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In the proposed model, the independent system operator (ISO) provides the opportunity for maintenance
outage rescheduling of generating units before each short-term (ST) time interval. Long-term (LT) sched-
uling for 1 or 2 years in advance is essential for the ISO and the generation companies (GENCOs) to decide
their LT strategies; however, it is not possible to be exactly followed and requires slight adjustments. The
Cournot-Nash equilibrium is used to characterize the decision-making procedure of an individual GENCO
for ST intervals considering the effective coordination with LT plans. Random inputs, such as parameters
of the demand function of loads, hourly demand during the following ST time interval and the expected
generation pattern of the rivals, are included as scenarios in the stochastic mixed integer program defined
to model the payoff-maximizing objective of a GENCO. Scenario reduction algorithms are used to deal
with the computational burden. Two reliability test systems were chosen to illustrate the effectiveness
of the proposed model for the ST decision-making process for future planned outages from the point
of view of a GENCO.
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. Introduction

.1. Background and aim

Generation maintenance schedulin
ms is a complex multi-objective op

alized power systems, the system ope
rge-scale power sys-
tion problem. In cen-

scheduling is the time horizon and the time increment. In LT main-
tenance scheduling, the shortest maintenance outage time scale is
chosen with the accuracy of a day or several days for 1–2 years [2].
The ST outage scheduling is done with the accuracy of an hour or
less and needs coordination with LT planning results by accepting
constraints derived from LT schedules [1]. However, the LT sche-
rator schedules and dule is not totally fixed and can slightly change to satisfy the ST 

nalizes the outage plans for LT and ST time horizons, and the gen-
rating units mainly follow the plans imposed by the operator. By 

scheduling requirements [2].
The system planners face more uncertainty during LT opera-
 
 

 

 
 

ontrast, the maintenance scheduling in restructured power sys-
ms mainly seek the objectives of the generating units and the 

ompanies that manage and own these units, and the operator 
as to keep the security and reliability indices at the standard level. 

LT maintenance outage scheduling, which maximizes the payoff 
ver a yearly or longer time horizon, is almost unavoidable prior to 
ny ST planning [1]. The obvious difference between LT and ST
tional planning of power systems in comparison to ST planning. 
Although uncertainty remains in various parameters during ST
scheduling, it is vital for the efficient and secure operation of the
system. The GENCOs are usually asked to submit the proposals 
for maintenance outages of their units several times during a year,
and each time for a specific interval determined by the ISO. GEN-
COs run a unit commitment with the objective of maximizing
the total payoff, while the ISO chooses the objectives that maintain
the security and reliability criteria of the system [3]. In ST schedul-
ing, the GENCOs have more knowledge about their rivals’ decisions
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Nomenclature

Indices
s scenarios
t time periods
i GENCOs
j generating units

Variables
q generation of a unit (MW)
qi total generation offered to a market by GENCO i (MW)
q�i total generation offered to a market by all GENCOs ex-

cept GENCO i (MW), based on LT maintenance plans
x binary decision variable for maintenance status, 1 if the

unit is offline for maintenance and 0 otherwise
z binary decision variable for shutdown, 1 if the unit

shuts down in the beginning of period t and 0 otherwise
u binary decision variable for online status, 1 if the unit is

online during period t and 0 otherwise
y binary decision variable for startup, 1 if the unit starts

up at the beginning of period t and 0 otherwise
ps probability of occurrence for scenario s
a intercept of the system inverse linear demand function

(€/MW h)

b slope of the system inverse linear demand function (€/
(MW h)2)

D demand (MW)
R reserve (MW)

Parameters
ht number of hours in time period t
Mi maximum number of units simultaneously in outage for

maintenance
P; P maximum/minimum generation capacity (MW)
Nij number of time periods required for the maintenance

outage of generating unit j of GENCO i
T number of time periods
CSD shutdown cost of a unit (€)
CSU startup cost of a unit (€)
CM maintenance cost of a unit (€/MW/h)
CF fixed cost of a unit (€/h)
CP production cost of a unit (€/MW)

Sets
Di generating units owned by GENCO i
through publicly available information released by the ISO [1]. This
information was not available when the GENCOs and the ISO were
planning for a LT time horizon. The new knowledge certainly af-
fects the decision-making of individual GENCOs; they might prefer
to alter their previously planned schedules to achieve higher pay-
offs according to the new information they have.

A common characteristic in most of the deregulated electricity
markets is their oligopoly structure which is caused by the limited
number of competitors in the market [4]. In comparison to monop-
oly and perfect competition markets, where the agents’ interac-
tions are simpler, game-theoretic approaches are used to model
the interactions between the GENCOs in an oligopolistic electricity
market.

The proposed model serves as a decision support tool for GENCOs
during ST maintenance outage scheduling in an oligopolistic elec-
tricity market. It considers the decisive influence of rivals on the
outage decisions of each individual GENCO. The maintenance plans
developed by GENCOs through this procedure act as proposals for
the ISO, and accordingly require approval before implementation.

1.2. Literature review and contribution

Coordination between LT generation scheduling and ST secu-
rity-constrained generation scheduling with the presence of net-
work constraints is discussed in [2,3]. All the decision-making
process is modeled and analyzed from the viewpoint of a system
operator in centralized electricity markets. A comprehensive re-
view over the maintenance scheduling problems in the generation
and transmission sector of restructured power systems with their
solutions is presented in [3]. An iterative approach for LT mainte-
nance scheduling is presented in [5] that guarantees a satisfactory
level of system reliability in a manner acceptable to all participat-
ing GENCOs and the ISO. In [6] maintenance scheduling is solved
by the system operator based on the plans that the producers have
submitted with the respective penalties they accept to pay if their
desired plan is selected. The Cournot model applied in [7] for main-
tenance scheduling of the generating units is based on the fact that
each GENCO can estimate the capacity and cost parameters of the
competitor GENCOs. The merit of considering Cournot model
instead of conventional price-based revenue functions in ST deci-
sion-making of virtual power players is discussed in [8].

In [1] the participating GENCOs in a single round auction, besides
their own generation portfolio, have sufficient knowledge about
other participating generating units during generation bidding pro-
cess. The work in [4], introduces an evolutionary game for charac-
terizing the interactions in a electricity market, and implements a
competitive coevolutionary approach to determine the Nash–Cour-
not equilibrium of an oligopolistic electricity market. The effects of
generator availability and demand uncertainty on electricity prices
under Cournot competition is modeled in [9]. Cournot model is em-
ployed to characterize strategic bidding for the spot market and
modeling the forward market [10]. In [11] optimal control is applied
to study generator bidding in an oligopolistic electricity market, and
the repeated bidding process in real-time markets are modeled as
dynamic feedback systems. A consumer based price elasticity ap-
proach for load reduction in order to study the demand response ac-
tions in distribution networks is introduced in [12].

The work in [13] presents a stochastic model for scheduling the
GENCOs’ maintenance outages from the viewpoint of a GENCO, and
requires the approval of the ISO before implementation. A GENCOs’
mid-term generation scheduling in volatile operating conditions
with large integration of intermittent resources is studied in [14].
It also applies the market price forecasts in the risk-constrained sto-
chastic price-base unit commitment [14]. Failure and repair rates of
the units are used in [15] to solve a unit commitment problem con-
sidering the probabilistic unit outages. Each generated scenario
represents a series of randomly generated availability and unavail-
ability periods of time for each unit [15]. The stochastic program-
ming approach introduced in [16] optimally solves the electricity
procurement problem faced by large consumers. The uncertain
trading of wind energy in a market environment is the main con-
straint of the stochastic programming approach proposed in [17].
The stochastic model introduced in [18] is designed to ensure the
ISO that the system will have secure operation during the schedul-
ing horizon. The same methodology has been implemented in [19]
with detailed representation of high voltage DC transmission sys-
tem. The aim of [20] is to prove that applying a quantified method
while dealing with intermittent resources increases the reliability



despite the inherent uncertainties and risks of the system, and the
results show the advantages of stochastic unit commitment over
deterministic approaches in power systems with large integration
of wind units. A neural network based technique is used in [21]
for modeling the uncertainty of the ST intermittent resources gen-
eration prediction.

The model presented in this paper completes the coordination
procedure of [6] by introducing an appropriate approach for GEN-
COs to achieve the determinate number of outage plans for the ST
period. In this model, the GENCOs have sufficient knowledge about
what the competing GENCOs might decide in a future ST horizon,
and the uncertainty of stochastic input data for the target GENCO
in an oligopolistic electricity market is incorporated in the model.
1.3. Paper organization

The rest of the paper is organized as follows: Section 2 is de-
voted to the assumptions that our model is based on. In Section
3, the stochastic optimization formulation based on the Cournot
model in an oligopolistic electricity market is introduced. Section
4 presents case studies and discusses numerical results. Finally, in
Section 5, some relevant conclusions are accordingly made and
the possible future extensions of the proposed model are suggested.
2. Model assumptions

GENCOs as self-interested entities are in charge of managing
and scheduling the outage plans of their own units [13]. On the
other hand, the ISO has the responsibility to make the final outage
decision for the generating units’ maintenance considering the reli-
ability and security constraints of the system. It also has to take
into account the plans submitted by each GENCO. The proposed
model is based on the following assumptions

� When the problem is studied from the point of view of a GENCO
which intends to obtain the ST outage proposals in order to
send to the ISO, the optimization of generation bids and main-
tenance outages must take into consideration the behavior of
the competing GENCOs and should be coordinated with LT plan-
ning results [1]. Each GENCO seeks to come to a realization of
the generation patterns that other rivals will have during the
next time horizon and the maintenance outage plans that they
are going to suggest to the ISO.
� The main information source to build up their image of others’

most probable generation and maintenance strategy is based on
what they derive from LT maintenance plans determined for 1
or 2 years time horizon. However, the rivals also have the
opportunity to deviate from the path that was finalized for
the LT time horizon, accepting the limitations that are imposed
by the ISO. In this model, the main limitation that is imposed by
the ISO is giving the opportunity of maintenance outage only to
those units that were considered for maintenance during the
following ST time horizon in the LT plans released earlier.
� The GENCOs’ ability in predicting the future behavior of their

rival GENCOs is modeled in the oligopolistic electricity market
structure, where few competing GENCOs are acting strategically
to maximize their profit [4]. The consumers are assumed to
have no strategic behavior in the market, and can only affect
the price by their inverse demand function [4].
� Uncertainties in several input parameters, such as the hourly

demand, demand function of the loads and the estimation of
the rivals’ generation pattern during the ST period are modeled.
Uncertainty of production for the self-scheduling GENCO due to
the intermittent nature of the resources is not considered in the
proposed model.
3. Stochastic model for oligopoly competition

Planned outages of the generating units and the transmission
lines are necessary for preventive maintenance which has signifi-
cant effect on the efficiency and ensures the secure operation of
the units and of the whole system. In outage scheduling various
constraints of the generating units regarding to their technical, cost
and the crew limitations are imposed to the problem. Optimal
scheduling of energy resources is a critical issue for all market par-
ticipants such as the GENCOs and the ISO, and the outage schedul-
ing is the most influential decision that affects the optimal
operation of power systems. The GENCOs seek their profit maximi-
zation, and the ISO schedules the system aiming at the minimum
cost while satisfying the system reliability and security constraints.

Scheduling in electrical energy systems very much depends on
forecasted and deterministic input data. It is necessary to investi-
gate the effect of forecast errors and contingencies in LT and ST
scheduling. The level of uncertainty and the type of data differ
when the problem is being solved from the viewpoint of different
market participants; for instance the consumers and the producers
do not face similar input data for their decision support system
while bidding in the market. The competition model of an electric-
ity market with few competing GENCOs is introduced first, and the
mechanism that an individual GENCO implements to determine
the outage plans in this environment is also characterized. The sto-
chastic model that each GENCO uses and the way that it can deal
with uncertainties is given next.

3.1. Oligopoly competition model

In the deregulated electricity markets based on the oligopoly
structure, the electricity price is not determined by a regulatory
authority; the market demand, supply conditions, and the strategic
behavior of GENCOs are the main influential factors [9]. In oligop-
olistic electricity markets the decisions of GENCOs are intercon-
nected, and each GENCO is big enough to influence the electricity
price [7]. Each GENCO maximizes its total payoff by changing the
decision variable of production at each time period [10]. The Cour-
not model, a game theory-based framework, is applied to address
the strategic interaction between GENCOs in an oligopolistic elec-
tricity market and to analyze the Nash equilibrium [11].

Nonlinear demand functions usually yield to problems that are
difficult to solve; therefore, a linear demand function (1) is selected
to show the relationship between electricity price and the demand
[9]

Q ¼ k� c � P: ð1Þ

In Eq. (1), c P 0, and k shows the demand intercept. The variable Q
represents the actual demand and P is the electricity price at time
period t [9]. In the proposed model, GENCO i submits its mainte-
nance schedule simultaneously with other GENCOs. Eq. (2) shows
the relationship between the production of GENCOs and the total
demand at period t. GENCO i chooses the payoff-maximizing quan-
tity of generation in the belief that other GENCOs have fixed pro-
duction decisions [9]

qi þ q�i ¼ Q : ð2Þ

In the proposed maintenance scheduling model, the inverse lin-
ear demand function (3), is used to include the price of electricity
in the objective function, while optimizing the payoff from the per-
spective of GENCO i. Inverse demand function maps the amount of
electricity demanded to the market price which is a dependent var-
iable [22]. Eq. (4) shows how the parameters of the inverse linear
demand function are calculated from the parameters in linear de-
mand function



P ¼ a� b � Q ; ð3Þ
a ¼ k=c; b ¼ 1=c: ð4Þ

Unlike the demand curve used in [23], with constant elasticity
at all different prices and quantities, the price elasticity changes
for different values of demand in the inverse linear demand func-
tion. The price elasticity of demand (PED) is defined as the ratio
of the percentage change in quantity to the percentage change in
price (5). PED shows the demand response of a good or service to
changes in its price [12]

PED ¼ DQ=Q
DP=P

: ð5Þ
3.2. Stochastic model

Mathematical programming models provide an appropriate
framework to address maintenance outage decisions in a precise
manner. Maintenance outage scheduling of generating units is
typically of integer nature while the power generation decisions
are continuous [24]. The complexity of planning for maintenance
outage from the system operator point of view is considerable in
comparison to when the GENCOs are addressing the problem.
The main reason for this added complexity is the inherent respon-
sibility of system operators to guarantee the security and reliability
of the system [6].

In the proposed model, prior to implementing the LT mainte-
nance decisions, the ISO asks those generating units that were
planned for maintenance outage during the considered ST time
interval to submit the new proposals. The ST time interval varies
between one to several weeks. Some GENCOs might be interested
to submit several plans with different levels of priority; conse-
quently, they should expect penalties for the plans that deteriorate
the system security or reliability constraints.

Different degrees of uncertainty are seen in most of the deci-
sion-making problems faced by electricity market players [25].
Even with the lack of prefect information and with regard to time
limits that they face, the decisions should be made several time
periods ahead of the scheduling time horizon. In this paper, we ad-
dress the problem of finding optimal ST generation policies for a
specific GENCO in a non-cooperative oligopoly, taking into account
the system uncertainties.

The ultimate objective of a GENCO in deregulated electricity
markets is to maximize the difference between revenues from gen-
erating for the pool and the generation cost (6). The term Pi in (6)
refers to the total payoff of GENCO i during the scheduling horizon.
A scenario-variable formulation is used to consider the uncertainty
of several parameters [25]. This objective function is the expected
payoff computed by the summation of the payoff in each scenario
multiplied by its probability [25]. It is assumed that GENCO i has
estimates of other GENCOs’ production during each period via
the LT plans that have been released by the ISO to all market play-
ers. Time increments are included in the model by considering ht in
the objective function and the constraints. For instance, 0.25 is as-
signed to ht for all time periods if time increments of 15 min are
assumed

Max Pi ¼
X

s

ps �
XT

t¼1

½asðtÞ � bsðtÞ � DsðtÞ � ht� � qs
i ðtÞ � ht

�(

�
X
j2Di

zs
ijðtÞ � C

SD
ij þ ys

ijðtÞ � C
SU
ij þ ht � xs

ijðtÞ � C
M
ij � Pij þ ht

�

� CF
ij � us

ijðtÞ þ CP
ij � qs

ijðtÞ
� ��))

: ð6Þ
In the proposed model, the electricity producer faces uncer-
tainty in demand, the parameters of the demand function and
expectations that it has of other producers’ generation strategies
during the planning time horizon. Equation (7) shows that the
generation of GENCO i at each period equals the total power that
all the generating units owned by the GENCO produce in that per-
iod. Constraint (8) guarantees a minimum reserve for each time
periodX
j2Gi

qs
ijðtÞ ¼ qs

i ðtÞ; 8i; t; s: ð7Þ

qs
i ðtÞ þ qs

�iðtÞ ¼ DsðtÞ þ RsðtÞ; 8i; t; s: ð8Þ

Constraint (9) shows that each generating unit should be main-
tained for a specified number of time periods. Constraint (10) en-
sures the continuity of maintenance in generating units [5]

XT

t¼1

xs
ijðtÞ ¼ Nij; 8s; i; 8j 2 Di: ð9Þ

xs
ijðtÞ � xs

ijðt � 1Þ 6 xs
ijðt þ Nij � 1Þ; 8i; t; s; 8j 2 Di: ð10Þ

Constraint (11) expresses that a unit which is on outage for
maintenance will not deliver energy, and consequently cannot be
committed [13]

xs
ijðtÞ þ us

ijðtÞ 6 1; 8i; t; s; 8j 2 Di: ð11Þ

The output of each generating unit should be within a range
limited by its minimum and maximum generation capacity (12)
[13]

us
ijðtÞ � Pij 6 qs

ijðtÞ 6 us
ijðtÞ � Pij; 8i; t; s; 8j 2 Di: ð12Þ

The logic of startup and shutdown is defined using binary deci-
sion variables for the online, startup, and shutdown status as
shown in constraints (13) and (14). It is necessary to have the ini-
tial state of the binary decision variables for online status as an
input

ys
ijðtÞ � zs

ijðtÞ ¼ us
ijðtÞ � us

ijðt � 1Þ; 8i; t; s; 8j 2 Di: ð13Þ

ys
ijðtÞ þ zs

ijðtÞ 6 1; 8i; t; s; 8j 2 Di: ð14Þ

The limitations of the maintenance crew and the equipments of
a GENCO are restraints on the maximum number of units simulta-
neously in outage (15)X
j2Di

xs
ijðtÞ 6 Mi; 8i; t; s: ð15Þ

In stochastic optimization of the total payoff, reaching a deci-
sion that guarantees a larger mean for payoff and a smaller vari-
ance are always sought by the owners of the firms. This indicates
that the expected value of the payoff is high and the probability
of obtaining payoff values different from the expected payoff is
low [25].

Defining the problem in a stochastic structure adds to the com-
plexity of the problem due to the increase in the number of vari-
ables; therefore, it would be convincing to use a measure to
show the advantages of this representation. The value of the sto-
chastic solution (VSS) is a measure used to show the benefits of
using stochastic representation for the problem in comparison to
a simpler deterministic structure [25]. Equation (16) shows that
subtracting the optimal objective function value of the modified
stochastic problem PD� from the stochastic programming solution
PS� gives the VSS for a maximization problem [25]

VSSMAX ¼ PS� �PD�: ð16Þ



Table 1
Generating units data (case 1).

Unit
no.

Capacity
(MW)

Minimum
power
(MW)

Repair
rate

Failure
rate

GENCO
no.

1 12 2.40 0.94652 0.03742 2
2 12 2.40 0.88966 0.05736 2
3 12 2.40 0.96426 0.01775 4
4 12 2.40 0.97204 0.05772 1
5 12 2.40 0.94863 0.01851 4
6 20 4.00 0.95588 0.05043 4
7 20 4.00 0.95454 0.05485 2
8 20 4.00 0.93654 0.01702 1
9 20 4.00 0.97420 0.05522 4

10 76 15.20 0.89939 0.04271 4
11 76 15.20 0.97488 0.01259 2
12 76 15.20 0.90084 0.05210 3
13 76 15.20 0.96110 0.05622 1
14 100 25.00 0.96946 0.04382 3
15 100 25.00 0.89803 0.04766 2
16 100 25.00 0.97015 0.04695 3
17 100 25.00 0.94438 0.04973 1
18 100 25.00 0.89533 0.02991 1
19 100 25.00 0.91192 0.04269 1
20 155 54.25 0.97540 0.01917 2
21 155 54.25 0.97417 0.04515 3
22 155 54.25 0.93090 0.01240 4
23 155 54.25 0.95978 0.03134 2
24 197 68.95 0.92235 0.05534 3
25 197 68.95 0.94650 0.04933 2
26 197 68.95 0.90208 0.05746 4
27 197 68.95 0.95114 0.04157 3
28 197 68.95 0.88930 0.01559 2
29 197 68.95 0.92506 0.02438 1
30 350 140.00 0.97037 0.05800 3
31 400 100.00 0.95904 0.05735 3
32 400 100.00 0.97438 0.03443 1

Table 2
LT maintenance decisions for week 19 (case 1).

Unit no. Time periods (12 h)

2 254–257
4 253–256
9 262–263

11 258–259
13 262–264
3.3. Scenario generation

The GENCO that intends to submit the maintenance outage
plans of the following ST period to the ISO, creates several
scenarios to face the future random disturbances, such as load
forecasts, price elasticity of the loads and the generation pattern
of the competing GENCOs [18]. In the scenario-based optimiza-
tion model, the objective of the GENCO is to maximize the
weighted-average profit [18]. The probability of occurrence for
each scenario, which is a possible state of uncertain circum-
stances, is shown by the weight assigned to it. Solving continu-
ous stochastic optimization problems is very difficult, or even
impossible. Thus representing the continuous random variables
with discrete structure in actual decision-making process is indis-
pensable [25].

The vector Rs in (17) shows the system state in scenario s and is
composed of three vectors rs

1, rs
2 and rs

3 which are respectively as-
signed to the parameters of the inverse linear demand function,
hourly load of the ST time horizon, and the generation pattern of
rival GENCOs

Rs ¼ ½rs
1; r

s
2; r

s
3�: ð17Þ

Constructing the demand functions by applying statistical tech-
niques such as regression analysis to historical data is not the con-
cern of this paper. In order to model the stochastic behavior of
loads in reaction to price changes, the historical price elasticity of
demand at the average electricity price over a specific time horizon
is analyzed to find the points with higher density and the weights
calculated for each point.

It is assumed that the probability distribution function of load
forecast error is available. In other words, a standard probability
distribution has been chosen and the parameters are adjusted
to fit the data. Load uncertainty, which is one of the most influ-
encing parameters of system uncertainty, is based on load fore-
cast errors [26]. Discretization of the continues distribution
function is carried out based on the technique proposed in [26]
which gives the probabilities of n load levels (Fig. 1). Roulette
wheel selection mechanism is used to generate the scenarios for
each hour. Generated random numbers between 0 and 1 fall in
the normalized probability range of the n defined levels in the
roulette wheel [26].
Fig. 1. Discretization of the load forecast error probability distribution function
(adapted from [26]).

16 265–266
19 262–263
22 261–262
23 253–255
27 256–258
31 259–260

Table 3
Maintenance and operation costs for GENCO 3 (case 1).

Unit no. Maintenance
cost (€/MW/h)

Fixed
cost (€/h)

Production
cost (€/MW)

Shutdown
cost (€)

Startup
cost (€)

12 – 211 98 305 284.382
14 – 293 102 201 241.2
16 45 314 104 205 190.65
21 – 417 94 243 291.6
24 – 372 103 270 232.2
27 32 463 101 264 348.48
30 – 607 104 316 527.72
31 55 754 94 408 897.6
Each individual GENCO makes reasonable estimates of the gen-
eration patterns of rival GENCOs based on the LT maintenance
plans released by the ISO and the generators’ reliability parame-
ters. The scenarios and their attached weights are generated by



Table 4
Scenarios for the linear inverse demand function (case 1).

Elasticity Linear inverse demand function Scenarios

0.40 P ¼ 297:50� 0:09239 � Q 1 and 5
0.45 P ¼ 273:89� 0:08213 � Q 2 and 6
0.50 P ¼ 255:00� 0:07391 � Q 3 and 7
0.55 P ¼ 239:55� 0:06719 � Q 4 and 8
the Sequential Monte Carlo (SMC) simulation, which refers to a
simulation process over a chronological time span, and is used to
simulate the frequency and duration of generators’ outages based
on the failure rate (k) and the repair rate (l) [27,28]. The most pop-
ular approach to create an artificial system state transition cycle is
called state duration sampling, which is based on sampling a prob-
ability distribution of generator state duration. The time to failure
(tF ) and the time to repair (tR) are the sampling values of state
duration to characterize the availability of a generating unit [25].
Fig. 2. Scenarios for price

Fig. 3. Scenarios for demand and production p
In Eqs. (18) and (19) that are used to generate duration sampling,
r1 and r2 are the uniformly distributed random numbers in the
interval [0,1]

tF ¼
� lnðr1Þ

k
; ð18Þ

tR ¼
� lnðr1Þ

l
: ð19Þ
3.4. Scenario reduction

Scenario reduction techniques are adopted to help the GENCOs
in dealing with fewer scenarios, especially when they are asked to
submit a limited number of plans for a ST time interval. The main
function of scenario reduction techniques is providing a tool for the
planners to achieve a reasonably good compromise between com-
putation time and solution accuracy in stochastic optimization
elasticity of demand.

atterns of other GENCOs except GENCO 3.



Fig. 4. Representation of uncertainty for each scenario.
models. On the other hand, the ISO asks for a limited number of
outage plans and the GENCO has to reduce the number of individ-
ual plans that has obtained to submit to the ISO. The reduction is
done either after the optimization or before dealing with all the
possible scenarios.

Each scenario relates to an individual realization of a multidi-
mensional stochastic process, which is used to deal with the uncer-
tainties of data [29]. The technique proposed in [29] is based on an
algorithm that reduces the number of nodes of a set of scenarios
without imposing requirements on the stochastic data processes.
It bundles close scenarios by measuring the distance between sce-
narios based on the probability metrics and eliminate scenarios
with very low probabilities to determine a limited number of effec-
tive scenarios while providing a reasonably good approximation of
the system [30]. The new probability of a preserved scenario is
Fig. 5. Weekly maintenance outage s
equal to the sum of its former probability and the probabilities
associated with all deleted scenarios that are closest to it based
on the specified probability metrics. The probability of the deleted
scenarios is set to zero [31].

The General Algebraic Modeling System (GAMS) provides an
efficient tool called SCENRED that implements backward and fast
forward reduction methods for scenario reduction and the random
data processes [32]. A subset of scenarios with new probabilities is
the result of applying scenario reduction approaches. In backward
reduction the optimal deletion of a single scenario repeats recur-
sively until a prescribed number of scenarios is deleted [29]. The
fast forward algorithm starts with an empty tree and selects the
scenarios that minimize the distance function between the re-
duced and the original tree in an iterative process. The algorithm
stops when a specified number of scenarios or a certain distance
is reached [16]. Solving the problem for each single scenario and
measuring the impact on the objective, and the worst-case sce-
nario probability study are alternative methods that can be used
for reducing the number of scenarios [30].

4. Numerical results

In case 1, the GENCOs are asked to submit several maintenance
outage plans to the ISO for a week ahead without any limitation on
the number of plans. Each GENCO considers a specific number of
scenarios with regard to the random input parameters, and
achieves several distinct outage plans to offer to the ISO. In case
2, the ISO imposes limitations on the number of proposals that a
GENCO can submit. Although the GENCO might encounter many
scenarios regarding to the inherent uncertainty in the parameters
that it faces during the week ahead, it needs to choose a limited
number of them to overcome the computational burden and
achieve few plans. Therefore, scenario reduction techniques are
implemented to reduce the scenarios and to assign new probabil-
ities to the reduced scenarios.

4.1. Case 1

The data of the modified IEEE-RTS test system [3] is used to
show the effectiveness of the proposed decision support system
during ST maintenance scheduling of GENCOs. In this case, the
GENCOs have to submit the maintenance outage plans of a week
ahead within 1-h time increments. The participating GENCOs in
cenarios of GENCO 3 for unit 16.



Fig. 6. Weekly maintenance outage scenarios of GENCO 3 for unit 27.

Fig. 7. Weekly maintenance outage scenarios of GENCO 3 for unit 31.
the market have access to the LT maintenance outage plans, which
were planned with the time increment of half a day (12 h).
Although the GENCOs are not sure that the rival GENCOs will sche-
dule their units with regard to the LT plans, the best source of
information is the LT plans. Table 1 lists the characteristics of the
generation sector including the repair and failure rate of the units.
To analytically show the effectiveness of the proposed model, GEN-
CO 3 with eight generating units is chosen for the case study.

The ISO asks GENCOs to submit their outage maintenance pro-
posals for week 19 in advance. Maintenance scheduling in the LT
time horizon has been released to assist all the participating GEN-
COs in the market so each GENCO access information on what their
rivals might decide. Maintenance outage decisions that were re-
leased by the ISO with the time increment of half a day for week
19, i.e. time periods 253–266, are shown in Table 2. It is worth
mentioning that although these plans were finalized and accepted
after several iterations and coordination procedures between the
GENCOs and the ISO one or 2 years in advance, there is still the
possibility of changing them due to the operational changes that
the system and the units have experienced since these plans were
finalized.
Units 16, 27 and 31 in Table 2 belong to GENCO 3 and are
planned for outage during week 19. However, because of the
possible changes in the operational situation of the system, this
individual GENCO, like other GENCOs, can submit new plans with
different levels of priority to the ISO. Normally, these ST mainte-
nance outage plans are scheduled with the accuracy of 1 h and give
GENCOs more flexibility to locate the outages of their units for the
specific time horizon. In ST scheduling, GENCO 3 chooses its main-
tenance outage plan according to the new needs for maintenance.
In week 19, units 16, 27 and 31 need 22, 41 and 21 h of maintenance
respectively. The crew limitation imposes the constraint that only
one of the units of GENCO 3 can be considered for maintenance at
each period. Table 3 shows maintenance and operation cost for each
of the units.

In this case, the scenarios for demand, demand function and the
GENCO i’s approximation of the rival GENCOs’ generation pattern
are available as input data. A series of eight scenarios with different
probabilities is considered to model the stochastic scheduling of
GENCO 3. The number of scenarios is small and thus no scenario
reduction is needed [25]. In Table 4 four different scenarios for
the linear inverse demand function with the occurrence probability



Table 6
LT maintenance decisions for the target week (case
2).

Unit no. Time periods (12 h)

2 13–24
4 61–84
8 85–108

11 49–84
14 73–108
22 1–48
27 13–36
32 109–168
35 25–72

Table 7
Daily peak load in percent of weekly peak.

Probability = 0.6 Probability = 0.4

Monday 93 Monday 98
Tuesday 100 Tuesday 95
Wednesday 98 Wednesday 100
Thursday 96 Thursday 96
Friday 94 Friday 93
Saturday 77 Saturday 81
Sunday 75 Sunday 76

Scenarios 1, 2, 5, 6, 9, 10 Scenarios 3, 4, 7, 8, 11, 12
of 0.4 for the elasticity value of 0.45 at price 85 €/MW h, and the
probability of 0.2 for other values of elasticity is considered. In
these scenarios, as shown in Fig. 2, for low prices, changes in price
have a relatively small effect on the electricity demand. However,
for high prices (e.g., more than 120 €/MW h for scenarios 4 and 8
or 149 €/MW h for scenarios 1 and 5) the electricity demand is rel-
atively elastic. GENCO 3 has two distinct expectations of what
other units might produce during the next 168 h based on LT main-
tenance scheduling decisions (Fig. 3). As shown in Fig. 3 only one
scenario for the demand is considered for week 19 [3].

The probabilities assigned to each of the eight generated scenar-
ios are shown in Fig. 4. In this figure, the branches are different
realizations of the random variable [25]. The uncertainty is mod-
eled through a scenario tree (Fig. 4) built as follows [17]:

(1) Two scenarios are generated for the generation pattern of
rival GENCOs during the following week.

(2) One scenario is considered for the demand during the week
ahead.

(3) Four scenarios are generated model the demand function of
loads during the following week based on different possibil-
ities of PED.

The mixed integer linear problem is implemented in GAMS,
using the solver CPLEX. The objective function of the stochastic
optimization problem regarding to the eight scenarios is 987,492
€ with an execution time of 19 min on a machine equipped with
two Xeon X5450 processors, each with 4 cores, clocking at 3.0
GHZ with 4 GB of RAM. In Figs. 5–7 the LT maintenance plan and
Table 5
Generating units data (case 2).

Unit
no.

Capacity
(MW)

Minimum
power (MW)

GENCO
No

Mean up
time (h)

Mean down
time (h)

1 12 2.40 1 56.5 1.2
2 20 4.00 1 8.7 1.0
3 20 4.00 3 8.7 1.0
4 20 4.00 4 8.7 1.0
5 20 4.00 2 8.7 1.0
6 20 4.00 4 8.7 1.0
7 20 4.00 3 8.7 1.0
8 76 15.20 1 37.7 0.8
9 76 15.20 4 37.7 0.8

10 76 15.20 3 37.7 0.8
11 76 15.20 1 37.7 0.8
12 100 25.00 2 23.1 1.0
13 100 25.00 4 23.1 1.0
14 100 25.00 2 23.1 1.0
15 100 25.00 4 23.1 1.0
16 100 25.00 5 23.1 1.0
17 100 25.00 1 23.1 1.0
18 100 25.00 2 23.1 1.0
19 155 54.25 3 18.5 0.8
20 155 54.25 5 18.5 0.8
21 155 54.25 2 18.5 0.8
22 197 68.95 3 18.3 1.0
23 197 68.95 4 18.3 1.0
24 197 68.95 5 18.3 1.0
25 197 68.95 1 18.3 1.0
26 197 68.95 4 18.3 1.0
27 197 68.95 3 18.3 1.0
28 197 68.95 1 18.3 1.0
29 350 140.00 4 22.1 1.9
30 350 140.00 2 22.1 1.9
31 350 140.00 1 22.1 1.9
32 350 140.00 2 22.1 1.9
33 400 100.00 3 21.2 2.9
34 400 100.00 1 21.2 2.9
35 400 100.00 5 21.2 2.9
36 400 100.00 4 21.2 2.9
37 400 100.00 3 21.2 2.9
the 8 scenarios for the ST maintenance outage scheduling of units
16, 27 and 31 are shown respectively.

The optimal objective function value of the modified stochastic
problem is 938,768.4 €, and consequently the value of VSSMAX is
48,723.6 €.

4.2. Case 2

The reliability data of the modified IEEE118-bus test system
introduced in [3,18] is used to show how GENCO 4 with nine gen-
erating units has to deal with the uncertainties in the system and
achieves the final maintenance outage plans that the ISO requests
(Table 5). The computational time reduces if the scenario reduction
techniques are implemented before running the optimization
problem in comparison to deducing the two plans from the result
of several maintenance plans achieved after considering all scenar-
ios in the optimization problem.

The outage plan for this time interval that is the result of inter-
action and coordination between the GENCOs and the ISO in LT
maintenance scheduling is shown in Table 6. The ISO provides
the opportunity of modifying the plans for those units that are
planned for LT maintenance in the target week before the week
starts.

The annual peak load of the system is 5500 MW [19], and GENCO
4 considers a finite and discrete set of possible scenarios for the de-
mand in the following week. It is assumed that the weekly peak
load in percent of the annual peak is 88.7 for scenarios 1–4, 90 for
scenarios 5–8 and 86.1 for scenarios 9–12 with respectively 0.4,
0.3 and 0.3 as their associated probability of occurrence. The daily
peak load in percent of the weekly peak is shown in Table 7. As indi-
cated in Fig. 8 hourly peak load in percent of the daily peak is con-
sidered in two distinct patterns, each with different realization for
weekdays and weekends. In Table 8 the probability of occurrence
for each scenario is shown, based on the values obtained from the
aforementioned percentages of the annual peak load. In this case,
the stochastic hourly demand is considered as the main source of
uncertainty from the viewpoint of the GENCO and other parameters
such as the generation estimation of other GENCOs during the



Fig. 8. Hourly peak load in percent of the daily peak (case 2).

Table 8
Probability of each scenario (case 2).

Scenario 1 2 3 4 5 6

Probability 0.12 0.12 0.08 0.08 0.09 0.09
Scenario 7 8 9 10 11 12
Probability 0.06 0.06 0.09 0.09 0.06 0.06

Table 9
Scenario reduction for two preserved scenarios.

Preserved
Scenarios

New
probability

Expected
Payoff (€)

Fast backward method 1 0.5 1,059,123.054
2 0.5

Mix of fast backward/
forward methods

1 0.5 1,059,379.174
6 0.5

Mix of fast backward/
backward methods

1 0.5 1,064,507.108
2 0.5

Table 10
Scenario reduction for three preserved scenarios.

Preserved
Scenarios

New
probability

Expected
Payoff (€)

Fast backward method 1 0.5 975,963.022
2 0.41

10 0.09

Mix of fast backward/
forward methods

1 0.5 968,928.677
6 0.41

10 0.09

Mix of fast backward/
backward methods

1 0.5 993,707.167
2 0.41

10 0.09

Table 11
Scenario reduction for four preserved scenarios.

Preserved
Scenarios

New
probability

Expected
Payoff (€)

Fast backward method 1 0.5 1,003,766.292
2 0.21
4 0.2

10 0.09

Mix of fast backward/
forward methods

1 0.5 929,880.712
4 0.2
6 0.21

10 0.09

Mix of fast backward/
backward methods

1 0.5 1,003,766.292
2 0.21
4 0.2

10 0.09
following week or the parameters of the inverse linear demand
function are only demonstrated in one realization.

In ST scheduling, there is not enough time for several data ex-
change between the GENCOs and the ISO; and accordingly a single
stage decision-making structure can be suitable for this environ-
ment. The proposed plan provides a basis for ST maintenance
scheduling which can be applied jointly with the plan proposed
in [6]. In a single stage scheduling, the ISO can accept a limited
number of plans from the GENCOs to see if they meet the reliability
and security constraints. On the other hand, the GENCOs have var-
ious uncertain realizations of the stochastic parameters in the sys-
tem. In case study 2, it is assumed that the ISO accepts 2–4 distinct
plans from the GENCOs for the following week. The GENCO bene-
fits from the scenario reduction techniques in two ways: by reduc-
ing the execution time and finding the most probable scenarios
with their new probabilities. SCENRED/GAMS is used to reduce
the number of scenarios and the solver CPLEX is used to solve
the problem in each situation. Several realizations for the desired
number of preserved scenarios and the reduction methods imple-
mented are considered to show the result of having limited



number of scenarios. The preserved scenarios and the expected
payoff when GENCO 4 intends to have 2, 3, or 4 preserved scenarios
is respectively shown in Tables 9–11.

In ST decision-making for outage periods, the final responsibil-
ity of the GENCO is to conclude with specific distinct maintenance
plans in order to submit to the ISO. The limit is set by the ISO and
the GENCO should just be aware to consider these limitations in
maintenance scheduling. The above tables show how the GENCO
can deal with various numbers of scenarios, which is the result
of stochastic input data. The GENCO should decide which plans
to submit to the ISO and it needs to decide how much to pay to
the ISO as penalty in a case that the plans deteriorate the system’s
reliability and security indices.
5. Conclusions and future work

The research work presented in this paper characterizes the im-
pact of LT plans on ST maintenance decisions of GENCOs by apply-
ing the Cournot model, which has been used for strategic
generation dispatch of generating units in electricity markets. The
merit of this work is featured by considering the strategic interac-
tion between the GENCOs and including the uncertainty of estima-
tions of each individual GENCO. Test results show how GENCOs
accordingly react to the power systems stochastic operation and
determine the ST outage schedules based on their estimates of com-
peting GENCOs’ generation strategy. The achieved plans are sub-
mitted to the ISO, and needs approval before implementation.

Although the GENCOs are not obligated to meet the demand of
customers in the maintenance scheduling of their generation as-
sets, including the most probable generation pattern of rival GEN-
COs in addition to the forecasted demand curve in the ST time
interval provides more realistic assessment of the system. Apply-
ing the proposed method by each GENCO in determining the out-
age decisions increases the chance of acceptance by ISO in
comparison to the plans that are achieved without considering
the reserve constraints.

The general decision of GENCOs during conventional price-
based maintenance scheduling is to experience the outage of their
generating units during low electricity price periods. Thus, the ISO
hardly accepts the suggested plans due to probable reliability and
security deteriorations in the grid and asks them to resubmit the
alternative plans. In the proposed framework, the GENCOs consider
the reserve constraints during maintenance outage scheduling and
eliminate the need for several data exchange between the GENCOs
and the ISO.

Intermittent renewable resources are the main sources causing
uncertainty in ST and LT operation scheduling of the power sys-
tems with large-scale integration of these units. In the future
works, the uncertainties of intermittent renewable resources will
be included in decision support systems of GENCOs and the ISO
for maintenance scheduling. Transmission maintenance schedul-
ing affects the generation maintenance scheduling, and causes
complexity because of changing the system configuration during
their maintenance window. In the future research works, planned
outages of the transmission sector will be included in the ST main-
tenance scheduling.
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