
Chapter 5
Unit Commitment

This chapter provides GAMS code for solving unit commitment (UC) problem. The
developed GAMS code is linear and is categorized as a MIP model in GAMS. The
inputs are generator’s characteristics, electricity prices, and demands. The outputs
of this code are on/off status of units and their operating schedules.

Every unit commitment problem has three main cost components namely fuel
costs, start-up, and shut-down costs. The unit commitment cost calculation is
illustrated in Fig. 5.1.

The unit commitment data for ten units are inspired by Ademovic et al. [1] and
described in Table 5.1.

5.1 Cost-Based Unit Commitment

5.1.1 Cost Calculation

min
pk

i;t ;ui;t ;yi;t ;zi;t

OF D
X

i;t

FCi;t C STCi;t C SDCi;t (5.1)

The linear version of fuel cost calculation is described in (5.2).

0 � pk
i;t � �Pk

i ui;t; 8k D 1 W n (5.2a)

�Pk
i D Pmax

i � Pmin
i

n
(5.2b)

Pk
i;ini D .k � 1/�Pk

i C Pmin
i (5.2c)

Pk
i;fin D �Pk

i C Pk
i;ini (5.2d)
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120 5 Unit Commitment

Fig. 5.1 Unit commitment cost calculation
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i ui;t C

X

k

pk
i;t (5.2e)
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sk
i D Ck

i;fin � Ck
i;ini

�Pk
i

(5.2h)

FCi;t D ai
�
Pmin

i

�2 C biP
min
i C ciui;t C

X

k

sk
i pk

i;t (5.2i)

ui;t is the on/off status of the unit i at time t.

5.1.2 Ramp Rate Constraints

The power generation of unit i at time t should be within the operating limits as given
in (5.3a). Pi;t and NPi;t state the minimum and maximum time-dependent operating
limits. These are not necessarily equal to Pmin

i and Pmax
i , respectively.

The upper operating limit ( NPi;t) is described in (5.3b) and (5.3c) according to [2].
The ramp up/down constraints are modeled as follows:

Pi;t � Pi;t � NPi;t (5.3a)

NPi;t � Pmax
i Œui;t � zi;tC1� C SDizi;tC1 (5.3b)

NPi;t � Pi;t�1 C RUiui;t�1 C SUiyi;t (5.3c)

Pi;t � Pmin
i;t ui;t (5.3d)

Pi;t � Pi;t�1 � RDiui;t � SDizi;t (5.3e)
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In order to explain the upper operating limits described in (5.3) some assumptions
should be taken into account:

• It should be always less than capacity of unit i, this means that NPi;t � Pmax
i .

• In case of unit shut-down in the next hour (t C1): NPi;t � SDizi;tC1. Since Pi;tC1 D
0 so Pi;t cannot be more than SDi.

• If the unit has been on in the previous hour (ui;t�1 D 1) and is going to remain
on then Pi;t cannot be increased more than RUi. This means that NPi;t � Pi;t�1 C
RUiui;t�1.

• If the unit has been off in the previous hour (ui;t�1 D 0) and it is turned on at time
t (yi;t D 1) then Pi;t cannot be more than SUi. This means that NPi;t � SUiyi;t.

The combination of all these cases is enforced by (5.3b) and (5.3c).
In order to explain the lower operating limits described in (5.3) some assumptions

should be taken into account:

• If the unit is on at time t then the generated power should be greater than Pmin
i;t ui;t.

• If the unit is on at time t�1 and remains to be on at time t; tC1 then the generated
power at time t should be greater than Pi;t�1 � RDiui;t.

• If the unit is on at time t � 1 and turned off at time t then the generated power at
time t � 1 should be Pi;t�1 � SDizi;t.

The combination of all these cases is enforced by (5.3d) and (5.3e).

5.1.3 Min Up/Down Time Constraints

The on/off states of unit i at time t are described by ui;t. Additionally, start-up/shut-
down are given by yi;t; zi;t in (5.4).

yi;t � zi;t D ui;t � ui;t�1 (5.4a)

yi;t C zi;t � 1 (5.4b)

yi;t; zi;t; ui;t 2 f0; 1g

The minimum up time (UTi) of unit i is modeled in (5.5) as proposed in [2].

�iX

tD1

1 � ui;t D 0 (5.5a)

kCUTi�1X

tDk

ui;t � UTiyi;k; 8k D �i C 1 : : : T � UTi C 1 (5.5b)

TX

tDk

ui;t � yi;t � 0; 8k D T � UTi C 2 : : : T (5.5c)

�i D min
˚
T;

�
UTi � U0

i

�
ui;tD0

�
(5.5d)
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The minimum up time (DTi) of unit i is modeled in (5.6) as proposed in [2].

�iX

tD1

ui;t D 0 (5.6a)

kCDTi�1X

tDk

1 � ui;t � DTizi;k; 8k D �i C 1 : : : T � DTi C 1 (5.6b)

TX

tDk

1 � ui;t � zi;t � 0; 8k D T � DTi C 2 : : : T (5.6c)

�i D min
˚
T;

�
DTi � S0

i

�
Œ1 � ui;tD0�

�
(5.6d)

The realistic start-up and shut-down costs depend on how long the unit has been
off or on, receptively. Some references have provided the detailed formulation for
modeling these cost terms. Here for simplicity, the start-up (Sdi) and shut-down
(Sdi) costs are modeled as constant values as (5.7).

STCi;t D Csiyi;t (5.7a)

SDCi;t D Sdizi;t (5.7b)

5.1.4 Demand-Generation Balance

In cost-based UC, the hourly total generation should be equal to the hourly demand:

X

i

Pi;t � Lt (5.8)

The hourly demand and price values vs time are depicted in Fig. 5.2.
The GAMS code for solving the cost-based unit commitment is provided in

GCode 5.1.

GCode 5.1 Cost-based unit commitment example for ten unit system

S e t s t t i m e / t 1�t 2 4 / ,
i g e n e r a t o r s / g1�g10 / ,

k c o s t segmen t s / sg1�sg20 / ,
c h a r / ch1�ch2 / ;

A l i a s ( t , h ) ;
Tab le g e n d a t a ( i ,� ) g e n e r a t o r c o s t c h a r a c t e r i s t i c s and l i m i t s

a b c CostsD c o s t s t RU RD UT DT SD SU Pmin Pmax U0 Ui n i S0

g1 0 . 0 1 4 1 2 . 1 82 4 2 . 6 4 2 . 6 40 40 3 2 90 110 80 200 1 0 1
g2 0 . 0 2 8 1 2 . 6 49 5 0 . 6 5 0 . 6 64 64 4 2 130 140 120 320 2 0 0
g3 0 . 0 1 3 1 3 . 2 100 5 7 . 1 5 7 . 1 30 30 3 2 70 80 50 150 3 0 3
g4 0 . 0 1 2 1 3 . 9 105 4 7 . 1 4 7 . 9 104 104 5 3 240 250 250 520 1 1 0
g5 0 . 0 2 6 1 3 . 5 72 5 6 . 6 5 6 . 9 56 56 4 2 110 130 80 280 1 1 0
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g6 0 . 0 2 1 1 5 . 4 29 1 4 1 . 5 1 4 1 . 5 30 30 3 2 60 80 50 150 0 0 0
g7 0 . 0 3 8 1 4 . 0 32 1 1 3 . 5 1 1 3 . 5 24 24 3 2 50 60 30 120 0 1 0
g8 0 . 0 3 9 1 3 . 5 40 4 2 . 6 4 2 . 6 22 22 3 2 45 55 30 110 0 0 0
g9 0 . 0 3 9 1 5 . 0 25 5 0 . 6 5 0 . 6 16 16 0 0 35 45 20 80 0 0 0
g10 0 . 0 5 1 1 4 . 3 15 5 7 . 1 5 7 . 1 12 12 0 0 30 40 20 60 0 0 0 ;
P a r a m e t e r d a t a ( k , i ,� ) ;
d a t a ( k , i , ’DP ’ ) =( g e n d a t a ( i , " Pmax " )�g e n d a t a ( i , " Pmin " ) ) / c a r d ( k ) ;
d a t a ( k , i , ’ P i n i ’ ) = ( o rd ( k ) �1)�d a t a ( k , i , ’DP ’ ) + g e n d a t a ( i , " Pmin " ) ;
d a t a ( k , i , ’ P f i n ’ ) = d a t a ( k , i , ’ P i n i ’ ) + d a t a ( k , i , ’DP ’ ) ;
d a t a ( k , i , ’ C i n i ’ ) = g e n d a t a ( i , " a " )�power ( d a t a ( k , i , ’ P i n i ’ ) , 2 )
+ g e n d a t a ( i , " b " )�d a t a ( k , i , ’ P i n i ’ ) + g e n d a t a ( i , " c " ) ;
d a t a ( k , i , ’ C f in ’ ) = g e n d a t a ( i , " a " )�power ( d a t a ( k , i , ’ P f i n ’ ) , 2 )
+ g e n d a t a ( i , " b " )�d a t a ( k , i , ’ P f i n ’ ) + g e n d a t a ( i , " c " ) ;
d a t a ( k , i , ’ s ’ ) = ( d a t a ( k , i , ’ C f in ’ )�d a t a ( k , i , ’ C i n i ’ ) ) / d a t a ( k , i , ’DP ’ ) ;
g e n d a t a ( i , ’ Mincos t ’ ) = g e n d a t a ( i , ’ a ’ )�power ( g e n d a t a ( i , " Pmin " ) , 2 )
+ g e n d a t a ( i , ’ b ’ )�g e n d a t a ( i , " Pmin " ) + g e n d a t a ( i , ’ c ’ ) ;
Tab le da taLP ( t ,� )

lambda load
t 1 1 4 . 7 2 883
t 2 1 5 . 6 2 915
t 2 3 2 0 . 5 0 915
t 2 4 1 5 . 6 2 8 3 4 ;
P a r a m e t e r u n i t ( i , c h a r ) ;
u n i t ( i , ’ ch1 ’ ) =24;
u n i t ( i , ’ ch2 ’ ) =( g e n d a t a ( i , ’UT ’ )�g e n d a t a ( i , ’U0 ’ ) )�g e n d a t a ( i , ’ U i n i ’ ) ;
p a r a m e t e r u n i t 2 ( i , c h a r ) ; u n i t 2 ( i , ’ ch1 ’ ) =24;
u n i t 2 ( i , ’ ch2 ’ ) =( g e n d a t a ( i , ’DT ’ )�g e n d a t a ( i , ’ S0 ’ ) )�(1�g e n d a t a ( i , ’ U i n i ’ ) ) ;
g e n d a t a ( i , ’ Lj ’ ) =smin ( char , u n i t ( i , c h a r ) ) ; g e n d a t a ( i , ’ F j ’ ) =smin ( char , u n i t 2 ( i , c h a r ) ) ;
v a r i a b l e c o s t T h e r m a l ; p o s i t i v e v a r i a b l e s pu ( i , t ) , p ( i , t ) , StC ( i , t ) ,SDC( i , t ) , Pk ( i , t , k ) ;
B in a r y v a r i a b l e u ( i , t ) , y ( i , t ) , z ( i , t ) ;
p . up ( i , t ) = g e n d a t a ( i , " Pmax " ) ; p . l o ( i , t ) = 0 ; Pk . up ( i , t , k ) = d a t a ( k , i , ’DP ’ ) ;
Pk . l o ( i , t , k ) =0 ; p . up ( i , t ) = g e n d a t a ( i , " Pmax " ) ; pu . up ( i , h ) = g e n d a t a ( i , " Pmax " ) ;
E q u a t i o n s Uptime1 , Uptime2 , Uptime3 , Dntime1 , Dntime2 , Dntime3 , Ramp1 , Ramp2 ,
Ramp3 , Ramp4 , s t a r t c , sh tdnc , gencons t1 , Genconst2 , Genconst3 , Genconst4 , balance ;

Uptime1 ( i ) $ ( g e n d a t a ( i , " Lj " ) >0) . .
sum ( t $ ( o rd ( t ) < ( g e n d a t a ( i , " Lj " ) +1) ) ,1�U( i , t ) ) =e =0;
Uptime2 ( i ) $ ( g e n d a t a ( i , " UT" ) >1) . .
sum ( t $ ( o rd ( t )>24�g e n d a t a ( i , " UT" ) +1) ,U( i , t )�y ( i , t ) ) =g =0;
Uptime3 ( i , t ) $ ( o rd ( t ) > g e n d a t a ( i , " Lj " ) and ord ( t )<24�g e n d a t a ( i , " UT" ) +2 and
n o t ( g e n d a t a ( i , " Lj " )>24�g e n d a t a ( i , " UT" ) ) ) . . sum ( h$ ( ( o rd ( h ) > ord ( t ) �1) and
( ord ( h ) < ord ( t ) + g e n d a t a ( i , " UT" ) ) ) ,U( i , h ) ) =g= g e n d a t a ( i , " UT" )�y ( i , t ) ;
Dntime1 ( i ) $ ( g e n d a t a ( i , " F j " ) >0) . . sum ( t $ ( o rd ( t ) < ( g e n d a t a ( i , " F j " ) +1) ) ,U( i , t ) ) =e =0;
Dntime2 ( i ) $ ( g e n d a t a ( i , " DT" ) >1) . .
sum ( t $ ( o rd ( t )>24�g e n d a t a ( i , " DT" ) +1) ,1�U( i , t )�z ( i , t ) ) =g =0;
Dntime3 ( i , t ) $ ( o rd ( t ) > g e n d a t a ( i , " F j " ) and ord ( t )<24�g e n d a t a ( i , " DT" ) +2
and n o t ( g e n d a t a ( i , " F j " )>24�g e n d a t a ( i , " DT" ) ) ) . . sum ( h$ ( ( o rd ( h ) > ord ( t ) �1)
and ( ord ( h ) < ord ( t ) + g e n d a t a ( i , " DT" ) ) ) ,1�U( i , h ) ) =g= g e n d a t a ( i , " DT" )�z ( i , t ) ;
s t a r t c ( i , t ) . . StC ( i , t ) =g= g e n d a t a ( i , " c o s t s t " )�y ( i , t ) ;
s h t d n c ( i , t ) . . SDC( i , t ) =g= g e n d a t a ( i , " CostsD " )�z ( i , t ) ;
Gencons t1 ( i , h ) . . p ( i , h ) =e=u ( i , h )�g e n d a t a ( i , " Pmin " ) +sum ( k , Pk ( i , h , k ) ) ;
Gencons t2 ( i , h ) $ ( o rd ( h ) >0) . . U( i , h ) =e=U( i , h�1)$ ( ord ( h ) >1)+ g e n d a t a ( i , " U i n i " ) $ ( o rd ( h )

=1)
+y ( i , h )�z ( i , h ) ;

Gencons t3 ( i , t , k ) . . Pk ( i , t , k ) = l =U( i , t )�d a t a ( k , i , ’DP ’ ) ;
Gencons t4 . . c o s t T h e r m a l =e=sum ( ( i , t ) , StC ( i , t ) +SDC( i , t ) ) +sum ( ( t , i ) ,
u ( i , t )�g e n d a t a ( i , ’ Mincos t ’ ) +sum ( k , d a t a ( k , i , ’ s ’ )�pk ( i , t , k ) ) ) ;
Ramp1 ( i , t ) . . p ( i , t �1)�p ( i , t ) = l =U( i , t )�g e n d a t a ( i , ’RD’ ) +z ( i , t )�g e n d a t a ( i , " SD " ) ;
Ramp2 ( i , t ) . . p ( i , t ) = l =pu ( i , t ) ;
Ramp3 ( i , t ) $ ( o rd ( t ) <24) . . pu ( i , t ) = l =( u ( i , t )�z ( i , t +1) )�g e n d a t a ( i , " Pmax " )

+z ( i , t +1)�g e n d a t a ( i , " SD " ) ;
Ramp4 ( i , t ) $ ( o rd ( t ) >1) . . pu ( i , t ) = l =p ( i , t �1)+U( i , t �1)�g e n d a t a ( i , ’RU’ )

+y ( i , t )�g e n d a t a ( i , " SU " ) ;
Ba lance ( t ) . . sum ( i , p ( i , t ) ) =e= dataLP ( t , ’ l o a d ’ ) ;
Model UCLP / a l l / ;
Opt ion o p t c r = 0 . 0 ;
So lve UCLP m i n i m i z i n g c o s t T h e r m a l u s i n g mip ;
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Fig. 5.2 Hourly demand and price values vs time
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Fig. 5.3 Power schedules in cost-based unit commitment vs time

The total operating costs are $485,240.189. The start-up, shut-down, and fuel
costs are $442.100, $0, and $484,798.089, respectively. The power schedules of
thermal units in cost-based unit commitment are depicted in Fig. 5.3.

5.2 Cost-Based UC with Additional Constraints

In order to improve the security and efficiency of the energy supply, some
additional constraints are needed to be considered in UC formulation. Some of these
constraints are discussed and formulated in this section.



126 5 Unit Commitment

5.2.1 Cost-Based UC with Reserve Constraints

One of the most important resources which is used by the system operator is called
spinning reserve (SR) [3]. It is used to cover the sudden increase in demand, rapid
reduction of renewable energy production, or unplanned generating unit outage. The
SR is supplied by online generating units which are synchronized to the system
and are able to ramp-up in order to meet the demand. The UC-reserve constrained
formulation is provided as follows:

min
pk

i;t ;ui;t ;yi;t ;zi;t

OF D
X

i;t

FCi;t C STCi;t C SDCi;t (5.9a)

X

i

Pi;t � Lt (5.9b)

Ri;t � NPi;t � Pi;t (5.9c)

X

i

Ri;t � �Lt (5.9d)

Subject to:

(5.2), (5.3), (5.4), (5.5), (5.6), (5.7)

where Ri;t is the reserve provided by online unit i at time t. � is the percentage
of demand which specifies the reserve requirement. It is usually expressed as a
percentage of demand at time t. The GAMS code for solving the (5.9) is described in
GCode 5.2. It should be noted that the generating unit characteristics are unchanged
but the hourly demand values specified in GCode 5.1 and Fig. 5.2 are reduced by
55%. The � value is specified by the system operator and is dependent on the
system specification. Here, it is assumed to be 40% for simulation purpose. The
total operating costs without the reserve constraint is $2:1039 � 105. However, if
the reserve constraint is taken into account then the operating costs would increase
to $2:1090 � 105. The operating schedules of thermal units considering reserve
constraint are provided in Table 5.2.

GCode 5.2 Cost-based unit commitment with reserve constraint

S e t s t / t 1�t 2 4 / , i / g1�g10 / , k / sg1�sg20 / , c h a r / ch1�ch2 / ; a l i a s ( t , h ) ; a l i a s ( i , g ) ;
Tab le g e n d a t a ( i ,� ) g e n e r a t o r c o s t c h a r a c t e r i s t i c s and l i m i t s
� Removed f o r s a v i n g s p a c e ;
P a r a m e t e r d a t a ( k , i ,� ) ;
d a t a ( k , i , ’DP ’ ) =( g e n d a t a ( i , " Pmax " )�g e n d a t a ( i , " Pmin " ) ) / c a r d ( k ) ;
d a t a ( k , i , ’ P i n i ’ ) = ( o rd ( k ) �1)�d a t a ( k , i , ’DP ’ ) + g e n d a t a ( i , " Pmin " ) ;
d a t a ( k , i , ’ P f i n ’ ) = d a t a ( k , i , ’ P i n i ’ ) + d a t a ( k , i , ’DP ’ ) ;
d a t a ( k , i , ’ C i n i ’ ) = g e n d a t a ( i , " a " )�power ( d a t a ( k , i , ’ P i n i ’ ) , 2 )
+ g e n d a t a ( i , " b " )�d a t a ( k , i , ’ P i n i ’ ) + g e n d a t a ( i , " c " ) ;
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d a t a ( k , i , ’ C f in ’ ) = g e n d a t a ( i , " a " )�power ( d a t a ( k , i , ’ P f i n ’ ) , 2 )
+ g e n d a t a ( i , " b " )�d a t a ( k , i , ’ P f i n ’ ) + g e n d a t a ( i , " c " ) ;
d a t a ( k , i , ’ s ’ ) = ( d a t a ( k , i , ’ C f in ’ )�d a t a ( k , i , ’ C i n i ’ ) ) / d a t a ( k , i , ’DP ’ ) ;
g e n d a t a ( i , ’ Mincos t ’ ) = g e n d a t a ( i , ’ a ’ )�power ( g e n d a t a ( i , " Pmin " ) , 2 )
+ g e n d a t a ( i , ’ b ’ )�g e n d a t a ( i , " Pmin " ) + g e n d a t a ( i , ’ c ’ ) ;
t a b l e da taLP ( t ,� )

lambda load
� Removed f o r s a v i n g s p a c e ;
da taLP ( t , ’ l o a d ’ ) = dataLP ( t , ’ l o a d ’ ) �0 .45 ; P a r a m e t e r u n i t ( i , c h a r ) ;
u n i t ( i , ’ ch1 ’ ) =24; u n i t ( i , ’ ch2 ’ ) =( g e n d a t a ( i , ’UT ’ )�g e n d a t a ( i , ’U0 ’ ) )�g e n d a t a ( i , ’ U i n i ’ )

;
P a r a m e t e r u n i t 2 ( i , c h a r ) ; u n i t 2 ( i , ’ ch1 ’ ) =24;
u n i t 2 ( i , ’ ch2 ’ ) =( g e n d a t a ( i , ’DT ’ )�g e n d a t a ( i , ’ S0 ’ ) )�(1�g e n d a t a ( i , ’ U i n i ’ ) ) ;
g e n d a t a ( i , ’ Lj ’ ) =smin ( char , u n i t ( i , c h a r ) ) ; g e n d a t a ( i , ’ F j ’ ) =smin ( char , u n i t 2 ( i , c h a r ) ) ;
V a r i a b l e c o s t T h e r m a l ; B in a r y v a r i a b l e u ( i , t ) , y ( i , t ) , z ( i , t ) ;
P o s i t i v e v a r i a b l e s pu ( i , t ) , p ( i , t ) , StC ( i , t ) ,SDC( i , t ) , Pk ( i , t , k ) ;
p . up ( i , t ) = g e n d a t a ( i , " Pmax " ) ; p . l o ( i , t ) =0 ;
Pk . up ( i , t , k ) = d a t a ( k , i , ’DP ’ ) ; Pk . l o ( i , t , k ) =0 ;
p . up ( i , t ) = g e n d a t a ( i , " Pmax " ) ; pu . up ( i , h ) = g e n d a t a ( i , " Pmax " ) ;
E q u a t i o n s Uptime1 , Uptime2 , Uptime3 , Dntime1 , Dntime2 , Dntime3 ,
Ramp1 , Ramp2 , Ramp3 , Ramp4 , s t a r t c , sh tdnc , gencons t1 ,
Genconst2 , Genconst3 , Genconst4 , balance , r e s e r v e ;
Uptime1 ( i ) $ ( g e n d a t a ( i , " Lj " ) >0) . .

sum ( t $ ( o rd ( t ) < ( g e n d a t a ( i , " Lj " ) +1) ) ,1�U( i , t ) ) =e =0;
Uptime2 ( i ) $ ( g e n d a t a ( i , " UT" ) >1) . .

sum ( t $ ( o rd ( t )>24�g e n d a t a ( i , " UT" ) +1) ,U( i , t )�y ( i , t ) ) =g =0;
Uptime3 ( i , t ) $ ( o rd ( t ) > g e n d a t a ( i , " Lj " ) and ord ( t )<24�g e n d a t a ( i , " UT" ) +2 and
n o t ( g e n d a t a ( i , " Lj " )>24�g e n d a t a ( i , " UT" ) ) )

. . sum ( h$ ( ( o rd ( h ) > ord ( t ) �1) and ( ord ( h ) < ord ( t ) + g e n d a t a ( i , " UT" ) ) ) ,U( i , h ) ) =g=
g e n d a t a ( i , " UT" )�y ( i , t ) ;

Dntime1 ( i ) $ ( g e n d a t a ( i , " F j " ) >0) . . sum ( t $ ( o rd ( t ) < ( g e n d a t a ( i , " F j " ) +1) ) ,U( i , t ) ) =e
=0;

Dntime2 ( i ) $ ( g e n d a t a ( i , " DT" ) >1) . .
sum ( t $ ( o rd ( t )>24�g e n d a t a ( i , " DT" ) +1) ,1�U( i , t )�z ( i , t ) ) =g

=0;
Dntime3 ( i , t ) $ ( o rd ( t ) > g e n d a t a ( i , " F j " ) and ord ( t )<24�g e n d a t a ( i , " DT" ) +2 and
n o t ( g e n d a t a ( i , " F j " )>24�g e n d a t a ( i , " DT" ) ) )
. . sum ( h$ ( ( o rd ( h ) > ord ( t ) �1) and ( ord ( h ) < ord ( t ) + g e n d a t a ( i , " DT" ) ) ) ,1�U( i , h ) ) =g=
g e n d a t a ( i , " DT" )�z ( i , t ) ;
s t a r t c ( i , t ) . . StC ( i , t ) =g= g e n d a t a ( i , " c o s t s t " )�y ( i , t ) ;
s h t d n c ( i , t ) . . SDC( i , t ) =g= g e n d a t a ( i , " CostsD " )�z ( i , t ) ;
g e n c o n s t 1 ( i , h ) . . p ( i , h ) =e=u ( i , h )�g e n d a t a ( i , " Pmin " ) +sum ( k , Pk ( i , h , k ) ) ;
Gencons t2 ( i , h ) $ ( o rd ( h ) >0) . . U( i , h ) =e=
U( i , h�1)$ ( ord ( h ) >1)+ g e n d a t a ( i , " U in i " ) $ ( o rd ( h ) =1)+y ( i , h )�z ( i , h ) ;
Gencons t3 ( i , t , k ) . . Pk ( i , t , k ) = l =U( i , t )�d a t a ( k , i , ’DP ’ ) ;
Gencons t4 . . c o s t T h e r m a l =e=sum ( ( i , t ) , StC ( i , t ) +SDC( i , t ) ) +sum ( ( t , i ) ,

u ( i , t )�g e n d a t a ( i , ’ Mincos t ’ ) +sum ( k , d a t a ( k , i , ’ s ’ )�pk ( i , t , k ) ) ) ;
Ramp1 ( i , t ) . . p ( i , t �1)�p ( i , t ) = l =U( i , t )�g e n d a t a ( i , ’RD’ ) +z ( i , t )�g e n d a t a ( i , " SD " ) ;
Ramp2 ( i , t ) . . p ( i , t ) = l =pu ( i , t ) ;
Ramp3 ( i , t ) $ ( o rd ( t ) <24) . . pu ( i , t ) = l =( u ( i , t )�z ( i , t +1) )�g e n d a t a ( i , " Pmax " )

+z ( i , t +1)�g e n d a t a ( i , " SD " ) ;
Ramp4 ( i , t ) $ ( o rd ( t ) >1) . . pu ( i , t ) = l =p ( i , t �1)+U( i , t �1)�g e n d a t a ( i , ’RU’ )

+y ( i , t )�g e n d a t a ( i , " SU " ) ;
balance ( t ) . . sum ( i , p ( i , t ) ) =e= dataLP ( t , ’ l o a d ’ ) ;
r e s e r v e ( t ) . . sum ( i , pu ( i , t )�p ( i , t ) ) =g =0.40� dataLP ( t , ’ l o a d ’ ) ;
Model UCLP / a l l / ; Opt ion o p t c r = 0 . 0 ;
So lve UCLP m i n i m i z i n g c o s t T h e r m a l u s i n g mip ;
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Table 5.2 Power schedules (Pi;t) of thermal units considering reserve constraint

Time g1 g3 g4 g5 g7 g8 g10

t1 250.0 90.4 57.0

t2 250.0 107.8 54.0

t3 94.5 250.0 80.0 30.0

t4 92.1 65.0 250.0 80.0 30.0

t5 104.0 72.2 250.0 80.0 30.0 20.0

t6 110.0 79.0 250.0 80.0 30.0 30.0 20.0

t7 123.7 95.0 250.0 80.0 30.0 30.0 20.0

t8 128.0 100.6 250.0 80.0 30.0 30.0 20.0

t9 134.0 106.8 250.0 80.0 30.0 34.0 20.0

t10 134.0 106.8 250.0 80.0 30.0 34.0 20.0

t11 133.5 105.0 250.0 80.0 30.0 30.0 20.0

t12 134.6 110.0 250.0 80.0 30.0 34.0

t13 133.7 105.0 250.0 80.0 30.0 30.0

t14 122.0 90.6 250.0 80.0 30.0 30.0

t15 128.0 97.6 250.0 80.0 30.0 30.0

t16 122.0 90.6 250.0 80.0 30.0 30.0

t17 98.0 68.2 250.0 80.0 30.0 30.0

t18 110.0 77.3 250.0 30.0 30.0

t19 104.2 52.9 250.0 30.0 30.0

t20 121.6 250.0 30.0 30.0

t21 104.9 250.0 30.0 30.0

t22 88.3 250.0 30.0 30.0

t23 101.8 250.0 30.0 30.0

t24 95.3 250.0 30.0

The reserve provision (Ri;t) by thermal units considering reserve constraint is
given in Table 5.3.

5.2.2 Cost-Based UC Considering Generator Contingency

In this section, the cost-based UC is formulated in order to consider the generator
outage contingencies. The system operator is willing to be robust against the
unexpected outages of generating units. It means that in case of any generating unit
outage the reserve resource by the remaining units should be able to supply the lost
generating unit. This constraint is modeled as follows:

min
pk

i;t ;ui;t ;yi;t ;zi;t

OF D
X

i;t

FCi;t C STCi;t C SDCi;t (5.10a)
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Table 5.3 Reserve provision (Ri;t) by thermal units considering reserve constraint

Time g1 g3 g4 g5 g7 g8 g10

t1 270.0 189.7 63.0

t2 99.1 38.6 27.0

t3 15.5 34.6 83.8 48.0

t4 42.5 15.0 69.4 56.0 24.0

t5 28.1 22.8 71.6 56.0 24.0 20.0

t6 34.0 104.0 56.0 8.6 25.0 12.0

t7 26.4 14.0 97.2 56.0 24.0 22.0 12.0

t8 35.7 24.5 81.3 56.0 24.0 22.0 12.0

t9 34.0 23.8 94.1 56.0 24.0 18.0 12.0

t10 40.0 30.0 77.9 56.0 24.0 22.0 12.0

t11 40.6 31.8 71.1 56.0 24.0 26.0 10.0

t12 38.9 25.0 93.5 56.0 24.0 18.0

t13 40.9 35.0 69.6 56.0 24.0 26.0

t14 51.7 44.5 42.9 56.0 24.0 22.0

t15 34.0 23.0 87.3 56.0 24.0 22.0

t16 46.0 37.1 56.0 56.0 24.0 22.0

t17 42.5 104.0 30.0 24.0 22.0

t18 28.0 21.0 104.0 24.0 22.0

t19 45.8 17.1 77.9 24.0 22.0

t20 22.6 104.0 24.0 22.0

t21 56.7 63.3 24.0 22.0

t22 56.7 56.7 24.0 22.0

t23 21.7 104.0 24.0 15.0

t24 98.1 52.0

X

i

Pi;t � Lt (5.10b)

Ri;t � NPi;t � Pi;t (5.10c)
X

i¤i0

Ri;t � Pi0;t 8i0 2 ˝c (5.10d)

Subject to:

(5.2), (5.3), (5.4), (5.5), (5.6), (5.7)

where ˝c is the set of contingencies for generating units. The GAMS code
for solving the (5.10) is described in GCode 5.3. As previously stated, the total
operating costs without the generator contingency constraint are $2:1039 � 105.
However, if the generator contingency constraint (the outage of all generating units
except g4 is considered) is taken into account then the operating costs would
increase to $2:1041 � 105.
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GCode 5.3 Cost-based unit commitment considering generator contingencies

S e t s t t i m e / t 1�t 2 4 /
i g e n e r a t o r s i n d i c e s / g1�g10 / , k c o s t segmen t s / sg1�sg20 /
c h a r / ch1�ch2 / , g ( i ) / g1�g3 , g5�g10 / ; A l i a s ( t , h ) ;

t a b l e g e n d a t a ( i ,� ) g e n e r a t o r c o s t c h a r a c t e r i s t i c s and l i m i t s
a b c CostsD c o s t s t RU RD UT DT SD SU Pmin Pmax U0 Ui n i S0

� Removed f o r s a v i n g s p a c e ;
p a r a m e t e r d a t a ( k , i ,� ) ;
d a t a ( k , i , ’DP ’ ) =( g e n d a t a ( i , " Pmax " )�g e n d a t a ( i , " Pmin " ) ) / c a r d ( k ) ;
d a t a ( k , i , ’ P i n i ’ ) = ( o rd ( k ) �1)�d a t a ( k , i , ’DP ’ ) + g e n d a t a ( i , " Pmin " ) ;
d a t a ( k , i , ’ P f i n ’ ) = d a t a ( k , i , ’ P i n i ’ ) + d a t a ( k , i , ’DP ’ ) ;
d a t a ( k , i , ’ C i n i ’ ) = g e n d a t a ( i , " a " )�power ( d a t a ( k , i , ’ P i n i ’ ) , 2 )
+ g e n d a t a ( i , " b " )�d a t a ( k , i , ’ P i n i ’ ) + g e n d a t a ( i , " c " ) ;
d a t a ( k , i , ’ C f in ’ ) = g e n d a t a ( i , " a " )�power ( d a t a ( k , i , ’ P f i n ’ ) , 2 )
+ g e n d a t a ( i , " b " )�d a t a ( k , i , ’ P f i n ’ ) + g e n d a t a ( i , " c " ) ;
d a t a ( k , i , ’ s ’ ) = ( d a t a ( k , i , ’ C f in ’ )�d a t a ( k , i , ’ C i n i ’ ) ) / d a t a ( k , i , ’DP ’ ) ;
g e n d a t a ( i , ’ Mincos t ’ ) = g e n d a t a ( i , ’ a ’ )�power ( g e n d a t a ( i , " Pmin " ) , 2 )
+ g e n d a t a ( i , ’ b ’ )�g e n d a t a ( i , " Pmin " ) + g e n d a t a ( i , ’ c ’ ) ;
Tab le da taLP ( t ,� )

lambda load
� Removed f o r s a v i n g s p a c e ;
da taLP ( t , ’ l o a d ’ ) = dataLP ( t , ’ l o a d ’ ) �0 .45 ;
P a r a m e t e r u n i t ( i , c h a r ) ; u n i t ( i , ’ ch1 ’ ) =24;
u n i t ( i , ’ ch2 ’ ) =( g e n d a t a ( i , ’UT ’ )�g e n d a t a ( i , ’U0 ’ ) )�g e n d a t a ( i , ’ U i n i ’ ) ;
p a r a m e t e r u n i t 2 ( i , c h a r ) ; u n i t 2 ( i , ’ ch1 ’ ) =24;
u n i t 2 ( i , ’ ch2 ’ ) =( g e n d a t a ( i , ’DT ’ )�g e n d a t a ( i , ’ S0 ’ ) )�(1�g e n d a t a ( i , ’ U i n i ’ ) ) ;
g e n d a t a ( i , ’ Lj ’ ) =smin ( char , u n i t ( i , c h a r ) ) ; g e n d a t a ( i , ’ F j ’ ) =smin ( char , u n i t 2 ( i , c h a r ) ) ;
V a r i a b l e c o s t T h e r m a l ;
p o s i t i v e v a r i a b l e s pu ( i , t ) , p ( i , t ) , StC ( i , t ) ,SDC( i , t ) , Pk ( i , t , k ) ;
B in a r y v a r i a b l e u ( i , t ) , y ( i , t ) , z ( i , t ) ;
p . up ( i , t ) = g e n d a t a ( i , " Pmax " ) ; p . l o ( i , t ) = 0 ;
Pk . up ( i , t , k ) = d a t a ( k , i , ’DP ’ ) ; Pk . l o ( i , t , k ) =0 ;
p . up ( i , t ) = g e n d a t a ( i , " Pmax " ) ; pu . up ( i , h ) = g e n d a t a ( i , " Pmax " ) ;
E q u a t i o n s Uptime1 , Uptime2 , Uptime3 , Dntime1 , Dntime2 , Dntime3 , Ramp1 , Ramp2 , Ramp3 , Ramp4
, s t a r t c , sh tdnc , gencons t1 , Gencons t2 , Genconst3 , Genconst4 , balance , r e s e r v e ;
Uptime1 ( i ) $ ( g e n d a t a ( i , " Lj " ) >0) . . sum ( t $ ( o rd ( t ) < ( g e n d a t a ( i , " Lj " ) +1) ) ,1�U( i , t ) ) =e =0;
Uptime2 ( i ) $ ( g e n d a t a ( i , " UT" ) >1)

. . sum ( t $ ( o rd ( t )>24�g e n d a t a ( i , " UT" ) +1) ,U( i , t )�y ( i , t ) ) =g =0;
Uptime3 ( i , t ) $ ( o rd ( t ) > g e n d a t a ( i , " Lj " ) and ord ( t )<24�g e n d a t a ( i , " UT" ) +2
and n o t ( g e n d a t a ( i , " Lj " )>24�g e n d a t a ( i , " UT" ) ) ) . . sum ( h$ ( ( o rd ( h ) > ord ( t ) �1) and
( ord ( h ) < ord ( t ) + g e n d a t a ( i , " UT" ) ) ) ,U( i , h ) ) =g= g e n d a t a ( i , " UT" )�y ( i , t ) ;
Dntime1 ( i ) $ ( g e n d a t a ( i , " F j " ) >0) . . sum ( t $ ( o rd ( t ) <( g e n d a t a ( i , " F j " ) +1) ) ,U( i , t ) ) =e =0;
Dntime2 ( i ) $ ( g e n d a t a ( i , " DT" ) >1)
. . sum ( t $ ( o rd ( t )>24�g e n d a t a ( i , " DT" ) +1) ,1�U( i , t )�z ( i , t ) ) =g =0;
Dntime3 ( i , t ) $ ( o rd ( t ) > g e n d a t a ( i , " F j " ) and ord ( t )<24�g e n d a t a ( i , " DT" ) +2 and
n o t ( g e n d a t a ( i , " F j " )>24�g e n d a t a ( i , " DT" ) ) ) . . sum ( h$ ( ( o rd ( h ) > ord ( t ) �1) and
( ord ( h ) < ord ( t ) + g e n d a t a ( i , " DT" ) ) ) ,1�U( i , h ) ) =g= g e n d a t a ( i , " DT" )�z ( i , t ) ;
s t a r t c ( i , t ) . . StC ( i , t ) =g= g e n d a t a ( i , " c o s t s t " )�y ( i , t ) ;
s h t d n c ( i , t ) . . SDC( i , t ) =g= g e n d a t a ( i , " CostsD " )�z ( i , t ) ;
g e n c o n s t 1 ( i , h ) . . p ( i , h ) =e=u ( i , h )�g e n d a t a ( i , " Pmin " ) +sum ( k , Pk ( i , h , k ) ) ;
Gencons t2 ( i , h ) $ ( o rd ( h ) >0) . . U( i , h ) =e=U( i , h�1)$ ( ord ( h ) >1)
+ g e n d a t a ( i , " U in i " ) $ ( o rd ( h ) =1)+y ( i , h )�z ( i , h ) ;
Gencons t3 ( i , t , k ) . . Pk ( i , t , k ) = l =U( i , t )�d a t a ( k , i , ’DP ’ ) ;
Gencons t4 . . c o s t T h e r m a l =e=sum ( ( i , t ) , StC ( i , t ) +SDC( i , t ) )
+sum ( ( t , i ) , u ( i , t )�g e n d a t a ( i , ’ Mincos t ’ ) +sum ( k , d a t a ( k , i , ’ s ’ )�pk ( i , t , k ) ) ) ;
Ramp1 ( i , t ) . . p ( i , t �1)�p ( i , t ) = l =U( i , t )�g e n d a t a ( i , ’RD’ ) +z ( i , t )�g e n d a t a ( i , " SD " ) ;
Ramp2 ( i , t ) . . p ( i , t ) = l =pu ( i , t ) ;
Ramp3 ( i , t ) $ ( o rd ( t ) <24) . . pu ( i , t ) = l =( u ( i , t )�z ( i , t +1) )�g e n d a t a ( i , " Pmax " )

+z ( i , t +1)�g e n d a t a ( i , " SD " ) ;
Ramp4 ( i , t ) $ ( o rd ( t ) >1) . . pu ( i , t ) = l =p ( i , t �1)+U( i , t �1)�g e n d a t a ( i , ’RU’ )

+y ( i , t )�g e n d a t a ( i , " SU " ) ;
balance ( t ) . . sum ( i , p ( i , t ) ) =e= dataLP ( t , ’ l o a d ’ ) ;
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r e s e r v e ( t , g ) . . sum ( i $ ( o rd ( i ) <> ord ( g ) ) , pu ( i , t )�p ( i , t ) ) =g=1�p ( g , t ) ;
Model UCLP / a l l / ; Opt ion o p t c r = 0 . 0 ;
So lve UCLP m i n i m i z i n g c o s t T h e r m a l u s i n g mip ;

Power schedules (Pi;t) by thermal units considering generator contingency
constraint are provided in Table 5.4.

The reserve provision (Ri;t) by thermal units considering generator contingencies
is provided in Table 5.5.

5.2.3 Cost-Based UC with Demand Flexibility Constraints

The balance between generation and demand is traditionally managed by scheduling
the generating units. However, this paradigm is changing gradually. In other words,
the demand values can also change intentionally to increase the efficiency of UC

Table 5.4 Power schedules (Pi;t) by thermal units considering generator contingency constraint

Time g1 g3 g4 g5 g7 g8 g10

t1 0.0 0.0 250.0 93.4 54.0 0.0 0.0

t2 0.0 51.8 250.0 80.0 30.0 0.0 0.0

t3 0.0 74.5 250.0 80.0 30.0 0.0 20.0

t4 110.0 104.5 250.0 0.0 30.6 0.0 22.0

t5 128.0 98.2 250.0 0.0 30.0 30.0 20.0

t6 146.0 115.0 250.0 0.0 30.0 38.0 20.0

t7 152.0 130.0 250.0 0.0 34.5 40.2 22.0

t8 158.0 130.1 250.0 0.0 34.5 42.0 24.0

t9 162.8 135.0 250.0 0.0 39.0 42.0 26.0

t10 162.8 135.0 250.0 0.0 39.0 42.0 26.0

t11 158.0 135.0 250.0 0.0 39.0 42.0 24.5

t12 158.0 130.1 250.0 0.0 34.5 42.0 24.0

t13 152.0 130.0 250.0 0.0 34.5 40.2 22.0

t14 146.0 118.6 250.0 0.0 30.0 38.0 20.0

t15 146.1 125.0 250.0 0.0 34.5 38.0 22.0

t16 146.0 118.6 250.0 0.0 30.0 38.0 20.0

t17 139.0 113.3 250.0 0.0 0.0 34.0 20.0

t18 137.3 110.0 250.0 0.0 0.0 0.0 0.0

t19 122.1 95.0 250.0 0.0 0.0 0.0 0.0

t20 106.6 75.0 250.0 0.0 0.0 0.0 0.0

t21 98.0 66.9 250.0 0.0 0.0 0.0 0.0

t22 92.0 56.3 250.0 0.0 0.0 0.0 0.0

t23 96.8 65.0 250.0 0.0 0.0 0.0 0.0

t24 125.3 0.0 250.0 0.0 0.0 0.0 0.0
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Table 5.5 Reserve provision (Ri;t) by thermal units considering generator contingency constraint

Time g1 g3 g4 g5 g7 g8 g10

t1 0.0 0.0 270.0 186.7 66.0 0.0 0.0

t2 0.0 28.3 0.0 69.4 48.0 0.0 0.0

t3 0.0 7.3 1.8 30.0 22.8 0.0 20.0

t4 0.0 0.0 76.6 0.0 23.5 0.0 10.0

t5 22.0 0.0 64.5 0.0 24.6 25.0 14.0

t6 0.0 4.0 104.0 0.0 24.0 14.0 0.0

t7 0.0 8.7 104.0 0.0 19.5 19.9 0.0

t8 0.0 0.0 103.9 0.0 24.0 20.2 10.0

t9 0.0 15.0 96.3 0.0 19.5 22.0 10.0

t10 0.0 15.0 89.8 0.0 24.0 22.0 12.0

t11 0.0 0.0 98.5 0.0 24.0 22.0 13.6

t12 0.0 0.0 95.1 0.0 28.5 22.0 12.5

t13 0.0 0.2 104.0 0.0 24.0 23.9 0.0

t14 0.0 3.9 104.0 0.0 0.0 24.2 14.0

t15 0.0 21.1 73.5 0.0 19.5 22.0 10.0

t16 0.0 0.0 90.0 0.0 20.0 22.0 14.0

t17 0.0 14.0 104.0 0.0 0.0 11.0 10.0

t18 6.0 33.3 104.0 0.0 0.0 0.0 0.0

t19 0.0 18.1 104.0 0.0 0.0 0.0 0.0

t20 0.0 31.6 75.0 0.0 0.0 0.0 0.0

t21 0.0 31.1 66.9 0.0 0.0 0.0 0.0

t22 0.0 0.0 92.0 0.0 0.0 0.0 0.0

t23 0.0 5.0 91.8 0.0 0.0 0.0 0.0

t24 0.0 95.0 30.3 0.0 0.0 0.0 0.0

problems. In this modern context, the demand values are no longer strict and can
be dispatched. The UC problem incorporating a simple demand response model is
presented as follows:

min
pk

i;t ;ui;t ;yi;t ;zi;t

OF D
X

i;t

FCi;t C STCi;t C SDCi;t (5.11a)

X

i

Pi;t � Dt (5.11b)

.1 � &min/Lt � Dt � .1 C &max/Lt (5.11c)
X

t

Dt D
X

t

Lt (5.11d)

Subject to:

(5.2), (5.3), (5.4), (5.5), (5.6), (5.7)
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Equation (5.11c) states the demand variation ranges. &min=max determine the min/-
max flexibility of demand response. Equation (5.11d) states that the total energy of
the consumer does not change over the operating horizon. The &min=max are assumed
to be 10%.

The GAMS code for solving the (5.11) is described in GCode 5.4. As previously
stated, the total operating costs without the generator contingency constraint are
$2:1039 � 105. However, if the demand response flexibility is available then the
operating costs would decrease to $2:0965 � 105. The power schedules (Pi;t) by
thermal units considering demand response constraint are given in Table 5.6.

GCode 5.4 Cost-based unit commitment considering demand response

S e t s t / t 1�t 2 4 / , i / g1�g10 / , k / sg1�sg20 / , c h a r / ch1�ch2 / ; a l i a s ( t , h ) ;
Tab le g e n d a t a ( i ,� ) g e n e r a t o r c o s t c h a r a c t e r i s t i c s and l i m i t s

a b c CostsD c o s t s t RU RD UT DT SD SU Pmin Pmax U0 Ui n i S0
� Removed f o r s a v i n g s p a c e ; p a r a m e t e r d a t a ( k , i ,� ) ;
d a t a ( k , i , ’DP ’ ) =( g e n d a t a ( i , " Pmax " )�g e n d a t a ( i , " Pmin " ) ) / c a r d ( k ) ;
d a t a ( k , i , ’ P i n i ’ ) = ( o rd ( k ) �1)�d a t a ( k , i , ’DP ’ ) + g e n d a t a ( i , " Pmin " ) ;
d a t a ( k , i , ’ P f i n ’ ) = d a t a ( k , i , ’ P i n i ’ ) + d a t a ( k , i , ’DP ’ ) ;
d a t a ( k , i , ’ C i n i ’ ) = g e n d a t a ( i , " a " )�power ( d a t a ( k , i , ’ P i n i ’ ) , 2 )

+ g e n d a t a ( i , " b " )�d a t a ( k , i , ’ P i n i ’ ) + g e n d a t a ( i , " c " ) ;
d a t a ( k , i , ’ C f in ’ ) = g e n d a t a ( i , " a " )�power ( d a t a ( k , i , ’ P f i n ’ ) , 2 )
+ g e n d a t a ( i , " b " )�d a t a ( k , i , ’ P f i n ’ ) + g e n d a t a ( i , " c " ) ;
d a t a ( k , i , ’ s ’ ) = ( d a t a ( k , i , ’ C f in ’ )�d a t a ( k , i , ’ C i n i ’ ) ) / d a t a ( k , i , ’DP ’ ) ;
g e n d a t a ( i , ’ Mincos t ’ ) = g e n d a t a ( i , ’ a ’ )�power ( g e n d a t a ( i , " Pmin " ) , 2 )

+ g e n d a t a ( i , ’ b ’ )�g e n d a t a ( i , " Pmin " ) + g e n d a t a ( i , ’ c ’ ) ;
Tab le da taLP ( t ,� )

lambda load
� Removed f o r s a v i n g s p a c e ;
da taLP ( t , ’ l o a d ’ ) = dataLP ( t , ’ l o a d ’ ) �0 .45 ;
p a r a m e t e r u n i t ( i , c h a r ) ;
u n i t ( i , ’ ch1 ’ ) =24; u n i t ( i , ’ ch2 ’ ) =
( g e n d a t a ( i , ’UT ’ )�g e n d a t a ( i , ’U0 ’ ) )�g e n d a t a ( i , ’ U in i ’ ) ;
P a r a m e t e r u n i t 2 ( i , c h a r ) ;
u n i t 2 ( i , ’ ch1 ’ ) =24; u n i t 2 ( i , ’ ch2 ’ ) =
( g e n d a t a ( i , ’DT ’ )�g e n d a t a ( i , ’ S0 ’ ) )�(1�g e n d a t a ( i , ’ U in i ’ ) ) ;
g e n d a t a ( i , ’ Lj ’ ) =smin ( char , u n i t ( i , c h a r ) ) ;
g e n d a t a ( i , ’ F j ’ ) =smin ( char , u n i t 2 ( i , c h a r ) ) ; V a r i a b l e c o s t T h e r m a l ;
P o s i t i v e v a r i a b l e s pu ( i , t ) , p ( i , t ) , StC ( i , t ) ,SDC( i , t ) , Pk ( i , t , k ) ,D( t ) ;
B in a r y v a r i a b l e u ( i , t ) , y ( i , t ) , z ( i , t ) ;
p . up ( i , t ) = g e n d a t a ( i , " Pmax " ) ;
p . l o ( i , t ) = 0 ; Pk . up ( i , t , k ) = d a t a ( k , i , ’DP ’ ) ; Pk . l o ( i , t , k ) =0 ;
p . up ( i , t ) = g e n d a t a ( i , " Pmax " ) ; pu . up ( i , h ) = g e n d a t a ( i , " Pmax " ) ;
E q u a t i o n s Uptime1 , Uptime2 , Uptime3 , Dntime1 , Dntime2 , Dntime3 , Ramp1 , Ramp2 , Ramp3 ,
Ramp4 , s t a r t c , sh tdnc , gencons t1 , Genconst2 , Genconst3 , Genconst4 , balance , DRconst ;
Uptime1 ( i ) $ ( g e n d a t a ( i , " Lj " ) >0) . . sum ( t $ ( o rd ( t ) < ( g e n d a t a ( i , " Lj " ) +1) ) ,1�U( i , t ) ) =e =0;
Uptime2 ( i ) $ ( g e n d a t a ( i , " UT" ) >1) . .
sum ( t $ ( o rd ( t )>24�g e n d a t a ( i , " UT" ) +1) ,U( i , t )�y ( i , t ) ) =g =0;
Uptime3 ( i , t ) $ ( o rd ( t ) > g e n d a t a ( i , " Lj " ) and ord ( t )<24�g e n d a t a ( i , " UT" ) +2
and n o t ( g e n d a t a ( i , " Lj " )>24�g e n d a t a ( i , " UT" ) ) ) . . sum ( h$ ( ( o rd ( h ) > ord ( t ) �1) and
( ord ( h ) < ord ( t ) + g e n d a t a ( i , " UT" ) ) ) ,U( i , h ) ) =g= g e n d a t a ( i , " UT" )�y ( i , t ) ;
Dntime1 ( i ) $ ( g e n d a t a ( i , " F j " ) >0) . . sum ( t $ ( o rd ( t ) < ( g e n d a t a ( i , " F j " ) +1) ) ,U( i , t ) ) =e =0;
Dntime2 ( i ) $ ( g e n d a t a ( i , " DT" ) >1) . .
sum ( t $ ( o rd ( t )>24�g e n d a t a ( i , " DT" ) +1) ,1�U( i , t )�z ( i , t ) ) =g =0;
Dntime3 ( i , t ) $ ( o rd ( t ) > g e n d a t a ( i , " F j " ) and ord ( t )<24�g e n d a t a ( i , " DT" ) +2 and
n o t ( g e n d a t a ( i , " F j " )>24�g e n d a t a ( i , " DT" ) ) ) . . sum ( h$ ( ( o rd ( h ) > ord ( t ) �1) and
( ord ( h ) < ord ( t ) + g e n d a t a ( i , " DT" ) ) ) ,1�U( i , h ) ) =g= g e n d a t a ( i , " DT" )�z ( i , t ) ;
s t a r t c ( i , t ) . . StC ( i , t ) =g= g e n d a t a ( i , " c o s t s t " )�y ( i , t ) ;
s h t d n c ( i , t ) . . SDC( i , t ) =g= g e n d a t a ( i , " CostsD " )�z ( i , t ) ;
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g e n c o n s t 1 ( i , h ) . . p ( i , h ) =e=u ( i , h )�g e n d a t a ( i , " Pmin " ) +sum ( k , Pk ( i , h , k ) ) ;
Gencons t2 ( i , h ) $ ( o rd ( h ) >0) . . U( i , h ) =e=U( i , h�1)$ ( ord ( h ) >1)
+ g e n d a t a ( i , " U in i " ) $ ( o rd ( h ) =1)+y ( i , h )�z ( i , h ) ;
Gencons t3 ( i , t , k ) . . Pk ( i , t , k ) = l =U( i , t )�d a t a ( k , i , ’DP ’ ) ;
Gencons t4 . . c o s t T h e r m a l =e=sum ( ( i , t ) , StC ( i , t ) +SDC( i , t ) )
+sum ( ( t , i ) , u ( i , t )�g e n d a t a ( i , ’ Mincos t ’ ) +sum ( k , d a t a ( k , i , ’ s ’ )�pk ( i , t , k ) ) ) ;
Ramp1 ( i , t ) . . p ( i , t �1)�p ( i , t ) = l =U( i , t )�g e n d a t a ( i , ’RD’ ) +z ( i , t )�g e n d a t a ( i , " SD " ) ;
Ramp2 ( i , t ) . . p ( i , t ) = l =pu ( i , t ) ;
Ramp3 ( i , t ) $ ( o rd ( t ) <24) . . pu ( i , t ) = l =( u ( i , t )�z ( i , t +1) )�g e n d a t a ( i , " Pmax " )
+z ( i , t +1)�g e n d a t a ( i , " SD " ) ;
Ramp4 ( i , t ) $ ( o rd ( t ) >1) . . pu ( i , t ) = l =p ( i , t �1)+U( i , t �1)�g e n d a t a ( i , ’RU’ )
+y ( i , t )�g e n d a t a ( i , " SU " ) ;
balance ( t ) . . sum ( i , p ( i , t ) ) =e= D( t ) ;
DRconst . . sum ( t , da taLP ( t , ’ l o a d ’ ) ) =e=sum ( t ,D( t ) ) ;
Model UCLP / a l l / ;
Opt ion o p t c r = 0 . 0 ; D. up ( t ) =1.1� dataLP ( t , ’ l o a d ’ ) ; D. l o ( t ) =0.9� dataLP ( t , ’ l o a d ’ ) ;
So lve UCLP m i n i m i z i n g c o s t T h e r m a l u s i n g mip ;

Table 5.6 Power schedules
(Pi;t) by thermal units
considering demand response
constraint

Time g1 g3 g4 g5 g7 g8

t1 250.0 80.0 34.5

t2 92.9 250.0 80.0 30.0

t3 132.9 250.0 80.0 34.5

t4 146.0 80.0 250.0 34.5 38.0

t5 146.0 110.0 250.0 34.5 38.0

t6 146.0 120.0 250.0 34.5 38.0

t7 146.0 120.0 250.0 34.5 38.0

t8 146.0 120.0 250.0 34.5 38.0

t9 146.0 120.8 250.0 34.5 38.0

t10 146.0 120.8 250.0 34.5 38.0

t11 146.0 120.0 250.0 34.5 38.0

t12 146.0 120.0 250.0 34.5 38.0

t13 146.0 120.0 250.0 34.5 38.0

t14 146.0 120.0 250.0 34.5 38.0

t15 146.0 120.0 250.0 34.5 38.0

t16 146.0 120.0 250.0 34.5 38.0

t17 146.0 120.0 250.0 34.5 38.0

t18 144.0 115.0 250.0 38.0

t19 128.8 105.0 250.0 30.0

t20 128.0 96.7 250.0

t21 116.4 90.0 250.0

t22 110.0 78.1 250.0

t23 116.0 86.9 250.0

t24 97.8 65.0 250.0

The demand pattern change in cost-based unit commitment with demand
response flexibility is shown in Fig. 5.4. The demand flexibility is changed from
0 to 18% then the demand pattern changes are shown in Fig. 5.5. The variation of
total operating costs vs demand flexibility is depicted in Fig. 5.6.
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Fig. 5.4 The demand pattern change in cost-based unit commitment with demand response
flexibility
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Fig. 5.5 The sensitivity analysis of demand pattern changes in CBUC with various demand
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Fig. 5.6 The variation of total operating costs vs demand flexibility

5.3 Price-Based Unit Commitment

The benefit maximization in price-based unit commitment is formulated in (5.12).

max
pk

i;t ;ui;t ;yi;t ;zi;t

OF D
X

i;t

f�tpi;t � ŒFCi;t C STCi;t C SDCi;t�g (5.12)

Subject to:

(5.2), (5.3), (5.4), (5.5), (5.6), (5.7)

The GAMS code for solving the (5.12) is described in GCode 5.5.

GCode 5.5 Price-based unit commitment Example for ten unit system

S e t s t / t 1�t 2 4 / , i / g1�g10 / , k / sg1�sg20 / , c h a r / ch1�ch2 / ;
A l i a s ( t , h )
Tab le Gdata ( i ,� ) g e n e r a t o r c o s t c h a r a c t e r i s t i c s and l i m i t s

a b c CostsD c o s t s t RU RD UT DT SD SU Pmin Pmax U0 Ui n i S0
� Removed f o r s a v i n g s p a c e
P a r a m e t e r d a t a ( k , i ,� ) ;
d a t a ( k , i , ’DP ’ ) =( Gdata ( i , "Pmax" )�Gdata ( i , " Pmin " ) ) / c a r d ( k ) ;
d a t a ( k , i , ’ P i n i ’ ) = ( o rd ( k ) �1)�d a t a ( k , i , ’DP ’ ) +Gdata ( i , " Pmin " ) ;
d a t a ( k , i , ’ P f i n ’ ) = d a t a ( k , i , ’ P i n i ’ ) + d a t a ( k , i , ’DP ’ ) ;
d a t a ( k , i , ’ C i n i ’ ) =Gdata ( i , " a " )�power ( d a t a ( k , i , ’ P i n i ’ ) , 2 )
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+Gdata ( i , " b " )�d a t a ( k , i , ’ P i n i ’ ) +Gdata ( i , " c " ) ;
d a t a ( k , i , ’ C f in ’ ) =Gdata ( i , " a " )�power ( d a t a ( k , i , ’ P f i n ’ ) , 2 )

+Gdata ( i , " b " )�d a t a ( k , i , ’ P f i n ’ ) +Gdata ( i , " c " ) ;
d a t a ( k , i , ’ s ’ ) = ( d a t a ( k , i , ’ C f in ’ )�d a t a ( k , i , ’ C i n i ’ ) ) / d a t a ( k , i , ’DP ’ ) ;
Gdata ( i , ’ Mincos t ’ ) =Gdata ( i , ’ a ’ )�power ( Gdata ( i , " Pmin " ) , 2 )

+Gdata ( i , ’ b ’ )�Gdata ( i , " Pmin " ) +Gdata ( i , ’ c ’ ) ;
t a b l e da taLP ( t ,� )

lambda l o a d
� Removed f o r s a v i n g s p a c e ;
p a r a m e t e r u n i t ( i , c h a r ) ; u n i t ( i , ’ ch1 ’ ) =24;
u n i t ( i , ’ ch2 ’ ) =( Gdata ( i , ’UT ’ )�Gdata ( i , ’U0 ’ ) )�Gdata ( i , ’ U i n i ’ ) ;
P a r a m e t e r u n i t 2 ( i , c h a r ) ;
u n i t 2 ( i , ’ ch1 ’ ) =24;
u n i t 2 ( i , ’ ch2 ’ ) =( Gdata ( i , ’DT ’ )�Gdata ( i , ’ S0 ’ ) )�(1�Gdata ( i , ’ U i n i ’ ) ) ;
Gdata ( i , ’ Lj ’ ) =smin ( char , u n i t ( i , c h a r ) ) ;
Gdata ( i , ’ F j ’ ) =smin ( char , u n i t 2 ( i , c h a r ) ) ; V a r i a b l e cos tThe rma l , OF ;
P o s i t i v e v a r i a b l e s pu ( i , t ) , p ( i , t ) , StC ( i , t ) ,SDC( i , t ) , Pk ( i , t , k ) ;
b i n a r y v a r i a b l e u ( i , t ) , y ( i , t ) , z ( i , t ) ;
p . up ( i , t ) = Gdata ( i , "Pmax" ) ; p . l o ( i , t ) = 0 ;
Pk . up ( i , t , k ) = d a t a ( k , i , ’DP ’ ) ; Pk . l o ( i , t , k ) =0 ;
p . up ( i , t ) = Gdata ( i , "Pmax" ) ; pu . up ( i , h ) = Gdata ( i , "Pmax" ) ;
E e q u a t i o n s Upt1 , Upt2 , Upt3 , Dntime1 , Dntime2 , Dntime3 , Ramp1 , Ramp2 , Ramp3 , Ramp4 ,
s t a r t c , sh tdnc , gencons t1 , Genconst2 , Genconst3 , Genconst4 , b a l a n c e , b e n e f i t c a l c ;
Upt1 ( i ) $ ( Gdata ( i , " Lj " ) >0) . . sum ( t $ ( o rd ( t ) < ( Gdata ( i , " Lj " ) +1) ) ,1�U( i , t ) ) =e =0;
Upt2 ( i ) $ ( Gdata ( i , "UT" ) >1) . . sum ( t $ ( o rd ( t )>24�Gdata ( i , "UT" ) +1) ,U( i , t )�y ( i , t ) ) =g =0;
Upt3 ( i , t ) $ ( o rd ( t ) >Gdata ( i , " Lj " ) and ord ( t )<24�Gdata ( i , "UT" ) +2 and
not ( Gdata ( i , " Lj " )>24�Gdata ( i , "UT" ) ) ) . . sum ( h$ ( ( o rd ( h ) > ord ( t ) �1) and
( o rd ( h ) < ord ( t ) +Gdata ( i , "UT" ) ) ) ,U( i , h ) ) =g=Gdata ( i , "UT" )�y ( i , t ) ;
Dntime1 ( i ) $ ( Gdata ( i , " F j " ) >0) . . sum ( t $ ( o rd ( t ) < ( Gdata ( i , " F j " ) +1) ) ,U( i , t ) ) =e =0;
Dntime2 ( i ) $ ( Gdata ( i , "DT" ) >1) . .

sum ( t $ ( o rd ( t )>24�Gdata ( i , "DT" ) +1) ,1�U( i , t )�z ( i , t ) ) =g =0;
Dntime3 ( i , t ) $ ( o rd ( t ) >Gdata ( i , " F j " ) and ord ( t )<24�Gdata ( i , "DT" ) +2 and
not ( Gdata ( i , " F j " )>24�Gdata ( i , "DT" ) ) ) . . sum ( h$ ( ( o rd ( h ) > ord ( t ) �1) and
( o rd ( h ) < ord ( t ) +Gdata ( i , "DT" ) ) ) ,1�U( i , h ) ) =g=Gdata ( i , "DT" )�z ( i , t ) ;
s t a r t c ( i , t ) . . StC ( i , t ) =g=Gdata ( i , " c o s t s t " )�y ( i , t ) ;
s h t d n c ( i , t ) . . SDC( i , t ) =g=Gdata ( i , " CostsD " )�z ( i , t ) ;
g e n c o n s t 1 ( i , h ) . . p ( i , h ) =e=u ( i , h )�Gdata ( i , " Pmin " ) +sum ( k , Pk ( i , h , k ) ) ;
Gencons t2 ( i , h ) $ ( o rd ( h ) >0) . . U( i , h ) =e=U( i , h�1)$ ( ord ( h ) >1)

+Gdata ( i , " U in i " ) $ ( o rd ( h ) =1)+y ( i , h )�z ( i , h ) ;
Gencons t3 ( i , t , k ) . . Pk ( i , t , k ) = l =U( i , t )�d a t a ( k , i , ’DP ’ ) ;
Gencons t4 . . c o s t T h e r m a l =e=sum ( ( i , t ) , StC ( i , t ) +SDC( i , t ) )

+sum ( ( t , i ) , u ( i , t )�Gdata ( i , ’ Mincos t ’ )
+sum ( k , d a t a ( k , i , ’ s ’ )�pk ( i , t , k ) ) ) ;

Ramp1 ( i , t ) . . p ( i , t �1)�p ( i , t ) = l =U( i , t )�Gdata ( i , ’RD’ ) +z ( i , t )�Gdata ( i , "SD" ) ;
Ramp2 ( i , t ) . . p ( i , t ) = l =pu ( i , t ) ;
Ramp3 ( i , t ) $ ( o rd ( t ) <24) . . pu ( i , t ) = l =( u ( i , t )�z ( i , t +1) )�Gdata ( i , "Pmax" )

+z ( i , t +1)�Gdata ( i , "SD" ) ;
Ramp4 ( i , t ) $ ( o rd ( t ) >1) . . pu ( i , t ) = l =p ( i , t �1)+U( i , t �1)�Gdata ( i , ’RU’ )

+y ( i , t )�Gdata ( i , "SU" ) ;
Ba lance ( t ) . . sum ( i , p ( i , t ) ) = l = dataLP ( t , ’ l o a d ’ ) ;
B e n e f i t c a l c . . OF=e=sum ( ( i , t ) , da taLP ( t , ’ lambda ’ )�p ( i , t ) )� c o s t T h e r m a l
Model UCLP / a l l / ;
Opt ion o p t c r = 0 . 0 ;
So lve UCLP maximiz ing OF u s i n g mip ;
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Fig. 5.7 Power schedules in price-based unit commitment vs time

The start-up, shut-down, and fuel costs are $499.000, $163.800, and
$372,277.510, respectively. The net benefit of Genco is $58,186.325. The power
schedules of thermal units in cost-based unit commitment are depicted in Fig. 5.7.

5.4 Applications

The unit commitment analysis has a vast range of applications, and some of them
are described as follows:

5.4.1 Cost-Based UC

In practical applications, the thermal units might have some limitations in fuels.
This means that the unit cannot generate more than some certain amount of energy.
In other words, it might not be technically possible to keep the unit on for all time
steps for the operating period. The fuel constrained UC is formulated in 4,335,178.
Another important constraint in UC is environmental emission which is modeled
in [4].

Another aspect of UC is considering the uncertainties associated with renewable
energy resources (like wind turbines). Generally speaking, there are several methods
for dealing with uncertainties in power system studies, such as

• Stochastic methods: two-stage scenario-based [5], two-point estimate [6, 12]
• Fuzzy methods [7]
• Robust optimization [8, 9]
• Information gap decision theory [10, 11]

The different uncertainty parameters and modeling methods are shown in
Fig. 5.8 [12].
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Fig. 5.8 Different uncertainty parameters and modeling methods

5.4.2 Price-Based UC

Some price-based UC formulations are listed as follows:

• Robust optimization-based self-scheduling of hydro-thermal Genco in smart
grids [13]

• Risk averse optimal operation of a virtual power plant using two-stage stochastic
programming [14]

• Smart self-scheduling of Gencos with thermal and energy storage units under
price uncertainty [15].
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