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xm O}vm xHwD xwqax@ "OvDUy x]w@ Qt |xr�UtQ} R R= l Q=QmD QO 34 w 33 ' 32
pL=Qt QO xm OvDUy |WQ@OvJ |ov}y@ |=yVQ@ hQat 28 |=yC}OwOLtxDUO
uOw@|vOW |=yVQ@ x@ |R=}v =t |xr�Ut |=Q@ OwW xHwD� Ov=xOW xi=[= w O}rwD|r@k
C}iQ_ OwHw sOa CQwYQO hOy `@=D QO |=xt} QH p�=UtQ} R QO uwJ CU}v

"�OwW|t ^=Lr |i=m
%R= CU= CQ=@a l Q=QmD QO ! 2 
 |w} Q=vU =@ Q_=vDt |xr�UtQ} R

min
P

(i;k)2FNG
P
t2T

(1 + r)(1�t)dutomi;k;t(!)Pi;k;t(!)

+
P
i2N

P
t2T

(1 + r)(1�t)lcidutRi;t(!)

+ecCO2 SCCO2(!)

(29)

s:t:

(4); (11); (13){(16); (18){(20)

Pi;k;t(!) �  i;k;t(!)cgi;k X̂
l
i;k;t

(i; k) 2 FPG; t 2 T (30)

PFi;j;t(!) � �i;j;t(!)fli;j Ŷ
l
i;j;t

(i; j) 2 PL; t 2 T (31)

PFi;j;t(!) � ��i;j;t(!)fli;j Ŷ
l
i;j;t

(i; j) 2 PL; t 2 T (32)

PFi;j;t(!)� 
i;j (V Ai;t(!)� V Aj;t(!)) �M(1� Ŷ li;j;t)
(i; j) 2 PL; t 2 T (33)

PFi;j;t(!)� 
i;j (V Ai;t(!)� V Aj;t(!)) � �M(1� Ŷ li;j;t)
(i; j) 2 PL; t 2 T (34)

Q_=vDt |rY= |xr�Ut |xv}y@ ?=wH Ŷ li;j;t w X̂l
i;k;t C=Q=@a 'xr�UtQ} R u}= QO

Q=QmD QO xr�UtQ} R u}= hOy `@=D |xv}y@ Q=Okt xwqax@ "OvDUy sD} Qwor= l Q=QmD =@
"OwW|t xO=O u=Wv Q(l; !) =@ l

x}=B pOt |=Q@ u}}=B u=Qm l} |rY= pOt pL Q=@ Qy =@ OW xQ=W= xm Qw]u=ty
l} R}v Q=QmD Qy QO Q_=vDt p�=UtQ} R pL R= Oa@ Qo}O hQ] R= "O};|t CUO x@
O}OH Q=Okt R= xO=iDU= =@ Q=QmD Qy QO "Ot; Oy=wN CUOx@ xr�Ut |=Q@ q=@ u=Qm

24{21 |=yC}OwOLt QO xOt; C=Q=@a?@Ux@ |O=yvW}B pOt uOw@|]N Q}e
%OwW xDW=OQ@ u=}t R= Q} R |=y|R=U|]N x]U=w x@ Ov=wD|tX

kj(i;k)2FPG
10�i;knoise=10Xi;k;jT j � 10��inoise/10 i 2 PG (25)P

(i;k)2FPG
�i;ksagXi;k;jT j +

P
(i;j)2PL

�i;jsal Yi;j;jT j

� �
sa

 P
(i;k)2FPG

Xi;k;jT j +
P

(i;j)2PL
Yi;j;jT j

! (26)

xm CU= 26 w 25 '20{1 \@=wQ Q@ ptDWt xr=kt u}= Q_v OQwt |[=} Q pOt
"OwW|t xO}t=v x}=B pOt TB u}= R=

x}=B pOt pL VwQ "4
OwHwt |=yQ=Ri=sQv \UwD ,=t}kDUt Ov=wD|t 'p@k VN@ QO xOWx�=Q= |x}=B pOt
=} Ovm Q=}U@ pL OvwQ 'OwW O=} R =yw} Q=vU O=OaD |Dkw |rw &OwW pL |R=Uxv}y@
xO=iDU= pmWt u}= Q@ uOt; j�=i |=Q@ hQ=aDt OQm} wQ l} "OW Oy=wN umtt=v
Qw]x@ |R=Uxv}y@ |xRwL QO =yVwQ u} QDsyt R= |m} xm CU= 7RQOv@ |x} RHD R=
u}vJty VwQ u}= [50�48]"CU= X=N Qw]x@ |iO=YD |R=Uxv}y@ QO w |rm
=Q xr�UtQ} R |=yQ}eDt |rY= |xr�Ut xmu}= p}rOx@� 8x}rw= |x} RHD |=ys=v =@
�=yC}OwOLt T} QD=t X=N pmW p}rO x@� 9pmW�L |x} RHD Ovm|t C@=F
C=t}tYD s}kDUt Qw]x@ |rY= |xr�Ut xmu}= p}rO x@� 10`@=vt |x} RHD w
Qw]x@ VwQ u}= "OwW|t xDN=vW R}v �OyO|t X}YND xr�UtQ} R x@ =Q `@=vt
Q=mx@ 11|}xrLQtwO |iO=YD |]N |R} Qxt=vQ@ |=ypOt pL Qw_vtx@ |}xOQDUo

"OwW|t xDiQo
13=yxr�UtQ} R w 12|rY= xr�Ut *VN@ wO x@ =Q xr�Ut RQOv@ |x} RHD
QO |rY= |xr�Ut "OvwW|t pL syQU CWB w QQmt Qw]x@ xm Ovm|t s}UkD
p�=UtQ} R pL R= GQNDUt \}=QW |NQ@ w pw= |xrLQt C=t}tYD |xOvQ}oQ@
|O=OaD pt=W xr�UtQ} R Qy [51]"CU= |ov}y@ w uOw@|vOW '|=yVQ@ s=v x@
Q}O=kt =yu; QO xm CU= u=WQ}_v |=yC} wOLt w swO |xrLQt C=t}tYD R=
|r�=UtQ} R Qo = "Ov=xOW C@=F �|rY= |xr�Ut pL R= Oa@� pw= |xrLQt C=t}tYD
|=yVQ@ OvW=@ |vOW=v 'pw= |xrLQt |=yQ}eDt R= xOWC@=F Q}O=kt u}= |=Q@
j} Q] R= CQwYu}= Q}e QO "OvwW|t xi=[= |rY= |xr�Ut x@ uOw@|vOW
hOy `@=D Q=Okt ?} QkD O}OH |ov}y@ |=yVQ@ R= |}xawtHt uOQm xi=[=
QO u}vJty "OwW|t xO=O Ow@y@ |rY= xr�Ut hOy `@=D QO swO |xrLQt
x}=B pOt |xv}y@ Q=Okt |=Q@ |}q=@ u=Qm 'pY=L pw@kp@=k pL 'Cr=L u}=
pL |}=Qosy x@ uO}UQ =D |@ w=vD Qw]x@ p�=Ut R= xDUO wO u}= "Ovm|t pY=L

"OvwW|t
|O=yvW}B RQOv@ sD} Qwor= p�=UtQ} R w |rY= |xr�Ut 'C=t}tYD ẁv x@ xHwD =@

%OvW=@|t Q} R CQwYx@
min

P
(i;k)2FPG

P
t2T

(1 + r)(1�t)fcgi;k(Xi;k;t �Xi;k;t�1) cgi;k

+
P

(i;j)2PL
P
t2T

(1 + r)(1�t)fcl (Yi;j;t � Yi;j;t�1)disi;j

+
P
!2


p(!)�(!)

(27)
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|U
Ovyt

Xi;k;t =

8>><>>:
1 if Xi;k;t � �X
0 if Xi;k;t � 1� �X
un�xed otherwise

(i; k) 2 FPG; t 2 T (35)

Yi;j;t =

8>><>>:
1 if Yi;j;t � �Y
0 if Yi;j;t � 1� �Y
un�xed otherwise

(i; j) 2 PL; t 2 T (36)

|R=UOQo |=Q@ Q_v OQwt |m}ORv |xv=DU; ?}DQDx@ �Y w �X |=yQDt=Q=B u; QO xm
"OvDUy l} Q=Okt x@ Y w X

Q}O=kt xmCU= R=}v |Oa@ sOk QO 'C@=F pw= |xrLQt |=yQ}eDt Q}O=ktu}}aD R= Oa@
|QDOwOLt O=OaD |=Q@ '=yQ}eDt u}= u}}aD |=Q@ "OvwW XNWt C@=FQ}e |=yQ}eDt
?=NDv= sD} Qwor= "OwW|t pL x}=B pOt 'Ov=xOW ?=NDv= xv=OvtWwy xm =yw} Q=vU R=

"OwW|t K} QWD |Oa@ VN@ Q} R QO =yw} Q=vU
=yw} Q=vU ?=NDv= sD} Qwor=

=yw} Q=vU O=OaD u=wD@ =D Ovm|t|iQat =yw} Q=vU ?=NDv= |=Q@|tD} Qwor=VN@ Q} R u}=
Q}e |=yw} Q=vU hPL QF= QO |QDtm C=aq]= K]U xm |wLvx@ OQm sm x=wNrO x@ =Q
x�=Q= [53]xr=kt QO xm CU= |OQm} wQ |=v@t Q@ sD} Qwor= u}= "OwQ@ u}@ R= ?NDvt
CiH Qy TBU w Ovm|t |R=Up=tQv =Q =yw} Q=vU s=tD sD} Qwor= =OD@= QO "CU= xOW
u} QDl}ORv C}=yv QO "Ovm|t xU}=kt =yu; |xrY=i |x@U=Lt |=v@t Q@ =Q w} Q=vU
u}= "OwW|t |v=UQRwQx@ p=tDL= `} RwD w OvwW|t hPL w} Q=vU Qy x@ =yw} Q=vU
Q=OQ@ �(!) O}vm ZQi "O@=}|t xt=O= x=wNrO |=yw} Q=vU O=OaD x@ uO}UQ =D Ov}=Qi
sQv Qou=Wv k : k '! |w} Q=vU CLD |iO=YD |=yQDt=Q=B s=tD =@ Q_=vDt |Q]U
|iO=YD QDt=Q=B �u(!) w |iO=YD |=yQDt=Q=B s=tD T}Ov= |xawtHt U '|UO}rk=
=yw} Q=vU ?=NDv= sD} Qwor= pL=Qt "OvW=@ (u 2 U; ! 2 
) ! |w} Q=vUCLD s=u

%CU= Q} R KQWx@
&OW=@ xOW ?=NDv= |=yw} Q=vU xawtHt SS O}vm ZQi "1 s=o

&O}yO Q=Qk SS |xawtHt uwQO =Q =yw} Q=vU s=tD "2 s=o
&O}vm |R=Up=tQv (u 2 U; ! 2 
) Q}O=kt s=tD |=Q@ =Q �u(!) "3 s=o

CQwYx@ =Q =yw} Q=vU CiH s=tD |xrY=i "4 s=o
&(!; !0 2 
) O}vm x@U=Lt dt(!; !0) = jj�(!)� �(!0)jj

%O}vm x@U=Lt =Q ! 2 SS |w} Q=vU Qy x@ w} Q=vU u} QDl}ORv "5 s=o
&v(!) = arg min

!02SS;!0 6=!
dt(!; !0)

&O}vm x@U=Lt =Q !0 = arg min
!2SS

p(!)dt(!; v(!)) "6 s=o
|xawtHt w p(v(!0)) = p(v(!0)) + p(!0) p=tDL= "7 s=o

&O}vm |v=UQRwQx@ =Q SS = SSnf!0g
|xawtHt QO =yw} Q=vU R= x=wNrO O=OaD x@ =D O}vm Q=QmD =Q 7 |r= 5 |=ys=o "8 s=o

"Ov=t@ |k=@ SS
%OwW|t xO=iDU= Q} R |x]@=Q R= |iO=YD |=yQDt=Q=B |R=Up=tQv |=Q@

�̂u(!) =
�u(!)�min

!2

�u(!)

max
!2


�u(!)�min
!2


�u(!)
; u 2 U; ! 2 


xm OvOQo|t xOwRi= |rY= |xr�Ut x@ |O}OH |ov}y@ |=yVQ@ 'u=owO |=yQ}eDt
u}}=B w q=@ |=yu=Qm |}=Qoty =D OvwQ u}= "OvwW|t xr�Ut u}}=B u=Qm Ow@y@ ?Hwt
xm O@=} Ow@y@ |}=yVwQ =@ Ov=wD|t Ov}=Qi u}= CaQU "Ci=} Oy=wN xt=O= xr�Ut
|Q}osWJ Qw]x@ =t pOt pL Q@ xm OwW|t xDN=OQB =yu; R= |NQ@ x@ xt=O= QO

"OvQ=PoQ}F-=D

pL sD} Qwor= `} QUD "1"4
xt=O= QO "Ov=xOW x�=Q= RQOv@ |x} RHD OQmrta Ow@y@ |=Q@ |OOaDt |=yVwQ uwvm =D
"OvwW|t xO=O K}[wD |O=yvW}B RQOv@ sD} Qwor= `} QUD |=Q@ xDiQo Q=m@ |=yVwQ

VQ@ Q=DN=U "1"1"4
14|WQ@OvJ |=yVQ@ R= sD} Qwor= |=yQ=QmDVy=m |=Q@ |O=yvW}B pL sD} Qwor= QO
C}OwOLt QO Q[=L p=L QO =yVQ@ u}= Q=DN=U xm O}vm xHwD [52]"OwW|t xO=iDU=
sD} Qwor= QO xm O}W=@ xDW=O Q]=Nx@ ,=vt[ "CU= xOW |iQat |rY= |xr�Ut 28
'pw= |xrLQt xHwt ?=wH Qy |=Q@ =Q} R &CU= xOWv xO=iDU= uOw@|vOW |=yVQ@ R=

"OvDUy xHwt xQ=wty w} Q=vU Qy CLD p�=UtQ} R s=tD
|rY= |xr�Ut |R=U=yQ "2"1"4

'pw= |xrLQt |=yQ}eDt uOw@ l} w QiY \QW hPL =@ =OD@= OQm} wQ u}= QO
h=mW l} x@ sD} Qwor= |@=}CUO =D Ov}=Qi u}= "s}vm|t |R=U=yQ =Q |rY= |xr�Ut
|xr�Ut R= pY=L u=Qm w ?=wH R= TBU "Ci=} Oy=wN xt=O= pw@kp@=k |ov}y@
OQm xHwD O}=@ "OwW|t xDiQo xQy@ RQOv@ |x} RHD sD} Qwor= QO xOW|R=U=yQ |rY=
xOW|R=U=yQ |rY= |xr�Ut pL Q@|vD@t |xOWxDN=U xHwt ?=wH R= xO=iDU=
Oy=wN CUOx@ |rY= |xr�Ut |=Q@ =Q QF-wt Q=}U@ |=yVQ@ R= x}rw= xawtHt l}
=OD@= 'xOW|R=U=yQ |xr�Ut ?=wH T=U= Q@ xHwt ?=wH l} CN=U |=Q@ "O=O
Q}O=kt =@ pw= |xrLQt |=yQ}eDt R= |}xDUO 15|R=UOQo sD} Qwor= l} R= xO=iDU= =@
|=Q@ VwQ u}= xm |}=yQ}eDt "OvwW|t |R=UxDUUo pY=L pL QO K}LYQ}e
"OvQ=O |tm |xrY=i l} =} QiY =@ xm OvDUy |}=yv; 'Ovm|t ?=NDv= |R=UxDUUo
?NDvt |=yw} Q=vU R=|}xawtHtQ} R |=R=x@ x}=B pOt '=yQ}eDt u}= Q}O=kt u}}aD R= Oa@
GDvt OvwQ u}= "OwW|t pL C@=FQ}e pw= |xrLQt |=yQ}eDt Q}O=kt u}}aD Qw_vtx@ w
|=yVQ@ 'pL u}= T=U= Q@ "OW Oy=wN |rY= |xr�Ut |=Q@ xHwt ?=wH l} x@
u}= xm =QJ &Ovvm|t `} QUD Q=}U@ =Q |}=Qosy CaQU xm OvwW|t O}rwD |ov}y@
RQOv@ sD} Qwor= =OD@= R= Qo = "CU= x}=B pOt |rY= |xv}y@ ?=wH l}ORv ,=awv pL
|DiQW}B sD} Qwor= ,qta w OW Oy=wN QiY u}}=B u=Qm 'OwW xDiQoQ=mx@ OQ=Ov=DU=

"CW=O Oy=wNv
QOCrwyU|=Q@ xm OwW xHwD "CU= xOWxO=Ou=Wv 1pmWQO|O=yvW}BsD} Qwor=
j
j =D 1 O=Oa=pt=W
|xawtHt xmCU= xOWZQi 'sD} Qwor=u}=CQ=JwriV}=tv
"CN=OQB s}y=wN sD} Qwor= u}= |rY= |=RH=h}YwD x@ Oa@ |=yVN@ Q} R QO "CU=

|R=UOQo sD} Qwor=
sD} Qwor= 'xOW|R=U=yQ Cr=L QO RQOv@ sD} Qwor= R= ?=wH l} pwYL R= Oa@
"Ovm|t s}UkD C@=FQ}e w C@=F |xDUO wO x@ =Q pw= |xrLQt |=yQ}eDt |R=UOQo
QiY =} l} x@ l}ORv |Q}O=kt QwmPt ?=wH QO xm OvDUy |}=yv; C@=F |=yQ}eDt
Q}O=kt |R=UOQo =@ =Q O}OH Q}O=kt sD} Qwor= 'C@=F |=yQ}eDt |xDUO |=Q@ "Ov=xDiQo
x@ xm =Q |rw= |xrLQt Q}eDt Qy Q} R CQwYx@ sD} Qwor= u}= "Ovm|t u}}aD |r@k

%Ovm|t C@=F w Ovm|t OQo 'OW=@ l}ORv l} =} QiY Q=Okt x@ |i=m |xR=Ov=
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RHD
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"|O=yvW}B sD} Qwor= CQ=Jwri "1 pmW

p�=Ut u}= QO "CU= xOW xDiQo xQy@ nQR@ w \UwDt |xR=Ov= =@ w lJwm |xR=Ov= =@
CPLEX Q=Ri=sQv pL u=tR =@ |O=yvW}B sD} Qwor= R=}v OQwt pL u=tR |xU}=kt R=
\}Lt QO |O=yvW}B sD} Qwor= "CU= xOW xO=iDU= ?}kQ pL VwQ l} u=wvax@
|=ypOt pL |=Q@ CPLEX QopL R= w xOW |R=UxO=}B 23 |xNUv GAMS

l} |wQ Q@ C=@U=Lt "CU= xOW xO=iDU= \wrNt K}LYOOa |]N |R} Qxt=vQ@
C}=@=o}o 2 |x_i=L u=R}t 'RDQy=o}o 2 7 VR=OQB CaQU =@ Pentium 4 |xv=}=Q
x�=Q= |OOa G}=Dv xt=O= QO "CU= xDiQo CQwY 7 RwOv} w pt=a sDU}U x@ RyHt w

"OvwW|t

lJwm O=a@= =@ p�=Ut "1"5
ltm |OOa p=Ft xORv=B R= lJwm O=a@= QO |O=yvW}B sD} Qwor= |}=Q=m |UQQ@ |=Q@

"CU= |R=Up=tQv R= pY=L QDt=Q=B �̂u(!) u; QO xm
Qw_vtx@ =yw} Q=vU R= SS |xOW?=NDv= |xawtHtQ} R |=R=x@ x}=B pOt p=L
pY=L ?=wH TBU "OwW|t pL C@=FQ}e pw= |xrLQt |=yQ}eDt Q}O=kt u}}aD
x}=B pOt |xv}y@ ?=wH x@ l}ORv xm '|rY= |xr�Ut |vOW ?=wH l} u=wvax@
xO=iDU= OQwt |ov}y@ |=yVQ@ O}rwD |=Q@ |rY= RQOv@ |x} RHD sD} Qwor= QO 'CU=
u}= R= TB 'Ov=|vOW p�=UtQ} R s=tD x}rw= |xr�Ut ?=wH Qy |=Q@ "OQ}o|t Q=Qk

"OQ=Ov OwHw |v=Qov CyH

|O=yvW}B sD} Qwor= |@=} RQ= "5
|W}=tR; p�=Ut xDUO wO R= '|O=yvW}B sD} Qwor= OQmrta w |}=Q=m |@=} RQ= Qw_vtx@
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Ovyt "CPLEX Q=Ri=sQv =@ \UwDt O=a@= QO |O=yvW}B sD} Qwor= |xU}=kt "2 pwOH

NO: jN j jTGj � jT j j
j pL u=tR pL u=tR
CPLEX

sD} Qwor=
|O=yvW}B

16 24 32 50 543 9 165 2
17 31 32 50 4431 1 439 9
18 38 32 50 9735 0 794 5
19 45 32 50 18934 3 1024 7
20 52 32 50 36537 4 1483 9
21 59 32 50 74996 2 1942 7
22 66 32 50 146658 2 2108 4
23 73 144 100 Ca=U 48 < 2903 6
24 80 144 100 Ca=U 48 < 3720 8
25 87 144 100 Ca=U 48 < 4235 7
26 94 144 100 Ca=U 48 < 5036 1
27 101 144 100 Ca=U 72 < 5942 8
28 110 144 100 Ca=U 72 < 6887 2
29 130 144 100 Ca=U 72 < 7089 4
30 150 144 100 Ca=U 48 < 7923 3

"u=Q}= ?Qe p=tW Crwwr}m 400 jQ@ |xm@W |]NlD s=Qo =}O "2 pmW

"CU= xOW xO=O u=Wv 2 pmW QO u; |]NlD s=Qo =}O xm OwW|t p=kDv= \N 32
E=OL= |=Q@ ORt=v u=mt u=wvax@ xQo 9 'OwW|t xO}O pmW u}= QO xm Qw]u=ty
=@ \=@DQ= QO |HvUu=mt= C=ar=]t "Ov=xOW xDiQo Q_v QO O}OH |O}rwD |=yOL=w
CmQW \UwD =yu=mt u}= R= l} Qy QO umtt |O}rwD |=y|Qw=:vi w xwkr=@ |=yu=mt
u=Q}= jQ@ CavY |xRwL QO pw�Ut u=tR=U xm Ov=xDiQo s=Hv= Q}v=wD |YYNDQO=t

[54]"CU=
xm OvwW hrDNt |O}rwD |Qw=:vi ẁv Q=yJ pt=W Ovv=wD|t |O}rwD |=yOL=w
(CC)|@}mQDpm}U '17�CT� |R=o u}@ QwD '16�ST� |Q=N@ u}@ QwD R= Ov=CQ=@a
xOW x�=Q= 3 pwOH QO |O}rwD |=yOL=w C}iQ_ u} QDW}@ "19�Hy� |@; jQ@ w 18
|=Q@ "OwW|t u}}aD =yu; pw] ?UL Q@ p=kDv= \w]N C}iQ_ C}OwOLt "CU=
xDiQo Q_v QO C=w=ot 1200 =@ Q@=Q@ |Qw@a u=wD |xv}W}@ QDtwr}m 200 R= QDtm \w]N
"CU= C=w=ot 900 =@ Q@=Q@ Q=Okt u}= QDtwr}m 450 =D 200 u}@ \w]N |=Q@ w xOW

" CPLEX Q=Ri=sQv =@ lJwm O=a@= QO |O=yvW}B sD} Qwor= |xU}=kt "1 pwOH

NO: jN j jTGj � jT j j
j pL u=tR pL u=tR
CPLEX

sD} Qwor=
|O=yvW}B

1 6 2 10 7 3 13 6
2 7 2 10 8 0 17 6
3 8 2 10 8 1 15 4
4 9 2 20 6 3 15 2
5 10 2 20 7 4 14 2
6 8 4 10 9 4 10 8
7 9 4 10 7 3 10 3
8 10 4 10 6 4 10 4
9 11 4 20 9 8 15 4
10 12 4 20 7 5 18 1
11 10 8 10 9 2 17 4
12 11 8 10 11 8 24 7
13 12 8 10 13 8 32 9
14 13 8 20 22 4 49 7
15 14 8 20 34 1 57 5

G}=Dv xm Ov=xOW pL CPLEX Q=Ri=sQv ltm x@ =yp=Ft u}= "CU= xOW xDiQo
?UL Q@ =yu=tR pwOH u}= QO "CU= xOW VQ=Ro 1 pwOH QO xU}=kt u}= R= pY=L
sD} Qwor= \UwD |W}=tR; p�=Ut u}= pL R=}v OQwt u=tR x@ xHwD =@ "OvDUy x}v=F
u}= QDtm |}=Q=m 'CPLEX Q=Ri=sQv R=}v OQwt u=tR =@ u; |xU}=kt w |O=yvW}B
=Q} R &CU= Q=_Dv= OQwt xOy=Wt u}= "OwW|t XNWt lJwm O=a@= QO sD} Qwor=

"OW=@ q=@ =yw} Q=vU O=OaD xm OwW|t u=}=tv |Dkw RQOv@ VwQ OQmrta

nQR@ w \UwDt O=a@= =@ p�=Ut "2"5
p=Ft xORv=B R= nQR@ w \UwDt O=a@= QO |O=yvW}B sD} Qwor= |}=Q=m |@=} RQ= Qw_vtx@
CPLEX Q=Ri=sQv ltm x@ u}vJty =yp=Ft u}= "CU= xOW xDiQo ltm |OOa
u}= QO "CU= xOW VQ=Ro 2 pwOH QO xU}=kt u}= R= pY=L G}=Dv xm Ov=xOW pL

"OvDUy x}v=F ?UL Q@ =yu=tR R}v pwOH
|O=yvW}B sD} Qwor= pL u=tR xm OwW|t XNWt pwOH u}= G}=Dv x@ xHwD =@
QO xm OwW|t xOy=Wt "CU= QDtm |Q=O=vat Qw]x@ CPLEX Q=Ri=sQv pL u=tR R=
xm|r=L QO &CU}v QU}t sy RwQ OvJ QO |DL Q=Ri=sQv \UwD pOt pL QDq=@ O=a@=
|OOa p}rLD u}= "OUQ|t xv}y@ ?=wH x@ pwkat |v=tR QO |O=yvW}B sD} Qwor=

"OQ=O CrqO nQR@ O=a@= QO |O=yvW}B sD} Qwor= |q=@ |}=Q=m Q@ |@ wNx@

|OQwt |xar=]t "6
|rY= pOt |Q}oQ=mx@ |OOa G}=Dv R= |DtUk 'xr=kt u}= x@ |WN@C}at=H Qw_vtx@
x�=Q= |UQ=i u=@ R x@ =Hu}= QO [1]u=oOvU} wv |r@k |xr=kt QO |OQwt |xar=]t |wQ Q@
CrwyUx@ =Hl} QO =Q pOt pL w |OQ@ Q=m |=yx@vH Ovv=wD@ u=oOvv=wN =D OwW|t
Crw wr}m 400 jQ@ |xm@W T=U= Q@ Q_v OQwt |OQwt |xar=]t "Ovvm x_Lqt
w xQo 17 pt=W xm@W u}= "CU= |}xQwO 10 |v=tR ji= l} QO u=Q}= ?Qe p=tW
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"""|
R}Qx

t=vQ@
|=Q@

xOW
`}QU

DRQ
Ov@

|x}
RHD

Vw
Q"O}OH p=kDv= \w]N "5 pwOH

xQo x@ xQo R= xQwO
6 5 1
7 6 1
8 6 1
10 8 1
10 9 1
16 9 1
14 10 2
15 14 2
13 3 10

"1 |R} Qxt=vQ@ |xQwO QO xv}y@ CQOk |xm@W |]NlD s=Qo =}O "3 pmW

OvQ=Po|t V}=tv x@ |}xQwO 10 |R} Qxt=vQ@ ji= |=Q@ syO w swO 'pw= |xQwO
OwW|t xO}O "�CU= xDiQo CQwY p=kDv= =} O}rwD xaUwD =yxQwO u}= QO =yvD�
"CU= QqO OQ=}r}t 20 6 xv}y@ Cr=L QO wQ}v |xm@W O=H}= pm |xv} Ry xm
O}rwD |xaUwD KQ] "CU= C=w=ot 9905 Q@=Q@ xOW?Yv CQOk pm 'xwqax@
|Qw=:vi �47 2 syU =@ |@}mQD pm}U |=yx=owQ}v "OwW|t 2 w 1 |=yxQwO pt=W
CQOk pm R= �25 1 syU =@ |R=o |=yx=owQ}v w OvDUy xO=iDU= OQwt ?r=e
41100 =@ Q@=Q@ p=kDv= |xm@W pm C}iQ_ "OvQ}o|t Q=Qk |Oa@ u=mt QO xOW?Yv
=Q C}iQ_ u}= pm R= �25 5 O}OH p=kDv= \w]N u}@ u}= QO xm CU= C=w=ot
Q@ QO =Q 10 w 2 '1 |=yxQwO p=kDv= |xaUwD KQ] "OvyO|t X=YDN= OwN x@

"OQ}o|t
70 =@ Q@=Q@ xQo Qy QO R=Ht R} wv K]U |xv}W}@ 'xr�Ut u}= QO xm O}vm xHwD
"CU= xOW xDiQo Q_v QO 0 6 =@ Q@=Q@ |a=tDH= VQ}PB R=Ht MQv |xv}tm w p@|UO

GTEP QO pqDN= lU} Q uDiQo Q_v QO Q}F-=D "2"6
u}L CqqDN= u; QO xm s}vm|t xU}=kt |Dr=L =@ =Q x}=B pOt G}=Dv VN@ u}= QO
xm |DqtH s=tD KqY= R= Oa@ 'Cr=L u}= QO "OvwW|tv xDiQo Q_v QO |R} Qxt=vQ@
O};|t CUOx@ pqDN= lU} Q uwO@ pOt 'OvDUy pqDN= lU} Q |xOvvmTmavt
u}= QO "CU= �40�{�37� '�26� '�25� '�20�{�14� '�9�{�1� C=Q=@a pt=W xm

"�C=w=ot� |O}rwD |=yOL=w C}iQ_ u} QDW}@ "3 pwOH

|@; jQ@ pm}U u}@ QwD |Qw=vi
|@}mQD |R=o |Q=N@ xQo

50 650 1
500 2

1000 4
834 5

772 7
2092 8

320 9
162 11

322 12
1189 13
403 1735 14

500 15
651 16
375 17

"O}OH |O}rwD |=yOL=w "4 pwOH
|Qw=vi xQo xQwO

CT 1 1
CC 5 1
CT 7 1
CC 8 1
CT 16 1
CT 17 1
CC 13 2
ST 14 2
CC 14 2

|=yVQ=Ro x@ p=kDv= \w]N w|O}rwD |=yOL=w|xQ=@ QO QDW}@|viC=}�RH|=Q@
xaH=Qt jQ@ |wQ}v p=kDv= w O}rwD |xRwL QO u=Q}= jQ@ CavY |r}YiD Q=t; w |tUQ

[56�54]"O}vm
xm hrDNt |iO=YD |w} Q=vU 100 R= ẁtHt QO |OQwt |xar=]t u}= QO
u}= O}rwD |xwLv R= `q]= |=Q@ "CU= xOW xDiQo xQy@ 'OvQ=O |rwkat ẁkw u=mt=

"O}vm xaH=Qt [1]xr=kt x@ =yw} Q=vU

GTEP Q=O}=B |iO=YD pOt "1"6
|R=UxO=}B xOW|iQat CQOk |xm@W |=Q@ =Q x}=B pOt =D s} Q=O OYk VN@ u}= QO
VQ=Ro 5 w 4 |=ypwOH QO G}=Dv "s} R=OQB@ G}=Dv |UQQ@ w EL@ x@ TBU w s}vm
xU QO ?}DQDx@ =Q wQ}v |xm@W |xv}y@ Q=DN=U 5 w 4 '3 |=ypmW "Ov=xOW
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2|

xQ=t
W'

36
�1

|xQ
wO'

�13
99

u=DU
@=D�

h}
QW

C}
Q}Ot

w`}
=vY

|U
Ovyt "pqDN= lU} Q uDiQov Q_v QO Q}F-=D "6 pwOH

|xm@W C}iQ_ xOW?Yv CQOk pm |xv} Ryp=kDv=
# �5=8 # �17=5 " �8=9

'OQ}o|tv Q_v QO =Q pqDN= C=Q}F-=D xm s}vm xO=iDU= |rOt R= Qo = xm OR=U|t Q=mW;
xm OyO|t u=Wv u}ov=}t Qw]x@ =Q pm |xv} Ry QO �8 9 V}=Ri= |}=yv pL x=Q
pm QO �17 5 Vy=m u}vJty G}=Dv "�6 pwOH� CU= |oQR@ w Q=O=vat Q=Okt
syU =@ |@}mQD pm}U |=yx=owQ}v 'Cr=L u}= QO "OyO|t u=Wv =Q xOW?Yv CQOk
CQOk pm R= �30 5 syU =@ |R=o |=yx=owQ}v w Ovv=t|t|k=@?r=e |Qw=:vi �57 3
xm|t=ovy |Q=N@ |=yx=owQ}v Ck}kL QO "OvQ}o|t Q=Qk |Oa@ |xOQ QO xOW?Yv
p=kDv= |xm@W C}iQ_ pm "OvwW|tv E=OL= 'OvwW|tv xDiQo Q_v QO CqqDN=
w OvwW|t R=@ 2 w 1 |=yxQwO QO O}OH |O}rwD |=yOL=w "O@=}|t Vy=m �5 8

"OwW|t 10 w 1 |=yxQwO pt=W p=kDv= |xaUwD KQ]

TEP w GEP |R=UxJQ=Bm} Q}F-=D "3"6
xm Ovm|t xU}=kt swUQt |DvU VwQ =@ =Q GTEP |R=UxJQ=Bm} VwQ VN@ u}=
CQwYx@ GEP pOt "OvwW|t pL |r=wDt Qw]x@ TEP w GEP |=ypOt u; QO

%CU= Q} R
min

P
(i;k)2FPG

P
t2T

(1 + r)(1�t)fcgi;k(Xi;k;t �Xi;k;t�1) cgi;k

+
P
!2


p(!)�� P
(i;k)2FNG

P
t2T

(1 + r)(1�t)dutomi;k;t(!)Pi;k;t(!)

+
P
i2N

P
t2T

(1 + r)(1�t)lcidutRi;t(!)

+ecCO2 SCCO2(!)
�

(41)

s:t:

(4){(6); (8); (10); (11); (18); (25); (26)X
(i;k)2FNG

Pi;k;t(!) +
X
i2N

Ri;t(!) =
X
i2N

di;t(!)

t 2 T; ! 2 
 (42)

Oa@� Q=O}=B |xaUwD 'O}rwD |=yxv} Ry pt=W pm |xv} Ry 41 hOy `@=D QO xm
42 |=yC}OwOLt xDUO "OwW|t xv}tm Q=@ Vy=m w �|]}LtCU} R�|a=tDH=

"OvyO|t u=Wv =Q Q=@ Vy=m w O}rwD '=[=kD u}@ pO=aD
%OQm x�=Q= Q} R CQwYx@ u=wD|t =Q TEP pOt

min
X

(i;j)2PL

X
t2T

(1 + r)(1�t)fcl (Yi;j;t � Yi;j;t�1)disi;j

s:t:

(5); (7); (9); (10){(20); (26) (43)

"OQ}o|t Q@ QO =Q O}OH p=kDv= \w]N CN=U pm |xv} Ry 43 hOy `@=D u; QO xm
OwW|t pL |O=yvW}B sD} Qwor= R= |}xOWKqY= |xNUv R= xO=iDU= =@ GEP pOt

"2 |R} Qxt=vQ@ |xQwO QO xv}y@ CQOk |xm@W |]NlD s=Qo =}O "4 pmW

"10 |R} Qxt=vQ@ |xQwO QO xv}y@ CQOk |xm@W |]NlD s=Qo =}O "5 pmW

%OvwW|t h} QaD Q} R CQwYx@ 40{37 |=yC}OwOLt 'pOt
Pi;k;t(!) � cgi;k

(i; k) 2 FEG; t 2 T; ! 2 
 (37)

Pi;k;t(!) � cgi;kXi;k;t
(i; k) 2 FPG; t 2 T; ! 2 
 (38)

�fli;j � PFi;j;t(!) � fli;j
(i; j) 2 EL; t 2 T; ! 2 
 (39)

�fli;jYi;j;t � PFi;j;t(!) � fli;jYi;j;t
(i; j) 2 PL; t 2 T; ! 2 
 (40)

w |O}rwD OL=w Qy QO C}iQ_ |=yC}OwOLt 38 w 37 |=yC}OwOLt
"OvDUy p=kDv= \N Qy QO C}iQ_ |=yC}OwOLt 40 w 39 |=yC}OwOLt

R= pqDN= lU} Q uwO@ pOt \UwD xOt; CUO x@ pL R= hOy `@=D h=QLv=
sDU}U Q@ xOWp}tLD Q=_Dv= OQwt |xv} Ry |xOvyOu=Wv x}=B pOt |xv}y@ Q=Okt
G}=Dv |xU}=kt "OvDi=|t j=iD= CqqDN= xm|t=ovy CU= |DvU OQm} wQ Q@|vD@t
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R}Qx

t=vQ@
|=Q@

xOW
`}QU

DRQ
Ov@

|x}
RHD

Vw
Q"|Q=O}=B uDiQovQ_vQO Q}F-=D "8 pwOH

=yOt=}B =yx=owQ}v C}iQ_ pm |xv} Ry
|=yC}OwOLt Zkv " �16=7 # �5=1|]}LtCU} R�|a=tDH=

"|a=tDH= VQ}PB CU=}U QO V}=Ri= Q}F-=D "9 pwOH
|xm@W C}iQ_ xOW?Yv CQOk pm |xv} Ryp=kDv=
# �8=8 # �15=5 " �19=9

"R}wv Q=WDv= CU=}U QO Vy=m Q}F-=D "10 pwOH
|xm@W C}iQ_ xOW?Yv CQOk pm |xv} Ryp=kDv=
# �2=9 # �7=4 " �6=7

C}U=UL p}rLD "5"6
Q=Okt w �

sa
|=Q@ |oQR@ Q=Okt '|Q=O}=B R= |}q=@ K]U =@ CQOk sDU}U l} |=Q@

|QDW}@ |=yxv} Ry p}tLD ?Hwt Qt= u}= =t= &OQ=O K}HQD �noise |=Q@ |mJwm
Q}F-=D |ovwoJ uO=O u=Wv Qw_vtx@ wQV}B |=yVN@ Q} R QO "OwW|t sDU}U Q@
x�=Q= C}U=UL p}rLD wO wQ}v |xm@W |xaUwD pm |xv} Ry Q@ =yQDt=Q=B u}= ?=NDv=
=yQDt=Q=B u}=?U=vt Q}O=kt s}_vD |=Q@ |}=v@t Ovv=wD|t =yp}rLD ẁv u}= "OW Oy=wN

"OvW=@ u=Q=PoCU=}U |=Q@
|a=tDH= VQ}PB CU=}U Q}F-=D "1"5"6

|va} |a=tDH= VQ}PB CU=}U QO V}=Ri= CLD |O=yvW}B pOt VN@ u}= QO
|xv} Ry Q@ CU=}U u}= |q=@ Q}F-=D Q@ xar=]t u}= "OwW|t |@=} RQ= �

sa
= 0 65

|a=tDH= VQ}PB CU=}U P=ND= C}ty= w Ovm|t O}m -=D wQ}v |xm@W O=H}= |}=yv
"OR=U|t XNWt =Q ?U=vt

�
sa

= 0 65|a=tDH= VQ}PBCU=}U |=Q@ xOt;CUO x@pL x=Qpm |xv} Ry
O}rwD |xaUwD KQ] "�9 pwOH� OyO|t u=Wv OwN R= V}=Ri= �19 9 u=R}t x@
'1 |=yxQwO QO O}OH p=kDv= \w]N xm |r=L QO &OwW|t 2 w 1 |=yxQwO pt=W
xO}O xOW?Yv CQOk pm QO �15 5 Vy=m 'xwqax@ "OvwW|t xDN=U 10 w 2
w Ov=xO=iDU= OQwt ?r=e |Qw=:vi �51 1 syU =@ |@}mQD pm}U |=yx=owQ}v "OwW|t
"OvQ}o|t Q=Qk swO u=mt QO xOW?Yv CQOk pm R= �29 2 syU =@ |R=o |=yx=owQ}v

"OwW|t xOy=Wt p=kDv= |xm@W C}iQ_ pm QO R}v Vy=m �8 8
R}wv Q=WDv= CU=}U Q}F-=D "2"5"6

Q=DN=U w E=OL= pm |xv} Ry Q@ �noise R} wv Q=WDv= CU=}U Q}F-=D VN@ u}= QO
67 x@ p@|UO 70 R= CU=}U u}= Qw_vt u}O@ "OwW|t |UQQ@ CQOk sDU}U

"OwW|t |@=} RQ= |}=yv |wQ}v sDU}U Q@ u; Q}F-=D w OwW|t xO=O Vy=m p@|UO
|W}=Ri= |}=yv pL x=Q ' �noise = 67dB R} wv Q=WDv= CU=}U \}=QW CLD
u=Wv OwN R= �noise = 70dB Cr=L =@ xU}=kt QO pm |xv} Ry QO �6 7
OvwW|t E=OL= 2 w 1 |=yxQwO QO O}OH |O}rwD |=yOL=w "�10 pwOH� OyO|t
u=Wv G}=Dv u}= "OvwW|t ?Yv 10 w 5 '1 |=yxQwO QO O}OH p=kDv= \w]N w
'u}=Q@=v@ &CU= xDU@=w R} wv Q=WDv= CU=}U x@ COWx@ |R} Qxt=vQ@ |xv} Ry xm OyO|t

"|R=UxJQ=Bm} sOa Q}F-=D "7 pwOH
|xm@W C}iQ_ xOW?Yv CQOk pm |xv} Ryp=kDv=

0 # �4=1 " �2=8

|w} Q=vU R= pkDUt |=yQ}eDt |=Q@ xOt;CUOx@ Q=Okt |=v@t Q@ TEP pOt TBU w
|r=wDt OQm} wQ R= pY=L ?=wH C}=yv QO "OwW|t pL GEP pOt pL R= pY=L

"OwW|t xU}=kt |O=yvW}B |xJQ=Bm} pOt =@
C@Uv �2 8 u=R}t x@ =Q =yxv} Ry |@}DQD VwQ R= xO=iDU= xm OwW|t xO}O
OQ}o|t Q_v QO xJQ=Bm} CQwYx@ =Q xr�Ut xm OyO|t V}=Ri= xJQ=Bm} VwQ x@
|=yx=owQ}v "OwW|t Q=O}OB =yx=owQ}vC}iQ_pm QO�4 1|Wy=mu}vJty "�7pwOH�
pm "OvW=@|t ?r=e |Qw=:vi xOW?Yv CQOk pm R= �45 syU =@ |@}mQD pm}U
1 |=yxQwO O}rwD |xaUwD KQ] "Ov=t|t |k=@ Q}}eD uwO@ p=kDv= |xm@W C}iQ_
Q=PoQ}F-=D 10 w 5 '2 '1 |=yxQwO Q@ p=kDv= |xaUwD KQ] w OQ}o|t Q@ QO =Q 2 w

"CU=
u}= =@ =DU=Qsy ẁ[wt u}= "OvyO|t u=Wv =Q xJQ=Bm} VwQ |QDQ@ jwi G}=Dv
|xRwL QO |R=UxJQ=Bm} |=yVwQ Q[=L p=L QO xm CU= C=}@O= R= xOy=Wt

"Ov=KQ]t |rY= |D=k}kLD \w]N u=wvax@ |SQv= |=ysDU}U |R} Qxt=vQ@

|Q=O}=B uDiQo Q_v QO Q}F-=D "4"6
QY=va hPL R= Oa@ "OwW|t |@=} RQ= |Q=O}=B uDiQo Q_v QO Q}F-=D VN@ u}= QO

%Ot; Oy=wN CUO x@ Q} R pOt |Q=O}=B =@ \@DQt
min

P
(i;k)2FPG

P
t2T

(1 + r)(1�t)fcgi;k(Xi;k;t �Xi;k;t�1) cgi;k

+
P

(i;j)2PL
P
t2T

(1 + r)(1�t)fcl (Yi;j;t � Yi;j;t�1)disi;j

+
P
!2


p(!)�� P
(i;k)2FNG

P
t2T

(1 + r)(1�t)dutomi;k;t(!)Pi;k;t(!)

+
P
i2N

P
t2T

(1 + r)(1�t)lcidutRi;t(!)
�

s:t:

(5){(20) (44)

"OwW|t xv}tm Q=@ Vy=m w p=kDv= 'O}rwD |=yxv} Ry ẁtHt 44 hOy `@=D QO xm
Vy=m 'Ovm|t Q_v hQY |Q=O}=B |=y|v=Qov R= xm pOt u}= R= xO=iDU= =@
|}=yv ?=wH p=L u}= =@ "�8 pwOH� Ow@ s}y=wN Oy=W =Q pm |xv} Ry QO �5 1
0 51 |a=tDH= VQ}PB \UwDt MQv u; QO xm Ovm|t Zkv =Q 26 C}OwOLt
p@|UO l} 25 R} wv Q=WDv= |=yC}OwOLt R= |]ND MQv \UwDt xwqax@ "CU=
u=Wv =Q =yx=owQ}v pm C}iQ_ QO �16 7 V}=Ri= u}vJty G}=Dv u}= "OwW|t
|Q=N@ |=yx=owQ}v |xOW?Yv CQOk QO �48 7 V}=Ri= 'xwqax@ "OvyO|t
CLD =Q 3 w 1 |=yxQwO O}rwD |xaUwD KQ] "CU= xOy=Wt p@=k xOWE=OL=
u}= "OvwW|t xDN=U 2 w 1 |=yxQwO QO O}OH p=kDv= \w]N w OyO|t Q=Qk Q}F-=D
|O=yvW}B pOt QO |Q=O}=B xwHw uDiQo Q_v QO Q=O=vat Q}F-=D |xOvyOu=Wv G}=Dv

"CU=
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w`}
=vY

|U
Ovyt w} Q=vU Qy QO|a]kQ}e|=yQDt=Q=B |xQ=@ QO|r=aC=aq]= uOQw;CUO x@ |=Q@CU=

pm |xv} Ry �8 7 |O=yvW}B pOt EVPI Q=Okt "OR=OQB@ Ct}k w =[=kD uwJty
|x}=tQU u=wD|tTB "CU= |r=a C=aq]= x@ |UQDUO |OvtWRQ= Qou=Wv xmCU=
"O=O X=YDN= CQOk sDU}U |a]kQ}e |=yQDt=Q=B |xQ=@ QO j}kLD |=Q@ =Q |O=} R
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=yCWwv=B
1. generation expansion planning (GEP)
2. demand-side management
3. transmission expansion planning (TEP)
4. integrated generation and transmission expansion planning
5. kirchho�'s current law
6. kirchho�'s voltage law
7. benders decomposition
8. primal decomposition
9. L-shaped decomposition
10. recourse decomposition
11. two-stage stochastic linear program
12. master problem
13. sub-problems
14. multi-cut
15. rounding algorithm
16. steam turbine
17. combustion gas turbine
18. combined cycle
19. hydroelectric
20. expected value of perfect information
21. value of the stochastic solution
22. here-and-now
23. wait-and-see
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