= CQ=@a l} Qy x@ \w@ Qt Ow}k xm OvDUy umu} Q}W ?; sDU}U |R=Uxv}y@
24 � N � 37 (45)

90 � TBT � 110 (46)

40 � Tn � 50 (47)

10 � TTDh � 15 (48)

3 � TTDc � 7 (49)

|R=Uxv}y@ VwQ "3"6
u=tRty Qw]x@ O}=@ xm s}DUy wQx@ wQ |irDNt h=Oy= =@ |UOvyt p�=Ut QDW}@ QO
=@ xm |Qw]x@ 'OvQ=O Q=Qk Qo}Om} p@=kt |x]kv QO h=Oy= u}= ,qwtat "OvwW xv}y@
R= pY=L G}=Dv 'p�=Ut ẁv u}= QO "Tmar=@ w O@=}|t Vy=m |Qo}O |m} V}=Ri=
OwW|t x�=Q= wDQB |xy@H u=wva CLD ?=wH R= |}xawtHt CQwYx@ |R=Uxv}y@
|=Q@ "OwW|t pY=L ?U=vt ?=NDv= |=Q@ |QDW}@ |Q}PBh=]av= u; ltmx@ xm
OwHw |Q=}U@ |OOa |=yVwQ xv}y@ MU=B x@ |@=}CUO w xiOyOvJ |R=Uxv}y@
w CU= ?U=vt p�=Ut R= ẁv u}= |=Q@ |a}@] Qw]x@ |rt=mD |=ysD} Qwor= "OQ=O
sD} Qwor= |xiOyOvJ |R=Uxv}y@ VwQ R= Q[=L VywSB QO "OQ=O |}xOQDUo OQ@ Q=m

"CU= xOW xO=iDU= xv}y@ MU=B x@ |@=}CUO |=Q@ l}DvS
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"""w
O=Sv|

rkO
waU

t'|
Q@m=

|}q
@Qm

|ra "sDU}U |R=Uxv}y@ QO s}tYD |=yQ}eDt Q}O=kt "6 pwOH
|R=Uxv}y@

OL=w |=yQ}eDtxiOy wO |O=YDk= l}DSQRo = s}tYD
�2 w 1 hOy `@=wD� �2 hOy `@=D� �1 hOy `@=D�

29 30 27 - N

103 92 109 80 90 0C TBT

49 83 40 50 0C Tn

10 51 10 6 10 22 0C TTDh

3 12 3 3 48 0C TTDc

"OQmrta C@Uv Q@ |OwQw QwW ?; |=tO Q}F-=D "5 pmW

"|O}rwD u} Q}W ?; |xv} Ry Q@ |OwQw QwW ?; |=tO Q}F-=D "6 pmW

R= |OwQw ?; |=H x@ |DWoQ@ umlvN ?; |v} Ro}=H R= Oa@ w CU= QqO 2 49
?amt QDt Qy |=R=x@ QqO 2 17 x@ Q=Okt u}= umu} Q}W ?; l =QwN u=wvax@ =} QO
|O}rwD u} Q}W ?; ?amtQDt Qy |xv} Ry =Pr "O@=}|t Vy=m |O}rwD u} Q}W ?;

"O@=}|t Vy=m OYQO 13 OwOL QO Ci=} R=@ u}= |x]U=wx@

C}U=UL p}rLD "8
sDU}U OQmrta Q@ hrDNt |=yQDt=Q=B Q}F-=D |UQQ@ 'C}U=UL p}rLD R= hOy
O=OaD "OwW|t umtt sDU}U |R=UpOt QO sRq C=LqY= u; ltmx@ xm CU=
?; sDU}U |L=Q] QO syt Q}eDt wO QwW ?; CQ=QL xHQO xv}W}@ w pL=Qt

Qt= u}= xm CU= �2 R= QDsm OwHwt Cw=iD 'OwW|t xOy=Wt 5 pwOH QO xm u=vJ
"Ovm|t O}}-=D =Q xDiQ Q=m x@ pOt CLY

p@=kD "�4 pmW� OW O=H}= xv}y@ wDQB |xy@H xiOywO |R=Uxv}y@ VwQ p=ta= =@
xOy=Wt p@=k 4 pmW QO |@ wNx@ OW xQ=W= u=O@ QDV}B xm hOy `@=wD u}@ O=[D w
sDU}U R= |@Uv |xv}y@ Cr=L l} Qou=Wv 'wDQB |xy@H |wQ \=kv s=tD "CU=
CU= |}=H sDU}U |=Q@ p;xO}= |x]kv 'OwW|t xOy=Wt xm u=vJ "OvDUy Q_v OQwt
|@=}CUO p@=k x]kv u}= |rw "OwW xv}tm xv} Ry `@=D w xv}W}@ |SQRo = u=tOv=Q xm
OQ=O x]kv u}= =D =Q xrY=i u} QDsm xm wDQB |xy@H R= |}x]kv p}rO u}tyx@ w CU}v

"OwW|t ?=NDv= xv}y@ MU=B u=wvax@
|xiOywO w xiOyl} |R=Uxv}y@ QO s}tYD |=yQ}eDt Q}O=kt 6 pwOH QO
'sDU}U |=yxv} Ry� R}v sDU}U |R=Uxv}y@ R= pY=L G}=Dv &CU= xOW C@F sDU}U
"CU= xOW x�=Q= 7 pwOH QO �|O}rwD u} Q}W ?; |xv} Ry w |OQmrta |=yQDt=Q=B
Q=PoQ}F-=D |iQYt lQLt Q=N@ u=R}t Q@ umu} Q}W ?; x@ |OwQw QwW ?; |=tO
|iQYt Q=N@ u=R}t Vy=m ?Hwt |OwQw QwW ?; |=tO V}=Ri= xm |Qw]x@ CU=
?; x@ |OwQw QwW ?; |=tO V}=Ri= xm OyO|t MQ Cra u=O@ Qt= u}= "OwW|t
Ea=@ C}=yv QO w 'QN; |xrLQt R= |DWoR=@ QwW ?; |=tO V}=Ri= Ea=@ umu} Q}W
C@Uv C=Q}}eD 5 pmW QO "OwW|t QwW ?; umtQo x@ |OwQw QwW ?; |=tOV}=Ri=
u=vJ "CU= xOW xO=O u=Wv |OwQw QwW ?; |=tO C=Q}}eD ?ULQ@ sDU}U OQmrta
hQYt Vy=m x@ xHwD =@ w |OwQw QwW ?; |=tO V}=Ri= =@ OwW|t xOy=Wt xm
OQmrta QO Ow@y@ Qou=}@ Qt= u}= xm O@=}|t V}=Ri= sDU}U OQmrta C@Uv 'Q=N@

"CU= Q_v OQwt sDU}U
|xv} Ry Vy=m Ea=@ u; x@ \w@ Qt |=yxv} Ry w Q=N@ hQYt u=R}t Vy=m
u} Q}W ?; ?amt QDt Qy |xv} Ry C=Q}}eD 6 pmW QO "OwW|t u} Q}W ?; O}rwD
xOW xO=O u=Wv umu} Q}W ?; x@ |OwQw QwW ?; |=tO C=Q}}eD T=U=Q@ |O}rwD
xm |Dr=L QO |O}rwD u} Q}W ?; ?amtQDt Qy |xv} Ry xm OwW|t xOy=Wt "CU=
Q@=Q@ OwW umu} Q}W?; sDU}U OQ=w O=Qo|Dv=UxHQO 25 |=tO =@ |OwQw QwW ?;

sDU}U |R=UpOt R= pY=L sDU}U OQmrta |=yQDt=Q=B Q}O=kt |xU}=kt "5 pwOH
[20]"`HQt QO xOW VQ=Ro Q}O=kt =@

��� hqDN= xOW VQ=Ro |R=UpOt OL=w QDt=Q=B
0 89 6 71 6 65 - PR

1 66 306 2 311 29 m2/(kg/s) �

0 72 5 55 5 59 kg/s _mcw

"|R=Uxv}y@ QO wDQB |xy@H "4 pmW
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;O}

rwDw
CQ

=QL
Ci

=}R=@
xiOy

wO|
R=Ux

v}y@"sDU}U |xiOy wO w xiOy l} |R=Uxv}y@ R= pY=L G}=Dv "7 pwOH
|R=Uxv}y@
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1. multi stage ash (MSF)
2. multi e�ect distillation (MED)
3. reverse osmosis (RO)
4. MSF-BR
5. terminal temperature di�erence
6. boiling point elevation
7. performance Ratio
8. speci�c heat transfer area
9. total revenue requirement
10. levelized annual cost
11. levelized annual carrying charges
12. gradient methods
13. stochastic optimization
14. genetic algorithm
15. particle swarm
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