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ABSTRACT The design of future decarbonized power systems is one of the most relevant and challenging
problems that power system planners are facing nowadays. It is expected that Combined-Cycle Gas
Turbines (CCGTs) play a relevant role in these systems to provide peak power and reserve capacity when
intermittent power units be unavailable. However, the large computational size of planning problems has
prevented so far from modeling the actual operation of CCGTs accurately. This paper intends to quantify the
effect of the modeling of CCGTs in the generation capacity expansion problem. For doing that, the operation
of CCGTs is modeled using a mixed-integer linear formulation that considers different operation modes.
Afterwards, generation expansion decisions in a realistic case study are analyzed using different accuracy
degrees for modeling the operation of CCGTs. The numerical results suggest that the simplification of the
modeling of the operation of CCGTs overestimates the flexibility provided by these units, which increases
the capacity installed from renewable units between 15 and 25%.

INDEX TERMS Combined-cycle gas turbines, generation capacity expansion, reserve provision, stochastic
programming, storages.

I. NOTATION
The notation used throughout the rest of this section is
included below for quick reference.

SETS AND INDICES

B Set of buses, indexed by b
D Set of characteristic days, indexed by d
G/S Set of generating/storage units, indexed by g/s
Gb/Sb Set of generating/storage units located in bus b
GCC/OC Set of CCGT/ Open-Cycle Gas Turbines

(OCGT) units
GD/GI Set of dispatchable/intermittent generating units
GD
b /G

I
b Set of dispatchable/intermittent generating units

located in bus b
L Set of transmission lines, indexed

by `

The associate editor coordinating the review of this manuscript and
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M Set of operation modes of CCGTs, indexed
by m

T Set of time periods, indexed by t
� Set of scenarios, indexed by ω

PARAMETERS

ADgdt Availability of intermittent unit g in
characteristic day d and period t

CTC,M
gmm′ω Transition cost between modes m and m′ of

CCGT unit g in scenario ω
CG,0
gω Fixed operation cost of OCGT unit g in

scenario ω
CG,1
gω Linear operation cost of OCGT unit g in

scenario ω
CG,RD/RU
gω Offering cost of down/up-reserve capacity of

generating unit g in scenario ω
C I,G
g Annualized capital cost of generating unit g
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C I,SE
s Annualized capital cost of storage unit s

CM,0
gmω Fixed operation cost of CCGT unit g in mode

m in scenario ω
CM,1
gmω Linear operation cost of CCGT unit g in mode

m in scenario ω
CS,C/D
s Consumption bid/offering cost of storage unit

s in the day-ahead energy market
CS,RD/RU
s Offering cost of down/up-reserve capacity of

storage unit s

CUD Cost of unserved demand
E I,SE
max,s Maximum energy capacity that can be installed

from storage unit s
PDbdtω Demand in bus b, characteristic day d , period t

and scenario ω
PI,Gmax,g Maximum power output of generating unit g
PI,Gmax,gm Maximum power output of CCGT unit g in

mode m
PI,Gmin,gm Minimum power output of CCGT unit g in mode

m
PI,SPmax,s Maximum power capacity that can be installed

from storage unit s
PLmax,` Capacity of transmission line `
Wd Weight of characteristic day d
X` Reactance of line `
γD/U,D Up/down reserve capacity margin that must be

scheduled according to the demand value
γD/U,I Up/down reserve capacity margin that must be

scheduled according to the intermittent
production

γ
S,0/F
s Factor used to model the initial/final status of

the storage unit s
γ S,EP
s Relationship between energy and power capac-

ities in storage unit s
γ S,min
s Factor used to model the minimum energy that

must contain storage unit s
ηS Efficiency of charging/discharging storage units
πω Probability of scenario ω

VARIABLES

cTCgmm′dtω Transition cost between modes m and m′ of
CCGT unit g in characteristic day d , period t
and scenario ω

eS,max/min
sdtω Maximum/minimum energy level in the bat-

tery of storage unit s, characteristic day d ,
period t and scenario ω

cSUgdtω Startup cost of OCGT unit g in characteristic
day d , period t and scenario ω

pG,Dgdtω Generation power scheduled by generating
unit g in the day-ahead market, in character-
istic day d , period t and scenario ω

pG,DSgdtω Power spillage of intermittent generating
unit g in characteristic day d , period t and
scenario ω

pI,Gg Capacity built of generating unit g

pI,SE/SPs Energy/peak power capacity built of storage
unit s

pL`dtω Power flow through line ` in characteristic
day d , period t and scenario ω

pS,C/Dsdtω Consumption/discharged power scheduled by
storage unit s in characteristic day d , period t
and scenario ω

pUDbdtω Unserved demand in bus b, characteristic
day d , period t and scenario ω

rG,D/Ugdtω Down/up-reserve capacity scheduled by gen-
erating unit g, characteristic day d , period t
and scenario ω

rG,D/U,Mgmdtω Down/up-reserve capacity scheduled by
CCGT unit g in operation mode m in
characteristic day d , period t and scenario ω

rS,D/Usdtω Down/up-reserve capacity scheduled by stor-
age unit s, characteristic day d , period t and
scenario ω

rS,DC/DDsdtω Down-reserve capacity scheduled by storage
unit s in charging/discharging mode, charac-
teristic day d , period t and scenario ω

rS,UC/UDsdtω Up-reserve capacity scheduled by storage
unit s in charging/discharging mode, charac-
teristic day d , period t and scenario ω

vI,Gg Binary variable that is equal to 1 if candidate
and dispatchable unit g is installed, being
equal to 0 otherwise

vMgmdtω Binary variable that is equal to 1 if CCGT
unit g is working at operating mode m in
characteristic day d , period t and scenario ω,
being equal to 0 otherwise

vM,1/2/3gdtω Auxiliary binary variable used to model
the selection of operating mode for CCGT
unit g in characteristic day d , period
tand scenario ω.

θbdtω Voltage angle of bus b in characteristic day d ,
period t and scenario ω

II. INTRODUCTION
The European Commission has defined a long-term strat-
egy aiming to achieve net-zero greenhouse gas emissions
by 2050 [1]. In this transformation process, the elec-
tricity production coming from open-cycle (OCGTs) and
combined-cycles gas turbines (CCGTs) is intended to play a
principal role in providing a dispatchable and reliable supply
of electricity as the participation of renewable technologies
increases [2]. OCGTs burn natural gas or an alternative fuel
to rotate one or several gas turbines using the combustion
gases. A compressor is used to force the injection of air
in the chamber for increasing the efficiency of the gener-
ating unit. OCGTs are scalable for different electric power
capacities and they are suitable to be used for base or peak
load electricity production. On the other hand, CCGTs are
equipped with one or several steam turbines that are used
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to exploit the remaining heat of exhaust gases of the gas
turbines. CCGTs have been installed widely in power systems
around the world because these units present high energy effi-
ciency, low installation costs, and short construction times.
Additionally, CCGTs, as well as OCGTs, allow fast startups
and shutdowns and they can change their production very
quickly.

Unfortunately, the modeling of the operation of CCGTs
is more complex than that of OCGTs because of the simul-
taneous presence of gas and steam turbines result in differ-
ent operation modes depending if gas and steam turbines
are either at operation or not. The modelling of the opera-
tion characteristics of CCGTs is key in the formulation of
short-term operation problems where generating units must
be characterized as detailed as possible. This detail level is
difficult to reach in the long-term planning problems, where
the computational complexity is much higher. However, the
adequate modeling of decision-making problems intended
to design future power systems also requires a high enough
degree of accuracy in the modelling of generating units if the
resulting generation capacity expansion decisions are desired
to be implemented in practice.

The modeling of the operational behaviour of CCGT units
is currently an active research topic. Reference [3] proposes a
unit commitment problem formulation that takes into account
the transition processes among the different operation modes
of CCGTs and their efficiencies. In [4], the formulation
derived in [3] is improved by increasing the computational
efficiency and including tighter constraints. The authors of [5]
propose a novel tight mixed-integer linear formulation for
the modeling of CCGTs. This formulation can be used in
either unit commitment problems or in the bidding prob-
lems faced by those CCGTs participating in energy markets.
Reference [6] proposes an enhanced stochastic-constrained
unit commitment model especially tailored for the presence
of CCGTs that is tested in the Midcontinent Independent
System. In [7], the Surrogate Lagrangian Relaxation tech-
nique is applied to solve large unit commitment problems
with high presence of CCGTs. Reference [8] develops a
node-based formulation for the operation of CCGTs con-
sidering different levels of accuracy in the representation of
the physical constraints of these units. The authors of [9]
analyze different existing CCGTmodels and propose a hybrid
model considering the best features of configuration-base
and component-base models. Reference [10] considers the
medium-term operation under uncertainty of a CCGT unit
that has a gas storage available. Reference [11] proposes
a mixed-integer linear formulation that considers the tran-
sitions between different operation modes spanning more
than one time interval. In [12], the startups and shutdowns
of individual turbines of CCGTs are precisely modelled
and they are included in the formulation of a unit commit-
ment problem that also considers the provision of spinning
reserves. Reference [13] formulates a unit commitment prob-
lem that considers simultaneously gas and power network
constraints.

Observe that all works mentioned here are focused in the
short-term operation of CCGTs and none of them is designed
to be implemented in large-scale long-term expansion
problems.

Many modeling approaches have been proposed to formu-
late the generation capacity expansion problem in the last
years, [14]- [22]. Table 1 lists the most relevant features of
these works regarding the modeling of CCGTs. Observe that
none of the analyzed works takes into account the operation
modes of CCGTs. Additionally, most of these works do not
take into account the binary variable that models the commit-
ment of generating units.

TABLE 1. Previous works analyzing the generation capacity expansion
problem.

This paper seeks to overcome these limitations proposing
for the first time a generation capacity expansion formula-
tion considering explicitly the different operation modes of
CCGTs. Therefore, the objective of this paper is to analyze
the influence of themodeling of CCGT units in the generation
expansion decisions. Traditionally, the large computational
size of expansion problems has prevented decision-makers
of an accurate modeling of the operation of CCGTs. As a
consequence of this, minimum power outputs, startup costs
and the establishment of specific operation costs for each
operation mode of CCGTs are usually neglected. This fact
may cause an overestimation of the flexibility of this type
of generating units, which may render in the implementation
of generation capacity portfolios that are not able to supply
the demand in situations with high penetration of intermittent
capacity.

III. MODELING OF CCGTs
A. DESCRIPTION OF CCGTs
ACCGT is a type of power plant specifically fed with natural
gas. The operation of these units is based on the combi-
nation of two thermodynamic cycles that seeks to improve
the efficiency of the plant. The first thermodynamic cycle
occurs in the gas turbines, which is composed of a com-
pressor and a combustion chamber. In this Brayton cycle,
the energy, which is present in the chemical bonds of fuel,
is transformed into work and thermal energy. In the Rankine
cycle, the thermal energy of exhaust gases outgoing from the
gas turbine is transformed into work through a Heat Recovery
Steam Generator (HRSG) and the steam turbine. In both
cases, the mechanical work is transformed into electricity by
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a generator. The configuration of a CCGT could be by
single-shaft or multi-shaft. In the first case, gas turbine and
steam turbine share shaft and generator. In the second case,
each turbine has its own generator.

Considering that the determination of the generation
capacity expansion of a power system is a long-term decision-
making problem, the following assumptions are considered:
• The generation capacity expansion is determined for a
target year that is represented using a set of characteristic
days. Each day is divided into 24 hourly periods.

• Different operation modes are defined for each CCGT
depending on the number of gas and steam turbines that
are at operation.

• Each operation mode is characterized by maximum and
minimum power limits, as well as by different operation
costs.

• The uncertainty related to demand growth and fuel costs
of thermal units is characterized using a set of scenarios,
indexed by ω ∈ �.

• The operation cost of the resulting power system is
modelled considering the day-ahead energy and reserve
capacity markets.

B. MATHEMATICAL FORMULATION OF THE OPERATION
MODES OF CCGTs
The mathematical formulation of the different operation
modes of CCGTs is presented in this section. For the sake
of clarity, the proposed formulation is derived for a typical
multi-shaft CCGT with a configuration comprising two gas
turbines (2GT), a steam turbine (1ST) and three generators.
Fig. 1 represents the schema of this type of unit. In this
approach it is assumed that the exhaust gases of the steam
turbines are not used for other purposes.

FIGURE 1. Schema of a CCGT unit with 2GT+1ST configuration. Based
on [23] and modified.

Considering a 2GT+1ST configuration, the following five
operation modes can be distinguished:
• Mode 0: The unit is offline.
• Mode 1: One gas turbine is at operation.

• Mode 2: One gas turbine and the steam turbine are at
operation.

• Mode 3: Two gas turbines are at operation.
• Mode 4: Two gas turbines and the steam turbine are at
operation.

The different operation modes are denoted by index
m ∈ M . In this manner, variable vMgmdtω is equal to 1 if CCGT
unit g is at operation inmodem in day d , period t and scenario
ω, being equal to 0 otherwise. Considering this, the power
output of the CCGT is denoted by pG,Dgdtω and it is equal to

the sum of the power output in each operation mode, pG,D,Mgmdtω .
Considering this, the mathematical formulation of the power
output of a CCGT unis can be expressed as follows:

pG,Dgdtω =
∑
m∈M

pG,D,Mgmdtω , ∀g,∀d,∀t,∀ω (1)

PI,Gmin,gmv
M
gmdtω ≤ pG,D,Mgmdtω ≤ P

I,G
max,gmv

M
gmdtω,

∀g,∀m,∀d,∀t,∀ω (2)∑
m∈M

vMgmdtω = 1, ∀g,∀d,∀t,∀ω (3)

0 ≤ vMgmdtω ≤ 1, ∀g,∀m,∀d,∀t,∀ω (4)

Expression (1) computes the power output of the CCGT as
the sum of the power generated in each operation mode. The
power limits in each operation mode are defined by (2). Then,
if vMgmdtω = 1, the power output in mode m is constrained by

PI,Gmin,gm ≤ p
G,D,M
gmdtω ≤ P

I,G
max,gm, being equal to zero otherwise.

Constraints (3) establish that only one operation mode can be
selected at the same time. Expressions (4) indicate the upper
and lower limits of variable vMgmdtω.

To formulate mathematically the five operation modes of
a CCGT with 2GT+1ST configuration, at least three binary
variables are required. Note that three binary variables are
able to model up to eight different states, 23 = 8 > 5.
Therefore, auxiliary binary variables vM,1gdtω, v

M,2
gdtω and vM,3gdtω

are defined to model each specific operation mode. Consid-
ering these auxiliary variables, the selection of the operation
modes denoted by vMgmdtω, ∀m = 0, · · · , 4, is computed as
follows:

vMg1dtω ≥ 1− vM,1gdtω − v
M,2
gdtω − v

M,3
gdtω, ∀g,∀d,∀t,∀ω (5)

vMg2dtω ≥ v
M,3
gdtω − v

M,1
gdtω − v

M,2
gdtω, ∀g,∀d,∀t,∀ω (6)

vMg3dtω ≥ v
M,2
gdtω − v

M,1
gdtω − v

M,3
gdtω, ∀g,∀d,∀t,∀ω (7)

vMg4dtω ≥ −v
M,1
gdtω + v

M,2
gdtω + v

M,3
gdtω − 1, ∀g,∀d,∀t,∀ω (8)

vMg5dtω ≥ v
M,1
gdtω − v

M,2
gdtω − v

M,3
gdtω, ∀g,∀d,∀t,∀ω (9)

vM,1gdtω + v
M,2
gdtω ≤ 1, ∀g,∀d,∀t,∀ω (10)

vM,1gdtω + v
M,3
gdtω ≤ 1, ∀g,∀d,∀t,∀ω (11)

vM,1gdtω, v
M,2
gdtω, v

M,3
gdtω ∈ {0, 1}, ∀g,∀d,∀t,∀ω (12)

Constraints (5)-(9) compute theminimum value of variable
vMgmdtω for each operation mode m = 0, · · · , 4. Observe
that if this minimum value is equal to 1, then constraints (4)
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TABLE 2. Mathematical formulation of the operation modes of a
2GT+1ST CCGT.

enforce that vMgmdtω = 1, and operation mode m is selected.
If operation mode m is not selected, then the value of vMgmdtω
should not be further constrained by (5)-(9). Since only five
operation modes are considered, constraints (10)-(11) are
used to avoid combinations of auxiliary variables not desired.
Constraints (12) define the binary nature of auxiliary binary
variables.

It is also worth to note that, because of the binary nature
of these auxiliary variables and the enforcement of con-
straints (3), (4) and (5)-(12), the value of variable vMgmdtω is
always either 0 or 1. Then, it is not necessary to define vMgmdtω
as a binary variable.

As an example, if vM,1gdtω = vM,2gdtω = vM,3gdtω = 0, con-

straints (5)-(9) take the following values:

vMg0dtω ≥ 1 (13)

vMg1dtω ≥ 0 (14)

vMg2dtω ≥ 0 (15)

vMg3dtω ≥ −1 (16)

vMg4dtω ≥ 0. (17)

Considering that variables vMgmdtω are bounded by 0 and 1
by constraints (4), it is observed that constraints (14)-(17) do
not further constrain the value of vMgmdtω for m = 1, · · · , 4.
However, constraint (13), together with (14)-(17), enforces
that vMg0dtω = 1. Therefore, it can be concluded that if vM,1gdtω =

vM,2gdtω = vM,3gdtω = 0 then vMg1dtω = 1 and the operation mode
m = 0 is selected. Additionally, constraints (3) impose that
vMgmdtω = 0,∀m = 1, · · · , 4.

Table 2 shows the value of variable vMgmdtω for each oper-
ation mode and for all possible combinations of auxiliary
variables vM,1gdtω, v

M,2
gdtω and vM,3gdtω.

C. PARTICIPATION OF CCGTs IN THE RESERVE CAPACITY
MARKET
The formulation (1)-(4) can be expanded to consider that
CCGTs can participate in the reserve capacity market. If the
participation of CCGT unit g in the up- and down-reserve
capacity services is modeled by rG,Ugdtω and rG,Dgdtω, the following
constraints must be also considered:

PI,Gmin,gmv
M
gmdtω ≤ p

G,D,M
gmdtω + r

G,U,M
gmdtω ≤ P

I,G
max,gmv

M
gmdtω,

∀g,∀m,∀d,∀t,∀ω (18)

PI,Gmin,gmv
M
gmdtω ≤ p

G,D,M
gmdtω − r

G,D,M
gmdtω ≤ P

I,G
max,gmv

M
gmdtω,

∀g,∀m,∀d,∀t,∀ω (19)

0 ≤ rG,U,Mgmdtω ≤ P
I,G
max,gmv

M
gmdtω,

∀g,∀m,∀d,∀t,∀ω (20)

0 ≤ rG,D,Mgmdtω ≤ p
G,D,M
gmdtω , ∀g,∀m,∀d,∀t,∀ω (21)

rG,Ugdtω =
∑
m∈M

rG,U,Mgmdtω , ∀g,∀d,∀t,∀ω (22)

rG,Dgdtω =
∑
m∈M

rG,D,Mgmdtω , ∀g,∀d,∀t,∀ω (23)

Constraints (18) and (19) define the power limits of the
operation of CCGTswhen they provide up- and down-reserve
capacity, respectively. Constraints (20) and (21) establish
that the scheduled reserve capacity associated with operating
modem has to be equal to zero if the CCGT is not working in
that operating mode. Constraints (22) and (23) enforce that
the total scheduled reserve capacity of a CCGT unit has to
be equal to the sum of the reserve capacities associated with
each operating mode.

D. MODELING OF THE TRANSITION COST BETWEEN
OPERATION MODES OF CCGTs
The transition between different operation modes of CCGTs
has associated a cost that depends on the number of gas
and steam turbines that are started in the transition process.
If CTC,M

gmm′ω is the cost related to the transition of unit g from
operation mode m to m′ in scenario ω, the resulting transition
cost between these operation modes in day d , period t and
scenario ω, cTCgmm′dtω, is formulated as follows:

cTCgmm′dtω ≥ CTC,M
gmm′ω

(
vMgm′dtω − (1− vMgmdt−1ω)

)
,

∀m <> m′,∀g,∀d,∀t,∀ω (24)

cTCgmm′dtω ≥ 0, ∀m,∀m′,∀g,∀d,∀t,∀ω (25)

In some CCGT units, the transition between two operation
modes in a single time period is not physically possible. For
instance, the transition between modes 0 (0GT + 0ST) and
4 (2GT+1ST) may not be performed in a single time period.
For modeling this situation, we define parameter FTmm′ that
is equal to 1 if the transition from mode m to m′ is forbidden,
being equal to 0 otherwise. Therefore, the prohibition of
the transition between two operation modes is formulated as
follows:

vMgm′dtω − v
M
gmdt−1ω ≤ 1

∀m,m′ ifFTmm′ = 1,∀g,∀d,∀t,∀ω (26)

IV. GENERATION EXPANSION PROBLEM
A. DECISION-MAKING FRAMEWORK
The generation expansion problem consists in determining
the power capacity to install in a power system for a given
target year from a set of candidate generation technologies
minimizing the total cost including investment and operation
costs. For the sake of tractability, the target is represented by
a set of characteristic days.
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In this paper, a static generation expansion model has been
considered. In this manner, it is assumed that all invest-
ment decisions are made simultaneously at the beginning
of the planning horizon. Note that static expansion mod-
els are used because they provide an appropriate trade-off
between modeling accuracy and computational tractability.
Since the objective of this paper is to quantify the effect of
modelling the different operation modes of CCGTs, trans-
mission expansion decisions are not considered in the pro-
posed model. Consequently, all transmission expansion plans
decided beforehand by the transmission system planner must
be incorporated in the proposed model as input data. The
power flow in the transmission lines is computed using the
DC model. Investments in storage units based on electro-
chemical batteries are also considered to favor the installation
of intermittent generation units. Finally, the operation of the
resulting system is considered bymodeling the day-ahead and
reserve capacity markets.

B. OPTIMIZATION PROBLEM
The mathematical formulation of the problem described
above is included below. The proposed generation expansion
problem is formulated as a risk-neutral two-stage stochastic
programming problem [24], in which investment decisions
in generating and storage units are made at the first stage,
whereas the operation of the system is determined at the sec-
ond stage. The objective function of this problem is the total
cost, including annualized investment and operation costs.

Minimize2∑
ω∈�

πω

[∑
g∈G

C I,G
g pI,Gg +

∑
s∈S

(
C I,SE
s eI,SEs

)
+

∑
d∈D

∑
t∈T

Wd

( ∑
g∈GOC

(
CG,0
gω vGgdtω + C

G,1
gω pG,Dgdtω

)

+

∑
g∈GCC

(∑
m∈M

(
CM,0
gmωv

M
gmdtω + C

M,1
gmωp

G,D
gdtω

))

+

∑
g∈GD

(
CG,RU
gω rG,Ugdtω + C

G,RD
gω rG,Dgdtω

)
+

∑
g∈GOC

cSUgdtω

+

∑
g∈GCC

∑
{m,m′}∈M

cTCgmm′dtω +
∑
s∈S

(
CS,D
s pS,Dsdtω − C

S,C
s pS,Csdtω

+CS,RU
s rS,Usdtω + C

S,RD
s rS,Dsdtω

)
+

∑
b∈B

CUDpUDbdtω

)]
(27)

Subject to:
• Investment constraints:

pI,Gg = PI,Gmax,gv
I,G
g , ∀g ∈ GD (28)

0 ≤ pI,Gg ≤ P
I,G
max,g, ∀g ∈ G

I (29)

0 ≤ eI,SEs ≤ E I,SE
max,s, ∀s ∈ S (30)

0 ≤ pI,SPs ≤ PI,SPmax,s, ∀s ∈ S (31)

eI,SEs = γ S,EP
s pI,SPs , ∀s ∈ S (32)

vI,Gg ∈ {0, 1}, ∀g ∈ G
D (33)

• Operation of generating units:

pG,Dgdtω + r
G,U
gdtω ≤ P

I,G
max,gv

G
gdtω, ∀g ∈ G

OC,∀t,∀d,∀ω (34)

PI,Gmin,gv
G
gdtω ≤ p

G,D
gdtω − r

G,D
gdtω, ∀g ∈ G

OC,∀t,∀d,∀ω (35)

pG,Dgdtω + p
G,DS
gdtω = ADgdtp

I,G
g , ∀g ∈ GI,∀t,∀d,∀ω (36)

{pG,Dgdtω, r
G,U
gdtω, r

G,D
gdtω, p

G,DS
gdtω } ≥ 0, ∀g ∈ G,∀t,∀d,∀ω (37)

{rG,Ugdtω, r
G,D
gdtω} = 0, ∀g ∈ GI,∀t,∀d,∀ω (38)

cSUgdtω ≥ C
SU
gω

(
vGgdtω − v

G
gdt−1ω

)
, ∀g ∈ GOC,∀t,∀d,∀ω

(39)

cSUgdtω ≥ 0, ∀g ∈ GOC,∀t ∈ T ,∀d ∈ D,∀ω ∈ � (40)

GUT
gm∑

t=1

(
1− vMgmdtω

)
= 0, ∀g ∈ GCC,∀m,∀t,∀d,∀ω (41)

t+UTgm−1∑
t ′=t

vMgmdt ′ω ≥ UTgm
(
vMgmdtω − v

M
gmdt−1,ω

)
,

∀g ∈ GCC,∀m,∀t = GUT
mg + 1, · · · ,NT − UTmg + 1,

∀CC,∀ω (42)
NT∑
t ′=t

(
vMgmdt ′ω −

(
vMgmdtω − v

M
gmdt−1,ω

))
≥ 0,

∀g ∈ GCC,∀m,∀t = NT − UTgm + 2, · · · ,NT,∀d,∀ω

(43)
LDTgm∑
t=1

vMgmdtω = 0, ∀g ∈ GCC,∀m,∀t,∀d,∀ω (44)

t+DTgm−1∑
t ′=t

(
1− vMgmdt ′ω

)
≥ DTgm

(
vMgmdt−1,ω − v

M
gmdtω

)
,

∀g ∈ GCC,∀m,∀t = LDTgm + 1, · · · ,NT − DTgm + 1,

∀d,∀ω (45)
NT∑
t ′=t

(
1− vMgmdt ′ω −

(
vMgmdtω − v

M
gmdt−1,ω

))
≥ 0,

∀g ∈ GCC,∀m,∀t = NT − DTgm + 2, · · · ,NT,∀d,∀ω

(46)

• Operation of CCGT units: Constraints (1)-(26)
• Operation of storage units:

rS,Usdtω = rS,UCsdtω + r
S,UD
sdtω , ∀s,∀t,∀d,∀ω (47)

rS,Dsdtω = rS,DCsdtω + r
S,DD
sdtω , ∀s,∀t,∀d,∀ω (48)

pS,Dsdtω + r
S,UD
sdtω ≤ p

I,SP
s , ∀s,∀t,∀d,∀ω (49)

0 ≤ pS,Dsdtω − r
S,DD
sdtω , ∀s,∀t,∀d,∀ω (50)

pS,Csdtω + r
S,DC
sdtω ≤ p

I,SP
s , ∀s,∀t,∀d,∀ω (51)

0 ≤ pS,Csdtω − r
S,UC
sdtω , ∀s,∀t,∀d,∀ω (52)

pS,Csdtω, p
S,D
sdtω, r

S,U
sdtω, r

S,D
sdtω ≥ 0, ∀s,∀t,∀d,∀ω (53)

VOLUME 10, 2022 67281



H. Gómez-Villarreal et al.: Generation Capacity Expansion Problem

rS,UDsdtω , r
S,UC
sdtω , r

S,DD
sdtω , r

S,DC
sdtω ≥ 0, ∀s,∀t,∀d,∀ω (54)

eS,min
sdtω = eS,min

sdt−1,ω + η
S
(
pS,Csdtω − r

S,UC
sdtω

)
−

1
ηS

(
pS,Dsdtω + r

S,UD
sdtω

)
, ∀s,∀t,∀d,∀ω (55)

eS,max
sdtω = eS,max

sdt−1,ω + η
S
(
pS,Csdtω + r

S,DC
sdtω

)
−

1
ηS

(
pS,Dsdtω − r

S,DD
sdtω

)
, ∀s,∀t,∀d,∀ω (56)

γ S,min
s eI,SEs ≤ eS,max

sdtω ≤ e
I,SE
s , ∀s,∀t,∀d,∀ω (57)

γ S,min
s eI,SEs ≤ eS,min

sdtω ≤ e
I,SE
s , ∀s,∀t,∀d,∀ω (58)

eS,min
sdtω = γ

S,0
sd eI,SEs , ∀s, t = 0,∀d,∀ω (59)

eS,max
sdtω = γ

S,0
sd eI,SEs , ∀s, t = 0,∀d,∀ω (60)

eS,min
sdtω ≥ γ

S,F
sd eI,SEs , ∀s, t = 24,∀d,∀ω (61)

eS,max
sdtω ≥ γ

S,F
sd eI,SEs , ∀s, t = 24,∀d,∀ω (62)

• Energy balance∑
g∈Gb

pG,Dgdtω +
∑
s∈Sb

(
pS,Dsdtω − p

S,C
sdtω

)
−

∑
`∈LOb

pL`dtω

+

∑
`∈LFb

pL`dtω = PDbdtω − p
UD
bdtω, ∀b,∀t,∀d,∀ω (63)

0 ≤ pUDbdtω ≤ P
D
bdtω, ∀b,∀t,∀d,∀ω (64)

• Reserve-capacity provision∑
g∈GD

rG,Ugdtω +
∑
s∈S

rS,Usdtω ≥ γ
U,D

∑
b∈B

PDbdtω + γ
U,I

∑
g∈GI

pG,Dgdtω,

∀t,∀d,∀ω (65)∑
g∈GD

rG,Dgdtω +
∑
s∈S

rS,Dsdtω ≥ γ
D,D

∑
b∈B

PDbdtω + γ
D,I

∑
g∈GI

pG,Dgdtω,

∀t,∀d,∀ω (66)

• Transmission power flow

pL`dtω =
1
X`

(
θO(`)dtω − θF(`)dtω

)
, ∀`,∀t,∀d,∀ω (67)

−PLmax,` ≤ p
L
`dtω ≤ P

L
max,`, ∀`,∀t,∀d,∀ω (68)

−π/2 ≤ θbdtω ≤ π/2, ∀b,∀t (69)

where 2 is the set of all optimization variables in this
problem. The objective function (27) formulates the total
costs, which are equal to the summation of the annualized
investment costs of generating and storage units, the yearly
operation and reserve capacity costs of generating and storage
units, startup costs of OCGTs, the transition mode costs of
CCGTs and the unserved demand cost. Observe that the
operation costs of CCGTs depend on the operation mode
m. The investment decisions on new generating and storage
units are formulated through constraints (28)-(33). Observe
that the power to install from intermittent units, pI,Gg , and
storage facilities, pI,SPs , are continuous variables because of
the modularity and scalability of these technologies. On the
other hand, the power to install from OCGTs and CCGTs
depends on binary variable vI,Gg , which is used to force that

the whole capacity of the unit be installed if the unit is built.
The investment decisions related to storages comprise two
different decisions: 1) maximum power to charge and dis-
charge and 2) the energy capacity of the storage. In practice,
both variables are related. This relationship has beenmodeled
through parameter γ S,EP

s in constraint (32). The technical
constraints of generating units are imposed by (34)-(46).
The operation of CCGTs is formulated by constra-
ints (1)-(25). The technical constraints of generating units
include the power limits considering the participation of the
units in the reserve capacity market and the modeling of
the startup costs. The availability of intermittent power units
is modeled by parameter ADgdt which value ranges between
0 and 1. The minimum up and down times of CCGT units are
formulated by constraints (44)-(46). The operation of stor-
ages is modeled by constraints (47)-(62). These constraints
model: i) the provision of up- and down-reserve capacity of
storages considering charging and discharging modes, ii) the
maximum power to be charged and discharged, iii) the state-
of-charge of storages in cases where up- and down-reserve
capacities are deployed, and iv) maximum and minimum
bound to the energy stored in each period and scenario. The
energy balance is formulated by constraints (63). The limits
of the unserved demand are established in constraints (64).
The requirement of the up- and down-reserve capacities is
formulated through constraints (65) and (66). The reserve
needs are computed according to the values of demand and
intermittent production in each period and scenario. Finally,
constraints (67)-(69) formulate the power flows in transmis-
sion lines using the DC model.

V. NUMERICAL RESULTS
A realistic case study based on the power system of Gran
Canaria (Spain) has been solved to test the performance of
the proposed formulation. Gran Canaria is an island that has a
total population over 866 thousand inhabitants and an annual
electricity consumption equal to 3469 GWh in 2019. The
objective of this case study is to determine the optimal genera-
tion capacity expansion decisions that should be implemented
by year 2050. It is assumed that all generating units that
are currently at work will be decommissioned prior to this
year.

A. INPUT DATA
The main input data describing the Gran Canaria system is
provided in reference [25]. This power system comprises
43 candidate generating units that can be installed in 30 buses
that are connected by 58 lines. The transmission system con-
siders the future transmission expansion plans announced by
the Spanish transmission planner, [25]. Fig. 2 represents the
single-line diagram of Gran Canaria transmission network.
The technologies of the generating candidate units are CCGT,
OCGT and wind and solar PV. Two different types of OCGT
units are considered, and they are denoted as OCGT-1 and
OCGT-2. The characteristics of these units are provided in
Table 3 and they are based on actual OCGT plants installed
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FIGURE 2. Single-Line diagram of Gran Canaria power system.

TABLE 3. Description of candidate OCGTs.

TABLE 4. Description of candidate CCGTs.

in the Spanish power system which are named as Ibiza16 and
Ibiza25, respectively, [26].

A single type of candidate CCGTs is considered, which is
based on an actual CCGT plant installed in the Spanish power
system, which is named as CA’s, [26]. This is a CCGT plant
with two gas turbines and a single steam turbine. This plant
has 5 operation modes. The technical characteristics of this
candidate power plant are listed in Table 4.
Fig. 3 depicts the thermal consumption of the considered

candidate OCGTs and CCGTs units. Slashed lines represent
the actual quadratic thermal consumption obtained from [26],
whereas continuous lines represent the linearization of these
values.

Table 5 provides the parameters of the linear approxima-
tion of heat consumption (MWh-t) of the different thermal
generating units and operation modes represented in Fig. 3.

The thermal consumption in transitions between two oper-
ation modes entailing the startup of either a steam or a
gas turbine is not negligible. In this manner, the thermal
consumption in MWh-t and, in brackets, the fixed cost

FIGURE 3. Actual thermal consumption of OCGTs and CCGTs.

TABLE 5. Heat rate and O&M cost of thermal units.

TABLE 6. Thermal consumptions (MWh-t) and fixed costs (ke) of
operation mode transitions in CCGT units.

TABLE 7. Thermal consumptions (MWh-t) and fixed costs (ke) of startups
in OCGT units.

in ke of the transitions between different operation modes
is included in Table 6. In the same manner, Table 7 lists
the thermal consumption and the fixed cost of startups of
OCGT units. These values have been obtained from [26].
Transitions between modes 0 and 4 in a single period are not
allowed. The minimum up and down times of CCGT units in
modes 2 and 4, in which the steam turbine is on, are 2 hours.

Natural gas prices are considered as an uncertain param-
eter, which is modeled using the data provided by [27].
Two scenarios with maximum and minimum prices equal
to 62.63 and 20.14 e/MWh-t are considered for Spain in
2050 assuming current energy policies.

The capital costs of wind and solar PV power units are
equal to 1452 and 660 e/kW which are based on the esti-
mations provided by IEA [28]. Capital costs are annualized
using a capital recovery factor equal to 10.95%.
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TABLE 8. Technical characteristics of candidate generating units.

The technology, location and capacity of each candidate
generating unit are included in Table 8.

Additionally, four utility-scale storage units based on Li-on
batteries can be installed in buses 13 and 18. The maximum
energy capacity that can be installed per bus is 2000 MWh,
and a typical relationship energy/power (γ SP

i ) equal to 6 has
been considered [29]. The investment costs of storage units
is equal to 300 e/kWh.

The target year is represented by a set of characteristic
days. The hourly values of the system demand, and wind and
solar PV availabilities in each day are assigned using real data
pertaining to 2019. A set of 6 characteristic days has been
selected by using the scenario reduction algorithm described
in [30]. Theweights of each day,Wd , are assignedminimizing
the daily square error between the reduced set of days and the
original set containing 365 days. Fig. 4 plots the daily square
error of wind and solar availabilities and demand for different
number of selected days. As Fig. 4 shows, a number of days
greater than or equal to 6 is adequate to represent the plan-
ning horizon. Fig. 5 represents the expected system demand,
and wind and solar PV availabilities for the considered
days.

The system demand in 2050 is characterized as a ran-
dom variable characterized by a set of scenarios. According
to [31], two electricity demand scenarios are computed con-
sidering demand increases of 1.9 and 2.1% per year between
2018 and 2050.

The values of parameters γU,D and γU,I used to establish
the minimum requirements of up and down reserve capacities
are equal to 0.03 and 0.05, respectively. It is considered
that up-reserve requirements are equal to the down-reserve
requirements, i.e., γD,D

= γU,D and γD,I
= γU,I. Reserve

capacity costs are equal to 0.25 times the operating cost for
each unit. It is assumed that wind and solar PV units are not
qualified to supply reserve capacity. The unserved demand
cost is equal to 1000e/MWh.

FIGURE 4. Daily square error of wind and solar availabilities and demand
for different number of selected days.

FIGURE 5. Demand and wind and solar PV availabilities.

B. RESULTS
In this section, we analyze the influence of the modelling of
the operation of CCGTs in the generation expansion deci-
sions. For the sake of comparison, two different models are
tested considering if minimum power outputs and the differ-
ent operation modes of CCGTs are formulated or not:
• Simplified (S): This model does no consider minimum
power outputs and different operation modes of CCGTs.
Therefore, this model does not use the binary variables
modelling i) the unit commitment, vGgdtω, and ii) the

operation modes of CCGTs, vM,1gdtω, v
M,2
gdtω and vM,3gdtω.

• Full (F): This model considers the complete formula-
tion derived in Section IV, including minimum power
outputs, minimum up and down times, and different
operation modes of CCGTs.

In order to test the performance of both models, five dif-
ferent cases have been solved for each model:
• Th: Only thermal units can be installed
• 0Sto: Thermal and renewable units can be installed, but
storages are not considered.

• 0.25Sto: Thermal and renewable units can be installed,
and only 25% of the potentials of storages.

• BAU : Business-as-usual case where thermal and renew-
able units can be installed, as well as the full potential of
storages.

• 75R: This case is similar to BAU, but it is enforced
that 75% of the demand must be provided by
CO2-free sources. Note that higher limits of non pollu-
tant production lead to large amounts unserved demand
in the analyzed system.

All simulations are performed with CPLEX 12.6.1 using a
server with four 3.0 GHz processors and 250 GB of RAM.
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TABLE 9. Computational size and solution time.

FIGURE 6. Optimality gap with respect to solution time in F-BAU case.

TABLE 10. Annualized expected costs (million e).

The numbers of constraints and binary and continuous vari-
ables are reported in Table 9. As expected, the problem that
considers all constraints and variables, F-BAU case, achieves
the largest numbers of variables and constraints, as well as
the highest solution times. However, note that the obtained
times are reasonable for solving a long-term problem. Fig. 6
represents the optimallity gap of F-BAU case with respect to
the solution time. It is observed that the time needed to reduce
the gap increases as the gap becomes smaller.

Table 10 provides the resulting expected cost obtained
in each case. Startup costs include startup costs of OCGTs
and transition mode costs of CCGTs. Note that these costs
are not considered in the modelling of S-cases. It is worth
noting that S-cases overestimate the total expected cost with
respect to those in F-cases. Observe that F-cases obtain sig-
nificant lower day-ahead energy costs due to a more accurate
modelling of the operation costs of CCGT units. It is also
interesting to note the high relevance that the amount of
available capacity to install from storages has in the total
costs. As expected the BAU case attains the lowest cost for
S- and F-cases.
Tables 11 lists the generation and storage capacities

installed in each case. In all cases, it is observed that solar

TABLE 11. Capacity installed (MW).

TABLE 12. Energy produced (GWh).

PV is the generation technology most installed, which value
increases as the potential storage capacity grows. However,
it is worth emphasizing that the investment decisions on
renewable units in S- and F-cases are appreciably different.
For instance, it is remarkable that the capacity installed from
wind and solar PV units ranges between 15 and 25% higher
in S-cases with respect F-cases. Then, it is observed that the
simplification of the modeling of thermal units in S-cases
overestimates the flexibility of these units which favors the
installation of wind and solar PV units.

Tables 12 provides the energy produced by technology
in each case. The energy produced by storages refers to
the energy discharged. In most cases, the technologies that
produce the maximum quantity of energy are solar PV and
CCGT. Note that the energy produced by thermal units in F-
cases is higher than in S-cases. This result is consequence of
the reduced power capacity installed from renewable ener-
gies in F-cases. Then, the estimation of the total renewable
production using S-cases is also overestimated. Despite of
the simultaneous charge and discharge of storage units is not
explicitly forbidden in the presented formulation, we have
verified that storage units do not simultaneously charge and
discharge in the analyzed case studies.

Table 13 shows the annual scheduled up and down reserve
capacities per technology and case. It is noticed that CCGT
units provide most of the up reserves, storages sched-
ule down-reserve capacity if storage units are available to
be installed. However, the contribution of storages to the
up-reserve capacity in F-cases is much more higher than in
S-cases. The reason of this result is that the simplification of

VOLUME 10, 2022 67285



H. Gómez-Villarreal et al.: Generation Capacity Expansion Problem

TABLE 13. Up/Down reserve capacity (GW).

TABLE 14. Performance of thermal units.

the operation of CCGTs in S-cases does not allow to estimate
adequately the reserve capacity available from thermal units.

Table 14 includes some relevant data pertaining to the
performance of thermal units in the different analyzed cases.
In particular, two items are considered. First, it is provided
the percentage of hours in which thermal units are providing
up-reserve capacity when they are not participating in the
day-ahead energy market. This undesired situation indicates
that the provided reserve cannot be considered as spinning
reserve, and it may occur in S-cases where the minimum
power output of the units is not considered. The second item
is the number of operation mode changes of CCGTs with
respect to the number of working hours of these units. Note
that high values of these parameters are negative since they
indicate high cycling costs of thermal units.

In this table we observe that the percentage of hours
in which thermal units provide irregular up-reserve in S-
cases is very high. It should be highlighted that in S-75R
case, more than half of the hours in which thermal units
are assumed to provide up-reserve they are offline. This
table also reveals that the cycling of CCGT units measured
as the number of operation mode changes modes is higher
in most S-cases. This result is explained by the fact that
S-cases do not take into account transition mode costs in their
formulations.

Fig. 7 represents the energy production for each considered
day and the scenario with lowest demand and gas prices.
This figure shows that the solar PV supplies most of the
demand in the middle of the day. This fact forces to reduce

FIGURE 7. Demand provision in scenario with low demand and low gas
prices.

FIGURE 8. Operation of CCGT unit 13 a in scenario with low demand and
low gas prices.

the power output of OCGT and CCGT units between 10:00
and 20:00 hours. Storages are charged during these hours, and
discharged when the production of solar PV is low.

As an example, the operation of the CCGT unit number
13 during the first day of the planning horizon is represented
in Fig. 8 in terms of the energy production, reserve capac-
ity scheduling, operation mode and transition cost between
operation modes. In this figure, it is observed how the pro-
duction of the CCGT unit is equal to the maximum capacity
(214.5 MW) at hours 22 and 23, in which the system demand
is high and there is not renewable production. However, the
output of the CCGT unit is equal to the minimum power
output (6.39MW) during themiddle part of the day, where the
solar PV production is high. During these hours, the CCGT
unit is providing up-reserve capacity. The unit is operating
at modes 1 and 2 during most part of the day, except in
hours 21-23, in which it is operating at mode 4 to provide
a higher quantity of power. Observe that the minimum up
time constraint forces that the CCGT unit remain in operating
mode 2 at least two hours, 19 and 20. Finally, observe that
at hours 19 and 21, the CCGT unit changes from mode 1 to
mode 2 and frommode 2 tomode 4, which has transition costs
equal to 3.6 and 14.4 ke, respectively.
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VI. CONCLUSION
This paper presents a generation capacity expansion prob-
lem formulation that explicitly accounts different opera-
tion modes of CCGTs. The proposed model considers the
long-term uncertainty pertaining to the demand growth and
natural gas costs. The model is tested on a realistic case
study based on the Gran Canaria power system. Based on the
numerical results presented in the case study, the following
main conclusions can be drawn:

• The proposed formulation is able to characterize prop-
erly the operation modes and the transitions between
different modes of CCGT units in generation capacity
expansion problems.

• The computational size of the problem that considers
different operation modes of CCGTs is significantly
higher than that of the problem in which operation
modes are ignored. Specifically, the number of binary
variables grows linearly with the number of time peri-
ods, scenarios and CCGT units. This fact has a strong
impact in solution times.

• The obtained generation capacity expansion depends on
the degree of precision of the modeling of CCGT units.
The capacity installed of the different candidate gener-
ation technologies varies if the technical characteristics
of CCGT and OCGT units are relaxed.

• The up-reserve capacity provided by CCGT units is sig-
nificantly overestimated if the technical characteristics
of CCGT units are neglected. The reserve capacity in the
simplified model is 10% higher than that obtained with
the proposed model.

Future research is underway to determine the optimal upgrade
of existing CCGT units to improve their performance in
renewable dominated power systems.
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