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A maintenance coordination algorithm is proposed in this paper in which, the natural gas network con-
straints and uncertainties are taken into account. In this way, new communication lines between natural
Gas Network Operator (GNO), Independent electricity Market Operator (IMO) and Independent electric
System Operator (ISO) are created to coordinate the mid-term planning of the electric and the gas net-
works. The coordination process is an iterative process in which, initially, the GNO generates a complete
set of non-electrical gas load scenarios. Then, the scenario-based maximum available gases for generating
units are calculated and sent to the IMO and the ISO. The IMO declares the interval electricity prices in
scenarios for the period of concern. The Generation Companies (GenCos) would then provide the ISO
and the IMO with their maintenance proposals; considering their own objectives, constraints,
scenario-based prices, and scenario-based maximum available gases. The ISO would evaluate the impact
of maintenance proposals and scenario-based maximum available gases on reliability indices and assign
some penalties/rewards to the GenCos, in proportion to their contribution in reliability index violation
from a desirable level. On the other hand, the GNO would calculate the new scenario-based maximum
available gas for the generating units, considering new maintenance proposals. Then, the IMO would
provide new electricity prices, based on new maintenance proposals. These signals would be used by
the GenCos to review and modify their maintenance proposals. The procedure is repeated until an equi-
librium point is reached. For convergence assurance, a memory rate is introduced by which the GenCos
earlier experiences in providing the ISO with maintenance proposals are, somehow, taken into account.
The capabilities of the proposed algorithm are assessed and evaluated on IEEE-RTS.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction be economically and technically influenced by gas network con-
Share of natural gas (hereon, gas is used for simplicity), as a pri-
mary fuel, for electrical power generation has increased over the
last decade. On the other hand, in households, growing usage of
gas for heating is observed which it can threat the primary fuel
availability for power generation. Therefore, dependency of power
generation to gas network has become one of the concerns of en-
ergy policy makers [1–7].

Generation maintenance coordination process is an issue of
concern in mid-term planning of restructured power systems
[8,9]. The process is designed to coordinate the desired outage
schedules of GenCos, in a planning horizon (e.g. one year) provided
that the ISO’s reliability criteria are met. The proposed coordina-
tion processes [10–13,1,4,15–17] do not concern the gas network
impact. However, the generation maintenance coordination can
ll rights reserved.
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straints and uncertainties, as follows:

– From the GenCos point of view, the maintenance outage time
can be directly affected by the gas price uncertainty and varia-
tions. Price uncertainty is the result of gas market restructuring
in which, the clients have the possibility to choose their suppli-
ers. In a regulated environment, although, the price uncertainty
is ignored, its seasonal variations have significant impact on
maintenance schedules.

– An interruption or pressure loss in the gas network may lead to
a decrease in available capacity which, it generally, reduces the
GenCos profits and threats power system reliability. Therefore,
the main coordination objectives are affected by derated
capacities.

– In severe weather situations, the demand for electricity and gas
may peak at the same time. Therefore, the available gas for
power generation can be threatened. As a result, the GenCos
profits and power system reliability may be affected. In these
situations, dual fuel generating units can play an important role
in keeping power system reliability.

http://dx.doi.org/10.1016/j.ijepes.2012.10.017
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http://dx.doi.org/10.1016/j.ijepes.2012.10.017
http://www.sciencedirect.com/science/journal/01420615
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Nomenclature

Indices
el index for an electrical gas load
i index for a coordination process iteration
j index for a gas well
k index for a GenCo
m,n,p,q indices for nodes of the gas network
nl index for a non-electrical gas load
s index for a scenario
t index for a time interval
u index for a generating unit

Constants and parameters
D duration of an interval (h)
EENSmax standard maximum expected energy not supplied

(MW h)
FOR forced outage rate
HRgas(HRalt) heat rate when gas (an alternative fuel) is burned

(MBtu/MW h)
L nodal non-electrical gas load
MGC maximum contracted gas (Kcf/h)
STDEIR standard expected index of reliability (%)
a slope of the supply curve (MW�1)
b supply shift index
l expected supply shift index
pm�n constant of a pipeline between nodes m and n (Kcf/Psig)

Sets
D set of GenCos
K(k) set of generating units of GenCo k
N set of electrical gas loads belonging to GenCo k

Variables
cap available capacity (MW)
capgas(capalt) available capacity when gas (an alternative fuel) is

burned (MW)

cont contribution of a generating unit in eens (MW h)
eens expected energy not supplied (MW h)
fm�n gas flow between nodes m and n (Kcf/h)
intr the amount of electrical gas load that is interrupted

(Kcf/h)
p nodal gas pressure (Psig)
pen penalty assigned to a generating unit ($)
rcapgas(rcapalt) Bernoulli random variable for the available capac-

ity when gas (an alternative fuel) is burned (MW)
rew reward assigned to a generating unit ($)
tcap total available capacity (MW)
tpen(trew) total cumulative penalty (reward) assigned to a gen-

erating unit ($)
vc total generation variable cost ($/h)
vcfuel total fuel based generation cost ($/h)
vcgas(vcalt)

total fuel based generation cost when natural gas (an
alternative fuel) is burned ($/h)

vcnfuel total non-fuel based generation cost ($/h)
w production of a gas well (Kcf/h)
x maintenance outage index of a generating unit (=1 if

out, =0 if in service)
ygas gas burning index for a generating unit (=1 if natural gas

is burned, =0 otherwise)
yalt alternative fuel burning index for a generating unit (=1

if other fuel is burned, =0 otherwise)
q electricity market price ($/MW h)

Operators
N[�] number of objects associated to index (indices) (e.g.

N[u,k] is the total number of generating unit u belong-
ing to GenCo k)

PSGN[x] positive sign operator (=0, if x < 0 and =x otherwise)
SGN[x] Sign operator (=�1, if x < 0 and =1 otherwise)
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– In the event of gas pipeline outages, gas-fired generators with-
out dual fuel capabilities could constrain power system opera-
tion, due to lack of gas supply.

Such conditions necessitate an integrated view of mid-term gas
and electrical network planning that has not been studied, yet [18–
23]. However, to the best of our knowledge, some studies in the
field of the impact of gas network constraints on a GenCo’s main-
tenance scheduling are reported in [24]. In this paper, we focus on
the system-wide generation maintenance coordination in the pres-
ence of gas network constraints. In the proposed coordination
framework, some assumptions are made on studying the gas net-
work influences introduced above. It is assumed that the gas price
is determined in a regulated way, in which the price uncertainties
are ignored. Moreover, due to high reliability of the gas pipelines,
outage uncertainty of the gas network facilities can be neglected.
Therefore, this type of uncertainty is also ignored [25,26].

In this paper, a new integrated model (as explained in Section 2)
is introduced in which, the GenCos, the ISO, the Independent Mar-
ket Operator (IMO) – independent from or a part of ISO – and the
Gas Network Operator (GNO) collaborate to coordinate the gener-
ation maintenance schedules. In this way, initially, the GenCos are
informed of the weekly electricity price, provided by the IMO and
the scenario-based available gas, resulting from mid-term gas net-
work operation planning by the GNO. In this scenario-based oper-
ation planning, nodal gas interruption is minimized, considering a
mixed integer-linear gas network load flow model. Next, based on
the provided information, GenCos submit their maintenance
schedules to the ISO, in which, the GenCo’s profits are maximized,
subject to some maintenance constraints (e.g. maintenance conti-
nuity, separation, etc.). Based on the impact of each GenCos’ pro-
posed schedules on each interval system reliability index, the ISO
will send interval-based penalty/reward signals to the GenCos to
reschedule their maintenances. In parallel, the IMO and the GNO
would determine and provide the GenCos with new weekly prices
and possible available gas. These sequences are repeated until a
convergence criterion (e. g. similar maintenance schedules in some
consecutive iterations) is met.

The paper is organized as follows. Conceptual framework of the
proposed model is discussed in Section 2. The GNO coordination
function formulation is described in Section 3. The GenCos problem
formulation is discussed in Section 4. The IMO and the ISO coordina-
tion problem formulation are illustrated in Sections 5 and 6, respec-
tively. Penalties/rewards involvement in GenCo’s objective function
is presented in Section 7. Numerical results are demonstrated in
Section 8. Some concluding remarks are provided in Section 9.

2. Conceptual framework

In the generation maintenance coordination process, the
economic behavior of the GenCos may be either statically or
dynamically simulated. The former is mainly based on game theory
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Fig. 1. Conceptual framework of generation maintenance coordination.
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[10–13] in which, decision making is performed by all agents at the
same time. Some simplifying, sometimes unrealistic, assumptions
should be made, in terms of the information required for the rivals
and the predefined behaviors of the players. In the latter, the
decisions are made through an iterative process so that each new
decision is based on the earlier experiences and forecasting future
behaviors. In this way, the simplifying assumptions are, to the best
extent, avoided. This approach is employed in this paper.

Based on the dynamic process, [14–17] are four typical quasi-
economic research reported for maintenance scheduling. The elec-
tricity price, as one of the most important factors in computational
economics, is, however, assumed to be fixed. In [14], an iterative
procedure is used to solve the problem. Initially, the GenCos pro-
vide the ISO with their proposals on maintenances. Optimizing
the reliability criterion and based on some incentives/disincen-
tives, the ISO and the GenCos communicate with each other to
reach an agreement on maintenance schedules. [15] is an exten-
sion of the work reported in [14] in which the GenCos participation
in preserving the reliability is taken into account. [16,17] are two
research that improve the concept introduced in [14,15].

The present paper proposes a procedure, aiming at resolving the
drawbacks of existing dynamic approaches as follows:

– The usefulness may be seriously affected by considering the
probabilistic criteria to evaluate the reliability.

– The proposed procedures are based on fixed market prices,
insensitive to maintenance schedules. However, the price vari-
ation can be used as extra information, in addition to incen-
tives/disincentives, to help the GenCos and the ISO to adjust
the maintenance schedules in a weaker conflicting way [27].

– The proposed coordination processes do not concern the gas
network impact.

In this paper, a cobweb theory based model is proposed for
maintenance coordination process. The cobweb theory was first
proposed in [28] and, later on, developed and extended that is
summarized in [29]. To the best of our knowledge, the only appli-
cation of cobweb theory in an electricity market is reported in [30]
for a bidding strategy.

The cobweb theory based model is a dynamical system that de-
scribes price fluctuations as a result of the interaction between de-
mand function; depending on current price, and supply function;
depending on the expected price. In this model, based on initial
market price expectation, suppliers provide the best quantities.
Based on these and with the due attention to the demand function,
a new market price is achieved. This, in turn, leads to a modifica-
tion in initial proposed quantities. The process is repeated until
an equilibrium point is reached.

The stages of the cobweb theory based system are used for
designing a maintenance coordination process. In the process, by
using the initial market price, as prepared by the IMO, the GenCos
provide the best maintenance schedules. Based on these, a new
market price is achieved. This, in turn, leads to a modification in
initial proposed schedules. The process is repeated until an equilib-
rium point is reached. The coordination process is carried out by
the ISO; due to its responsibility in keeping the system reliability.
This responsibility is implemented through penalty/reward control
signals as devised by the ISO and considered by the GenCos in their
decision making process.

The proposed approach requires to be modified to consider the
gas network impact on the generation maintenance coordination
process. As, the process is a decentralized decision making type,
the gas network impact on all the participants objectives should
be modeled. In this way, the following modifications are intro-
duced (as explained in the following sections):
– A new function for the GNO is introduced and new communica-
tion lines between the ISO, the IMO, the GNO, and the GenCos
are created to gain a better mid-term planning.

– Some gas network constraints are considered.
– A new method to consider the impact of dual fuel generating

units on GenCos objectives, gas network loads and power sys-
tem reliability is proposed.

– The ISO policy to consider the gas network impact on power
system reliability is introduced.

The conceptual framework is illustrated in Fig. 1 in which, the
information flows between the entities are also shown. The coordi-
nation process is represented in Fig. 2, in which, i is an index for the
process iterations and z is the counter of feasible similar solutions
in consecutive iterations. The process is implemented as follows:

(a) Initially, a complete set of non-electrical gas load scenarios
with possible uncertainties is generated by the GNO (as
explained in Section 3.1). Maximum available gases for elec-
trical gas loads are calculated for each scenario, considering
mid-term operation planning objectives and observing the
technical constraints of the gas network (as explained in
Section 3.2). Then, the GNO sends them to the ISO and the
IMO.

(b) Using the scenario based maximum available gas and the
weekly electricity prices provided by the IMO, the GenCos
propose their generating units maintenance schedules by
maximizing their own profits as a stochastic programming.
In this stage, each GenCo assumes the rivals’ behaviors to
be unchanged (as explained in Section 4).

(c) Based on the proposals, given by the GenCos and the sce-
nario-based maximum available gas (which can affect the
maximum available capacities), determined by the GNO,
the IMO would determine new weekly prices and provide
the GenCos with the new prices (as explained in Section 5).

(d) The ISO would then calculate the reliability index and com-
pare it with the acceptable level at each interval (e.g. week).
Based on the contribution of each GenCo in reliability reduc-
tion/increase of each interval, the ISO will send penalty/
reward signals to the GenCos to reschedule their mainte-
nances (as explained in Section 6).

(e) The GNO would determine the new scenario-based maxi-
mum available gas and deliver it to the ISO and the IMO
(as explained in Section 3.2).

(f) By considering the new electricity prices, the penalty/
reward signals and the scenario-based maximum available
gas, the GenCos would reschedule their maintenance pro-
posals (as explained in Section 7).



Fig. 2. Flow diagram of generation maintenance coordination process.

428 M.A. Latify et al. / Electrical Power and Energy Systems 46 (2013) 425–440
(g) The convergence criterion is checked to see if the whole pro-
cess should be restarted from step (c). This criterion is cho-
sen to be similar maintenance schedules proposed by the
GenCos in consecutive iterations (three iterations in this
paper).

In the proposed coordination process, in one hand, in each
iteration, the GenCos try to maximize their expected profits
without being aware of the rivals’ behaviors and the effect on
electricity prices. It is assumed that, GenCos do not have any
market power to manipulate the price in order to achieve more
profits. These GenCos’ behaviors are in the direction of social
welfare optimization. On the other hand, the ISO implicitly min-
imizes the consumers’ loss of welfare; by devising penalty/re-
ward signals that may be caused by unavailability of
generating units due to improper maintenance schedules.
Therefore, generation maintenances while the social welfare is
improved.

The convergence property of the proposed model is crucial in
terms of reaching an equilibrium point. As the quantities in each
iteration are not determined in a coordinated way, if proper pre-
cautions are not foreseen, the algorithm may fail to converge.
The ISO is, however, the final decision maker. So, the players
should use the past experience on using the control (penalty/re-
ward) signals as sent by the ISO. To improve the convergence
performance of the coordination model, a memory rate, as ex-
plained in Section 7, is used in the process.

3. GNO coordination functions formulation

Gas network is one of the energy carrying infrastructures with a
network, that is composed of gas wells (sources), pipelines (trans-
mission systems), compressors, storage facilities and load centers
(distribution systems and large consumers), as illustrated in Fig. 3.

A GNO is responsible for mid-term operation planning of the
gas network. In this paper, the GNO activities are divided into
two functions, namely, generating scenarios and calculating maxi-
mum available gas for the generating units.

3.1. Scenario generation

Gas consumers can be categorized as industrial, electrical, com-
mercial and residential. To use the gas as fuel, a consumer signs
two contracts, namely, a transportation service contract and a sup-
ply contract [1,4–6,24]:

– Transportation service contracts are divided into firm, inter-
ruptible and no-notice contracts, in accordance with the service
priority. As an example, interruptible transportation services
can be interrupted with little notice and penalties.



Fig. 3. Schematic of typical gas network.
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– The supply contracts are divided into take-or-pay or flexible
contracts. For take-or-pay contracts, total cost is fixed, regard-
less of the usage. For flexible contract, the price is usually higher
than that of take-or-pay contract and the cost is usage
dependent.

In one hand, industrial and electrical gas consumers, generally,
have the interruptible service contract (as being more economical
than firm services) and commercial and residential ones have the
firm ones. On the other hand, commercial and residential gas con-
sumers have stochastic demands. Therefore, the available gas to
industrial and electrical consumers may be affected, as in emer-
gency, these types of loads are, initially, interrupted [1,4,5].

Gas network operation uncertainties are due to prices, outages
and temperature. As a regulated environment is considered for the
gas network, price uncertainties are not considered in this paper.
Moreover, due to high reliability of the gas transportation system,
outage uncertainty of the gas network facilities can be neglected in
comparison with that of a power system. Therefore, this type of
uncertainty is also ignored [25,26]. As a result, the probabilistic
modeling of the gas network is based on temperature as the main
uncertainty driver.

The seasonal ARIMA model is widely used to model the stochas-
tic energy demands (e.g. electricity, gas, etc.). Basic characteristics
of a seasonal ARIMA-based stochastic process are explained in [31].
The weekly non-electrical gas loads,1 in each node of the network is,
thus, modeled as follows:
1�
XN½a; nl�

a¼1

gða; nlÞBSAa

 !
1�

XN½a0 ; nl�

a0¼1

g0ða0; nlÞBSAa0�SE

 !
ð1� BSAÞd

ð1� BSASEÞd
0
svðnl; tÞ ¼ 1�

XN½b; nl�

b¼1

kðb; nlÞBSAb

 !

1�
XN½b0 ; nl�

b0¼1

k0ðb0; nlÞBSAb0�SE

 !
eðnl; tÞ ð1Þ
where a0 and a0 (b and b0) are the indices for autoregressive (moving
average) parameters, d and d0 show differentiation order, SE repre-
1 Although the industrial gas loads are not stochastic (at least, as much as
commercial and residential loads), it is assumed that these loads behaviors are
aggregated in the non-electrical load models.
sents seasonality order, BSA[a] stands for the backshift operator
with order a (e.g. BSA[a]sv(nl, t) = sv(nl, t � a)), g(a,nl) (k(b,nl)) repre-
sents autoregressive (moving average) parameter of non-electrical
gas load nl and sv(nl, t) shows the stochastic variable of non-electri-
cal gas load nl at interval t.

In (1), e(nl, t) stands for an uncorrelated normal stochastic pro-
cess (white noise), uncorrelated with sv(nl, t). e(nl, t) is commonly
referred to as error term. The parameters of the model are esti-
mated and adjusted using the real data [32].

Consider the ARIMA model of non-electrical gas load
NL(sv(NL, t)). Initially, the real historical observations of sv(NL, t)
are gathered. Maximum values of indices (N[a,NL], N[a0,NL],
N[b,NL], and N[b0,NL]) are considered. Therefore, the considered
ARIMA model would have N[a,NL] + N[a0,NL] + N[b,NL] + N[b0,NL]
parameters to be estimated, namely, g(a,NL), g(a0,NL), k(b,NL)
and k(b0,NL)" a = [1,N[a,NL]], a0 = [1,N[a0,NL]], b = [1,N[b,NL]] &
b = [1,N[b0,NL]]. Using least squares estimation method, the sea-
sonal ARIMA process parameters can be estimated so that the im-
pact of error term on parameter estimation is minimized [32].

The nature of geographical interdependency of loads makes the
weekly ARIMA models of non-electrical gas loads to be statistically
dependent. Such dependencies are transferred to the error terms
(e(nl, t) "nl 2X & t 2 [1,N[t]], where X stands for the set of the
gas nodes). Therefore the error terms would be cross-correlated
(e. g. e(NL1, t)) is correlated to e(NL2, t � 1). Cross-correlogram
can be used to analyze the dependency structure of the error terms
[32], in which the cross-correlation coefficients for different time
lags are represented. As the weekly gas loads are assumed to be
modeled by (1), cross-correlation of error terms placed at lag more
than 1 week can be considered statistically zero. Therefore, the
seasonal ARIMA model in (1) is a quasi-contemporaneous stochas-
tic process (cross-correlogram of error terms is triangular) [31].

To simplify the task of using the stochastic process in our
model, the continuous process is replaced by a discrete scenario
type. The main characteristics should, however, be preserved.
Therefore, a proper scenario generation technique should be used
[31].

In scenario generation process, the seasonal ARIMA models in (1)
are independently calibrated. In each step of the scenario generation
process (identified by index s), initially, a sample of standard error
terms is independently produced. Based on the cross-correlation
coefficients, the variance–covariance matrix of the error terms is
calculated. Using the variance–covariance matrix and after some
mathematical operations (as described in [31] in details), the result-
ing error terms are cross-correlated. These error terms are assumed
to be known in (1). Therefore, the value of sv(nl, t) can be calculated,
straightforwardly and is named as L(nl,s, t).

In one hand, the large number of generated scenarios can help
the approximation error to be reduced. On the other hand, large
number of scenarios may render the model to be computationally
intractable. For this reason, an efficient scenario-reduction proce-
dure has to be used. In this paper, without lack of generality, the
probability distance based scenario reduction technique is em-
ployed, in which Kantorovich measure is used as the probability
distance [31].
3.2. Maximum available gas calculation

In mid-term operation planning, the GNO should minimize the
total gas load interruption, while considering scenarios and
observing technical constraints. We assume that the electrical
gas loads have the lowest priority to be supplied by the gas net-
work. Therefore, if there is a need to interrupt the gas load in a
gas network node, the available gas to the connected generating
units is limited.
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The objective function is presented as follows:

min objgnoði; sÞ ¼
XN½t�
t¼1

XN½el�

el¼1

intr ðel; i; s; tÞ 8s 2 ½1; N½s�� ð2Þ

where, objgno(i,s) shows the mid-term operation planning objective
function of GNO in iteration i and scenario s.

In (2), the GNO minimizes the sum of electrical gas load inter-
ruption at node el, at interval t and in scenario s. Therefore, the
maximum available gas for electricity generation, at each interval
and scenario, may be calculated.

Technical constraints are composed of gas network elements
models and generation–consumption balance.

Pipeline model: Gas transmission is driven by pressures and is
dependent on some physical factors such as the length and the
diameters of pipelines, and operating temperature. Gas pipelines
are either passive (pipelines without compressors), or active (pipe-
lines with compressors) [6]. The gas flow through a passive pipe-
line is determined by the pressure difference as follows:

SGN½fm�nði; s; tÞ� � fm�nði; s; tÞ2 ¼ p2
m�n � ðpðm; i; s; tÞ2 � pðn; i; s; tÞ2Þ

8t 2 ½1; N½t��; s 2 ½1; N½s�� & m; n 2 Xp ð3Þ

where Xp represents the set of passive pipelines.
pm�n is determined by physical characteristics of the pipeline;

connecting node m and n. Pressure may drop due to friction, as
gas flows through the pipelines. Therefore, compressors may be in-
stalled to recover some part of this drop. However, if compressors
are installed, the following inequality constraint must be met:

SGN½fm�nði; s; tÞ� � fm�nði; s; tÞ2 P p2
m�n � ðpðm; i; s; tÞ2 � pðn; i; s; tÞ2Þ

8t 2 ½1; N½t��; s 2 ½1; N½s�� & m; n 2 Xa ð4Þ

where Xa represents the set of active pipelines.
Moreover, for active pipelines, the gas flow is only in one direc-

tion, i.e. fm�n (i,s, t) 6 0.
A pipeline pressure should be within the specified limits, as

follows:

PminðmÞ 6 pðm; i; s; tÞ 6 PmaxðmÞ
8t 2 ½1; N½t��; s 2 ½1; N½s�� & m 2 ½1; N½m�� ð5Þ

where Pmax(m) (Pmin(m)) shows the maximum (minimum) allow-
able gas pressure (Psig) of node m.

The pipeline constraints are generally nonlinear, but can be
linearized with the details given in [6].

Gas storage: Based on the capacity and the operating character-
istics, gas storages are categorized into long-term, mid-term and
short-term. They are used to balance the demands in their respec-
tive periods. The gas network capacity may also be considered as a
source of storage, if the pressure is increased during low demand
max gencoprf ðk; iÞ ¼
XN½s�
s¼1

SPðsÞ �
XN½t�
t¼1

XN½u; k�
u¼1

½qði; s; tÞ � capðu; k; i; s; tÞ �
�½MCðu; k; tÞ � trewðu;

�

periods. As for the proposed maintenance coordination process,
the stored gas may behave as an alternative fuel, it is not, explicitly,
modeled in the proposed framework [1,26].

Nodal constraints: These constraints indicate that the gas flow
mismatch at each node of the gas network is equal to zero, while,
the technical limitations of the injected and the extracted flows are
observed.

The gas nodal balance is as follows:

XN½w�
j¼1

Iðq; jÞ�wðj; i; s; tÞ�
XN½nl�

nl¼1

Iðq;nlÞ�Lðnl; s; tÞ

�
XN½el�

el¼1

Iðq; elÞ�ðMGCðel; tÞ� intrðel; i; s; tÞÞ�
X

n2CðqÞ
fq�nði; s; tÞ¼0

intrðel; s; tÞ6MGCðel; tÞ; WminðwÞ6wðj; i; s; tÞ6WmaxðwÞ
8k2D;t 2 ½1;N½t��;s2 ½1;N½s��; j2 ½1;N½j��;q2 ½1;N½q��; & el2NðkÞ

ð6Þ

where, j is the index for a natural gas well (source), I(q, j), I(q,el)
and I(q,nl) represent the node-natural gas source, node-electrical
natural gas load and node-non-electrical natural gas load inci-
dence matrix elements, respectively, Wmax(j) (Wmin(j)) is the max-
imum (minimum) production capability of gas well j (Kcf/h) and
C(q) shows the set of nodes connected to node q through
pipelines.

The first equation of (6) shows the gas flow balance constraint
of node q, in which, four terms are, respectively, the sum of gas
wells (sources) injections, the sum of non-electrical gas loads, the
sum of electrical gas loads and the sum of gas pipelines flows. in-
tr(el, i,s, t), in the third term, takes value, if, instead of load interrup-
tion, there is no way to balance the flows in node el. Therefore, the
electrical gas loads are interrupted, if required. Without loss of
generality, it is also assumed that this interruption is sufficient to
satisfy the technical constraints.

As a result, the maximum available gas for generating units can
be calculated as follows:

gmaxðk; el; i; s; tÞ ¼ MGCðel; tÞ � intrðel; i; s; tÞ
8k 2 D; t 2 ½1; N½t��; s 2 ½1; N½s�� & el 2 NðkÞ ð7Þ

4. GenCos problem formulation

4.1. GenCos objective function

GenCos are seeking to maximize their profits in proposal on
their maintenance schedules. An energy only market is assumed
in this paper; although other market mechanisms may also be con-
sidered. As a result, in each iteration of the coordination process, a
GenCo profit function is as follows:
UTðu; k; tÞ � vcðu; k; i; s; tÞ � FCðu; kÞ� � DðtÞ
k; i; s; tÞ þ tpenðu; k; i; s; tÞ� � xðu; k; i; tÞ

�
8k 2 D ð8Þ
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where, gencoprf (k, i) shows the profit function of GenCo k in itera-
tion i, SP(s) is the occurrence probability of scenario s, MC(u,k, t)
and FC(u,k) are the total maintenance ($) and generation fixed
($/h) costs of the generating unit u of GenCo k, respectively and
UT(u,k, t) stands for the utilization factor of the generating unit u
of GenCo k at interval t.

(8), in general, is a stochastic programming formulation that
maximizes the expected profit of GenCo k, considering all scenarios
generated by the GNO.

The term, [q(i,s, t) � cap(u,k, i,s, t) � UT(u,k, t) � vc(u,k, i,s, t)
� FC(u,k)] � D(t), shows the interval-based GenCo profit achieved
in supplying electric energy to the market in scenario s. UT(u,k, t),
generally, depends on the commitment policy, the generating unit
type and the bidding strategy. As the first one is the dominant
parameter, it is assumed here that the utilization factor can be
properly estimated using the historical data. The last term,
[MC(u,k, t) � trew(u,k, i,s, t) + tpen(u,k, i,s, t)] � x(u,k, i, t), is the cost
incurred due to the maintenance of generating unit u in which,
the penalties/rewards imposed by the ISO are also observed. In
the first iteration of the coordination process, these are considered
to be zero. The penalties/rewards for the next iterations would be
considered with the details given in Sections 6 and 7.

From the stochastic programming points of view, maintenance
coordination variables (x(u,k, i, t)) must satisfy the non-anticipativ-
ity conditions which guarantee that the decision on the mainte-
nance outage cannot be dependent on the scenario realization.
For more explanations of the non-anticipativity conditions see
[31].

Total variable generation cost (vc(u,k, i,s, t)) in (8) is divided into
two parts; namely non-fuel based generation cost that is, gener-
ally, independent of the fuel type and, fuel based cost that depends
on the fuel type. Therefore, the total variable generation cost can
be calculated as follows:

vcðu; k; i; s; tÞ ¼ vcnfuelðu; k; i; s; tÞ þ vcfuelðu; k; i; s; tÞ
8k 2 D; t 2 ½1; N½t��; s 2 ½1; N½s�� & u 2 KðkÞ ð9Þ

where vcnfuel(u,k, i,s, t) presents the total non-fuel based cost that is
calculated as follows:

vcnfuelðu; k; i; s; tÞ ¼ capðu; k; i; s; tÞ � UTðu; k; tÞ � Q nfuelðu; kÞ
8k 2 D; t 2 ½1; N½t��; s 2 ½1; N½s�� & u 2 KðkÞ ð10Þ

where Qnfuel(u,k) is the non-fuel based generation cost of generating
unit u of GenCo k ($/MW h).

The fuel-based part of the total variable generation cost is ex-
plained in the next subsection.

4.2. Constraints

4.2.1. Generation and dual fuel capability constraints
The available capacity of a dual fuel generating unit (cap(u,k,

i,s, t)) depends on the burning fuel type. Therefore, based on the
fuel type, it takes the value of either gas based (capgas (u,k, i,s, t))
or alternative fuel based (capalt(u,k, i,s, t)) available capacity. This
is enforced by the constraints below:

capðu; k; i; s; tÞ ¼ capgasðu; k; i; s; tÞ þ capaltðu; k; i; s; tÞ
capgasðu; k; i; s; tÞ 6 ygasðu; k; i; s; tÞ � CAPgas

maxðu; kÞ
capgasðu; k; i; s; tÞP ygasðu; k; i; s; tÞ � CAPgas

minðu; kÞ
capaltðu; k; i; s; tÞ 6 yaltðu; k; i; s; tÞ � CAPalt

maxðu; kÞ
capaltðu; k; i; s; tÞP yaltðu; k; i; s; tÞ � CAPalt

minðu; kÞ
8k 2 D; t 2 ½1; N½t��; s 2 ½1;N½s�� & u 2 KðkÞ

ð11Þ

where ygas(u,k, i,s, t) (yalt(u,k, i,s, t)) is a binary variable which indi-
cates natural gas (alternative fuel) burning status (=1 if natural
gas (alternative fuel) is burned, =0 otherwise) of generating unit u
of GenCo k at interval t and in scenario s and CAPalt

maxðu; kÞ
ðCAPalt

minðu; kÞÞ and CAPgas
maxðu; kÞðCAPgas

minðu; kÞÞ are the maximum (min-
imum) generation capability (MW) of generating unit u of GenCo k
when an alternative fuel and gas is burned, respectively.

Generally, for some technologies, switching between fuels may
affect the maximum available capacity as observed in (11). More-
over, it guarantees that the maximum capacity is within its limits,
when burning either gas or alternative fuel.

For a dual fuel generating unit, the possibility of using, only, a
single type of fuel in an interval is assumed. Therefore, ygas

(u,k, i,s, t) and yalt(u,k, i,s, t) could not be equal to 1, simultaneously.
Moreover, both must be equal to zero, if the associated generating
unit is on maintenance. So:

ygasðu; k; i; s; tÞ þ yaltðu; k; i; s; tÞ 6 ð1� xðu; k; i; tÞÞ
8k 2 D; t 2 ½1; N½t��; s 2 ½1; N½s�� & u 2 KðkÞ ð12Þ

For a single-fuel generating unit, depending on the fuel type we
would have:

ygasðu; k; i; s; tÞ ¼ 0

8k 2 D; t 2 ½1; N½t��; s 2 ½1; N½s��; & u 2 rgasðkÞ

yaltðu; k; i; s; tÞ ¼ 0

8k 2 D; t 2 ½1; N½t��; s 2 ½1; N½s��; & u 2 raltðkÞ

ð13Þ

where ralt(k) (rgas(k)) stands for the set of single fuel generating
units of GenCo k that burn an alternative fuel (gas).

In calculating the available capacity, a maximum available fuel
should be assumed. (14) presents the relation between available
capacities of the generating units belonging to GenCo k, connected
to node q and the maximum available gas in node q.

XN½u; k�
u¼1

ðcapgasðu; k; i; s; tÞ � HRgasðu; kÞ
GHV

Þ 6 gmaxðk; el; i; s; tÞ

8k 2 D; t 2 ½1; N½t��; s 2 ½1; N½s��;u 2 Uðk; elÞ; & el 2 NðkÞ ð14Þ

where, GHV shows the gas heat value (MBtu/Kcf), U(k,el) is the set
of generating units of GenCo k that are categorized as electrical nat-
ural gas load el and gmax(k,el, i,s, t), stands for the maximum avail-
able natural gas (Kcf/h) in gas network node el, in iteration i,
scenario s and interval t.

Without loss of generality, it is assumed that the maximum
available alternative fuel does not constrain the available capacity.

4.2.2. Fuel cost constraints
As already explained, to use the gas as fuel, a GenCo signs two

contracts; namely, a transportation service contract and a supply
contract. Moreover, some GenCos may construct fuel storage facil-
ities for dual fuel generating units.

Therefore, the fuel based part of the generation cost (vcfuel

(u,k, i,s, t)) in (8) is calculated as follows:

vcfuelðu; k; i; s; tÞ ¼ vcgasðu; k; i; s; tÞ þ vcaltðu; k; i; s; tÞ
8k 2 D; t 2 ½1; N½t��; s 2 ½1; N½s�� & u 2 Kðk ð15Þ

where vcgas(u,k, i,s, t) (vcalt(u,k, i,s, t)) stands for the total gas (alter-
native fuel) based generation cost that means the cost of gas con-
tract (alternative fuel storage).

Gas based generation cost: The GenCos generally prefer inter-
ruptible transportation services, as being more economical than
firm services [1,4–6,24]. In terms of the supply contracts, they,
generally, may sign either take-or-pay or flexible contracts.

In this paper, both the supply and the transportation service
contracts are modeled together. Therefore, each supply contract
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corresponds to a priority level of service and the corresponding
price includes the cost of transportation.

For take-or-pay contracts, total cost is fixed, regardless of the
usage. Therefore:

vcgasðu; k; i; s; tÞ ¼ ToPCðu; k; tÞ
8k 2 D; t 2 ½1; N½t��; s 2 ½1; N½s��; & u 2 HðkÞ ð16Þ

where ToPC(u,k, t) is the total cost ($/h) of take or pay contract of
generating unit u of GenCo k at interval t and H (k) is the set of gen-
erating units of GenCo k with take or pay gas contract.

For flexible contract, the price is usually higher than that of
take-or-pay contact and the cost is usage dependent. In this case,
vcgas(u,k, i,s, t) is calculated as follows:

vcgasðu; k; i; s; tÞ ¼ capgasðu; k; i; s; tÞ�UTðu; k; tÞ
�HRgasðu; kÞ�Qgasðu; k; tÞ
8k2D; t 2 ½1;N½t��;s2 ½1;N½s��;u2WðkÞ & u2KðkÞ ð17Þ

where Qgas(u,k, t) is the flexible gas price ($/MBtu) of generating unit
u of GenCo k at interval t and W(k) is the set of generating units of
GenCo k with flexible gas contract.

As evident from (17) and (11), vcgas(u,k, i,s, t) would take a value,
when generating unit u of GenCo k burns gas.

Alternative fuel based generation cost: Alternative fuel may be
used if:

1. Gas price is very high.
2. The available gas is not sufficient.

The cost of using alternative fuel is as follows:

vcaltðu; k; i; s; tÞ ¼ capaltðu; k; i; s; tÞ � UTðu; k; tÞ
� HRaltðu; kÞ � Q altðu; k; tÞ
8k 2 D; t 2 ½1; N½t��; s 2 ½1; N½s��; & u 2 KðkÞ ð18Þ

where Qalt(u,k, t) is the fuel cost ($/MBtu) of generating unit u of
GenCo k in interval t when an alternative fuel is burned.
4.2.3. Maintenance constraints
The set of maintenance constraints to be observed is specified

below, as explained in details in [10–17]. [14] justifies all these
constraints by using illustrative examples.

Maintenance continuity: The maintenance of any generating unit
must be completed once it begins; considering the required num-
ber of time intervals. This is considered using (19):

XN½t�
t¼1

xðu; k; i; tÞ ¼ MDðu; kÞ

xðu; k; i; tÞ � xðu; k; i; t � 1Þ 6 xðu; k; i; t þMDðu; kÞ � 1Þ
8k 2 D; t 2 ½1; N½t��; & u 2 KðkÞ

ð19Þ

where MD(u,k) is the maintenance duration of generating unit u of
GenCo k.

Maintenance priority: In some cases, a GenCo may wish to give a
priority of maintenance to some of its generating units. This may
be accomplished using (20).

XN½t�
t0¼1

xðu1; k; i; t0 � 1Þ � xðu2; k; i; tÞP 0

8k 2 D; t 2 ½1; N½t��; & u1;u2 2 KðkÞ ð20Þ

Maintenance coincidence: The maximum number of the generat-
ing units which can be maintained at an interval may be limited.
This may be observed using (21).
XN½u; k�
u¼1

xðu; k; i; tÞ 6 MNðk; tÞ 8k 2 D & t 2 ½1; N½t�� ð21Þ

where MN(k, t) is the maximum number of generating units of Gen-
Co k allowed to go on maintenance at interval t.

Maintenance exclusion: This constraint enforces the impossibil-
ity of maintaining two prespecified generating units at the same
interval:

xðu1; k; i; tÞ þ xðu2; k; i; tÞ 6 1
8k 2 D; t 2 ½1; N½t��; & u1;u2 2 KðkÞ ð22Þ

Any other constraints such those introduced in [8,14] may also
be observed and included.

The GenCo’s maintenance scheduling problem as described in
(8), (8), (10)–(22) is a stochastic mixed integer optimization prob-
lem which can be solved using various solvers, such as CPLEX
[15,33].
5. The IMO coordination problem formulation

An extended modeling, based on what shown in [27,34], is pro-
posed and used in this paper. The electricity market price, consid-
ering both the supply and the demand, as the main drivers, can be
modeled as follows:

qðs; tÞ ¼ ea�dðtÞþbði; s; tÞ 8t 2 ½1; N½t��; s 2 ½1; N½s�� ð23Þ

where d(t) presents the load level (MW) at interval t.
The model captures basic physical and economic relationships,

present in the production and the trading of the electricity. d(t)
(load) and b(i,s, t) (supply shift index in iteration i and scenario s)
have, in general, stochastic behaviors, quantifying the uncertainty
of price movements. To model the supply seasonality and uncer-
tainty; resulting from fuel price fluctuations, strategic gaming,
etc., b(i,s, t) is introduced [27,34].

As in the electricity price model, the available capacity should
be properly reflected, a probabilistic model of b(i,s, t) is assumed
as:

bði; s; tÞ ¼ lðtÞ � a� tcapði; s; tÞ
8 t 2 ½1; N½t��; & s 2 ½1; N½s�� ð24Þ

where l(t) is a deterministic variable which captures the average
supply seasonality (to be forecasted through historical data) and
tcap(i,s, t) is a probabilistic variable showing the available capacity.
This random variable is defined a summation of Bernoulli random
variables as follows:

tcapði; s; tÞ ¼
XN½k�
k¼1

XN½u; k�
u¼1

ðrcapgasðu; k; i; s; tÞ þ rcapaltðu; k; i; s; tÞÞ

8t 2 ½1; N½t��; & s 2 ½1; N½s�� ð25Þ

in which rcapgas(u,k, i,s, t) and rcapalt(u,k, i,s, t) are calculated as
shown in (26) where, PRB stands for the probability operator.

rcapgasðu; k; i; s; tÞ¼
capgasðu; k; i; s; tÞ PRB½rcapgasðu; k; i; s; tÞ¼ capgasðu; k; i; s; tÞ� ¼1�FORðu;kÞ
0 PRB½rcapgasðu; k; i; s; tÞ¼ 0� ¼ FORðu;kÞ

�

rcapaltðu; k; i; s; tÞ¼ capaltðu; k; i; s; tÞ PRB½rcapaltðu; k; i; s; tÞ¼ capaltðu; k; i; s; tÞ� ¼1�FORðu; kÞ
0 PRB½rcapaltðu; k; i; s; tÞ¼0� ¼ FORðu; kÞ

(

8k2D;t2 ½1;N½t��;s2 ½1;N½s��; & u2KðkÞ
ð26Þ

In (25), the term, rcapgas(u,k, i,s, t) + rcapalt(u,k, i,s, t) calculates
the randomly available capacity of a generating unit, influenced
by fuel type, fuel uncertainties and forced outage rate.

In both (23) and (24), a is a parameter, depending mainly on
load levels (such as peak and off-peak), reflecting proper seasonal
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price response to available capacity. d(t) is forecasted using histor-
ical data.

Considering each scenario, the modeling as proposed above,
makes the possibility of taking the effect of available gas and the
FORs of generating units on electricity price, into account. There-
fore, the price would change, provided that a substantial change
of available capacities occurs due to maintenance programs and
possible change of maximum available gas.
6. The ISO coordination problem formulation

The GenCos are not worried about system reliability and are
looking for maximizing their own profits. As shown in [27], the
electricity price alone cannot be regarded as an efficient signal
for conflict resolution. Therefore, appropriate penalty/reward sig-
nals should also be devised and proposed, so that the GenCos on
their own try to reschedule their maintenance proposals to the
preferred ISO periods.

To keep the system reliable from the fuel resources point of
view, the ISO should communicate with the GNO to get the
information on scenario-based maximum available gas for the
generating units. The ISO uses this information to scrutinize
the reliability calculation and sends the information to the
GenCos.

From various reliability indices, categorized as being probabilis-
tic and deterministic [35], the EIR (Energy Index of Reliability), as
an index from the former category is employed in this paper. For
each iteration of the coordination process, it is calculated for each
scenario in each interval, as follows:

eirði; s; tÞ ¼ 1� eensði; s; tÞ
TEðtÞ 8t 2 ½1; N½t��; & s 2 ½1; N½s�� ð27Þ

where TE(t) stands for the total energy (MW h) required to be
supplied at interval t and eir(i,s, t) presents the expected index of
reliability in iteration i, scenario s and interval t.

In (27), eens(i,s, t), as the Expected Energy Not Supplied
(EENS) in interval t of scenario s, is calculated as given in [35].
Initially, the interval based Load Duration Curves (LDCs) are
drawn. Based on technical characteristics of the available gener-
ating units, the Capacity Outage Probability Table (COPT) is gen-
erated for each interval in each iteration. Therefore, eens(i,s, t)
can be calculated.

For each standard EIR (STDEIR), there would be a maximum
EENS (EENSmax(i, t)), calculated based on the maximum available
capacity of generating units when no limit on available fuel is im-
posed. If maintenance of generating unit u results in EENS
rewðu; k; i; s; tÞ ¼

1�
FORðu; kÞ

� �
�ðcapgasðu; k; i; s; tÞ þ capaltðu; k

XN½k�

k¼1

XN½u; k�

u¼1
ðcapgasðu; k; i; s; tÞ þ capaltðu; k; i; s; tÞÞ �

�
1�
YN½k�
k¼1

YN½u; k�
u¼1

ð1�xðu;k;i;tÞÞ

 !
�PSGNðEENSmaxði; tÞ � eensði; s; tÞÞ

XN½t�

t¼1
1�

YN½k�
k¼1

YN½u; k�
u¼1

ð1� xðu; k; i; tÞÞ
 !

� PSGNðEENSmaxði; tÞ � eensði; s;

�
XN½k�
k¼1

XN½u; k�
u¼1

XN½t�
t¼1

penðu; k; i; s; tÞ 8k 2 D; t 2 ½1; N½t��; s 2 ½1; N½s��; & u 2 KðkÞ
exceeding EENSmax(i, t) for interval t of scenario s and in iteration
i, its contribution in increasing EENS is calculated as shown in (28).

contðu;k; i; s; tÞ¼

capgasðu;k; i; s; tÞþcapaltðu;k; i; s; tÞ
1�FORðu;kÞ

� �
XN½k�

k¼1

XN½u;k�

u¼1

capgasðu;k; i; s; tÞþcapaltðu;k; i; s; tÞ
1�FORðu;kÞ

� �
�PSGN½eensði; s; tÞ�EENSmaxði; tÞ�
8k2D;t2 ½1;N½t��;s2 ½1;N½s��; & u2KðkÞ ð28Þ

where the term (capgas(u,k, i,s, t) + capalt(u,k, i,s, t)), calculates the
available capacity of a generating unit, influenced by fuel type.

In practice, the exact value for the contribution of a generating unit
is more complicated than the one shown in (28). However, assuming
that the available capacity is the most important factor of ensuring
the reliability level, the approach presented in (28) is sufficient for
our purposes. In addition, the approach guarantees that more unreli-
able generating units would pay more penalties (per MW).

Based on the value of cont(u,k, i,s, t), the penalty assigned to
each generating unit is calculated as:

penðu; k; i; s; tÞ ¼ CUE� contðu; k; i; s; tÞ
8k 2 D; t 2 ½1; N½t��; s 2 ½1; N½s��; & u 2 KðkÞ ð29Þ

where Cost of Unserved Energy (CUE) typically represents the cost
of a substitute energy, which could be from an expensive generation
or the ISO’s payments for an interrupted power [15]. In general, CUE
is valued differently in different hours of the year. In this paper, for
the sake of simplicity, an annual average value is used.

As the ISO is an independent entity, in each iteration, the pen-
alties as imposed should be, somehow, prorated among the gener-
ating units that improve the reliability index, as rewards. With
aiming of equating the penalties and the rewards for each iteration,
the rewards are calculated as in (30).

The way that (30) is formulated results in assigning rewards of
each scenario to each generating unit in proportion of its contribu-
tion in improving eens(i,s, t) (with respect to EENSmax(i, t)) and only
for those intervals for which, proposals on maintenance exist.

The first term in (30) shows the contribution of each generating
unit in each interval of scenario s. The second term shows the pen-
alty contribution of those intervals of scenario s for which there are

some maintenance proposals. ð1�
QN½k�

k¼1

QN½u; k�
u¼1 ð1� xðu; k; i; tÞÞ

� �
is

nonzero, provided that, at least, one maintenance proposal at inter-
val t exists). The third term is due to the total penalties allocated.

Penalty/rewards are designed based on the ISO policy of
keeping the system reliability. In this paper, the ISO calculates
the contributions of generating units in affecting reliability for all
; i; s; tÞÞ

1�
FORðu; kÞ

� �

tÞÞ

ð30Þ
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scenarios. As an example, in a strict policy, the penalty/rewards
may be calculated for the worst scenario from the reliability view-
point, only. Assessment of the ISO policies to keep the system reli-
ability can be studied, but, it is not in the scope of this research.

7. Penalty/reward involvement in the GenCo’s objective
function

The key point in the involvement of penalty/reward signals in
the GenCo’s objective function is that any rational GenCo avoids
repetition of the earlier undesirable decisions and adoption of
the earlier desirable decisions. Therefore, the GenCo’s behavior is
modeled by considering a memory rate of penalty/reward signal
in the GenCo’s objective function. In this approach, the expectation
of the probable penalty/reward is the weighted mean of the past
observations with decreasing weights given by a normalized geo-
metrical progression of parameter c(k) (the so called the memory
rate of GenCo k). Therefore, penalty/reward of generating unit u
of GenCo k in scenario s is calculated as follows:

tpenðu; k; i; s; tÞ¼ penðu; k; i; s; tÞþcðkÞ� tpenðu; k; i�1; s; tÞ
trewðu; k; i; s; tÞ¼ rewðu; k; i; s; tÞþcðkÞ� trewðu; k; i�1; s; tÞ
8k2D;t2 ½1;N½t��; & s2 ½1;N½s��; & u2KðkÞ

ð31Þ

where c(k) is the memory rate of GenCo k.
The less the memory rate is, the faster forgetting would occur.

In the direction towards the equilibrium point, through iterations,
the effect of previous decisions is reduced by a factor of c(k). For
example, after R iterations, the effect of the first iteration decision
appears as a multiple of (c(k))R in the objective function.

Due to the binary nature (0 or 1) and the temporary interdepen-
dence (continuous maintenance) of decision variables (e.g.
x(u,k, i, t)) in the GenCos decision making problem, the proposed
coordination process is very complicated for mathematically con-
vergence analysis. Therefore, there is no way to give an analytical
proof of the main contribution of the memory rate in reaching
Table 1
Generating unit data for the IEEE-RTS.

ID no. Size (MW) FOR Maintenance weeks Weeks
Year

	 

HRgasðu; kÞ M

M

	
1–5 12 0.02 2 12
6–9 20 0.10 2 14.5
10–15 50 0.01 2 0
16–19 76 0.02 3 12
20–22 100 0.04 3 10
23–26 155 0.04 4 9.7
27–29 197 0.05 4 9.6
30 350 0.08 5 9.5
31–32 400 0.12 6 10

Fig. 4. Weekly
the equilibrium point in the process. However, numerical simula-
tions using different electric energy systems show appropriate
convergence behavior.
8. Numerical results

The details of electrical test system, based on IEEE-RTS, are gi-
ven in Table 1 [36]. It is assumed that two types of fuels are avail-
able for generating units (except generating units 10–15 that are
hydro); namely, gas and fuel oil No. 2 (hereon, oil is used for
simplicity). Without lack of generality, it is assumed that all the
gas supply contracts are flexible with a regulated gas price, chang-
ing week by week. Weekly gas and oil prices are gathered from US
EIA report on weekly gas and oil prices in 2009 [37,38]. We assume
that 1 kilo-cubic feet of gas can generate 1 MBtu of energy and
1 gal of oil can generate 0.14 MBtu of energy.

a (in (23)) is assumed to be 4.66 � 10�4 MW�1 for offpeak loads,
9.6 � 10�4 MW�1 for medium loads and 12.9 � 10�4 MW�1 for
peak loads. Load pattern is characterized in Fig. 4.

The values of l(t) are assumed to be as reported in Table 2, consid-
ering weekly intervals. l(t) can be calculated based on the historical
cumulative bidding behavior of the GenCos that shapes the supply
curve. Since there is no historical data of bidding on IEEE RTS, we
assume supply shift indices that could follow the load variations.

The gas network is presented in Fig. 5. It is composed of 3 wells,
13 nodes and 12 pipelines (10 passive and 2 active) that supplies
17 loads (7 electrical and 10 non-electrical). Its technical character-
istics are shown in Tables 3 and 4.

The parameters of considered contemporaneous dependent
weekly ARIMA models are shown in Table 5. Based on the probabil-
ity distance method, the generated scenarios are reduced to 20,
with labeled occurrence probabilities (Table 6). As an example,
the resulting scenarios for 2 non-electrical gas loads are shown
in Fig. 6a and b.
Btu
W h



Qnfuelðu; kÞ $

MW h

	 
 Dual fuel GenCo no. Candidate units

4.3 Yes 1 1.2
5 Yes 2 8.9
0 No 3 –
2.6 No 2 16.17
3.5 Yes 4 20.21
1.4 No 1 23.26
3.2 Yes 5 27.28
3 No 5 30
2.8 Yes 6 32

load level.



Table 2
Values of weekly supply shift indices (l(t)).

No. l(t) No. l(t) No. l(t) No. l(t) No. l(t) No. l(t) No. l(t)

1 4.675 9 4.376 17 4.779 25 4.714 33 4.532 41 4.701 49 4.506
2 4.701 10 4.350 18 4.805 26 4.636 34 4.558 42 4.656 50 4.571
3 4.779 11 4.428 19 4.870 27 4.610 35 4.584 43 4.636 51 4.610
4 4.727 12 4.519 20 4.883 28 4.493 36 4.623 44 4.610 52 4.623
5 4.753 13 4.597 21 4.831 29 4.467 37 4.649 45 4.571
6 4.740 14 4.662 22 4.792 30 4.441 38 4.662 46 4.532
7 4.649 15 4.610 23 4.740 31 4.480 39 4.675 47 4.571
8 4.454 16 4.675 24 4.779 32 4.493 40 4.714 48 4.532

Fig. 5. Gas network under study.

Table 3
Technical characteristics of gas pipelines.

Pipe no. From To pm�n
Kcf
Psig

Pipe no. From To pm�n
Kcf
Psig

1 8 9 20 7 2 3 16
2 8 10 25 8 3 11 25
3 8 7 45 9 11 13 20
4 7 6 20 10 12 13 23
5 6 5 10 11 4 3 10
6 2 5 10 12 6 12 25

Table 4
Technical characteristics of gas nodes.

Node
no.

Pmin

(Psig)
Pmax

(Psig)
Well
index

Wmin (Kcf/
h)

Wmax (Kcf/
h)

1 225 60 1 1000 6000
2 450 125 – – –
3 375 110 – – –
4 600 180 2 1500 6000
5 375 110 – – –
6 375 115 – – –
7 270 65 – – –
8 330 90 3 1500 15000
9 300 65 – – –
10 300 65 – – –
11 330 95 – – –
12 330 100 – – –
13 292.5 85 – – –
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CUE is assumed to be 2500 $/MW h [15]. STDEIR is considered to
be 98.55%. The convergence criterion is chosen to be three similar
solutions in consecutive iterations.

Two cases are studied in this section. In the first case, the main-
tenance schedules are coordinated regardless of gas network con-
straints. In this case, the evolution of the process and the effect of
memory rates are studied. In the second case, initially, the impor-
tance of considering gas network constraints and uncertainties are
shown. Then, the impacts of gas network on maintenance coordina-
tion are presented, when there is no dual fuel generating unit. Final-
ly, the dual fuel capability of generating units is taken into account.

8.1. Case 1

In this case, the gas network constraints are not taken into ac-
count. Therefore, only one scenario is considered, in which, there
is no gas limits to supply the generating units.

The model is implemented in MATLAB linked with GAMS 23.1.1
[33] on a computer equipped with Intel Corei5 CPU clocking at
2.4 GHz with 4 GB of RAM. The CPU time, required to attain the
solution in 7 iterations, is about 10 s.

Considering three values for c(k), (0.5, 0.75 and 0.9) for all Gen-
Cos, Fig. 7 shows the annual EENS variation through iterations. The
process is converged to the acceptable coordinated maintenance
schedules in 8, 7 and 7 iterations, considering three values for
c(k), 0.5, 0.75 and 0.9, respectively. As seen, higher memory rate
enforces the coordination process to converge sooner. It is obvious
that there is no penalty to assign to the GenCos in the last iteration.
As seen, the value of c(k) affects the acceptable schedules. For the



Table 5
Weekly ARIMA parameters.

L (8, t) L (9, t) L (10, t) L (11, t) L (13, t) L (15, t) L (16, t)

BSA1 1.006 1.0334 0.9043 1.0077 1.0068 0.9432 0.9432
BSA2 0 0 0.1194 0.0603 0.0612 0.0887 0.089
BSA3 0 0 0 �0.0828 �0.0829 0 0
BSA52 0.2652 0.3333 0.3588 0.235 0.2363 0.2568 0.2561
BSA53 �0.1715 �0.2766 �0.3148 �0.1223 �0.1238 �0.1939 �0.1934
BSA54 �0.0872 0 0 �0.0942 �0.094 �0.0582 �0.058
BSA104 0.2067 0.249 0.211 0.2691 0.2708 0.1531 0.1528
BSA105 �0.1599 �0.2482 �0.168 �0.1909 �0.192 �0.151 �0.1506
BSA106 �0.051 0.0734 0 �0.1213 �0.1226 0 0
Standard deviation 11.71 10.8 9.4 12.33 18.25 14.21 15.73

Table 6
Occurrence probabilities of gas network scenarios.

No. SP No. SP No. SP No. SP

1 0.11 5 0.038 9 0.047 13 0.062 17 0.052
2 0.033 6 0.066 10 0.038 14 0.027 18 0.048
3 0.042 7 0.074 11 0.08 15 0.012 19 0.025
4 0.029 8 0.065 12 0.073 16 0.028 20 0.051
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sake of simplicity, the remaining study in case 1 is done by assum-
ing c(k) to be 0.75.

Figs. 8 and 9 demonstrate the evolution of EIR and total main-
tenance outages throughout the weeks of the year for the first
and the last iterations. For instance, in weeks 30–34 and 42–45,
EIR is improved while for some remaining weeks (e.g. 8–12 and
16–18), it is slightly reduced. This happened due to shifting of
some of the maintenance schedules in weeks 30–34 and 42–45
(the low price periods) to weeks 8–12, 16–18 and 27–28 (the
medium price weeks) so that the reliability indices are affected.
Therefore, excess trend of maintenance schedules towards low
price periods; which may unduly affect the system reliability, is
moderated so that annual reliability index is improved for the last
iteration (see Fig. 7).
Fig. 6. Gas loads in scenarios 1–
8.2. Case 2

Initially, in this case, without considering maintenance sched-
ules, the impacts of various gas network constraints on power sys-
tem reliability index and the GenCos profits are shown. Moreover,
the dual fuel capability of generating units is forborne. Therefore,
due to such consideration, the available capacities of gas-burning
generating units that may be affected due to fuel availability in var-
ious scenarios. This, in turn, would affect system reliability and the
GenCos profits. Table 7 and Fig. 10 show the impacts as follows:

– The reliability index evolutions, considering different scenarios,
are illustrated in Fig. 10. Moreover, the reliability index evolu-
tion, while ignoring any gas availability is also shown (indicated
in Fig. 10. as ‘‘without limitation’’). As seen, the weekly reliabil-
ity index is affected in some scenarios.

– To show the impact of gas availability scenarios on GenCos prof-
its,, as a typical case, the amount of scenario-based gas interrup-
tion for generating units 27–29, in some week (s) in which, the
gas interruption is applied, at least, in one scenario, is (are) pre-
sented in Table 7. Therefore, the profit of GenCo 5 (owner of
units 27–29) is affected due to the generating units capacity
deratings in some scenarios.
4, (a): load 4 and (b) load 6.



Fig. 7. Annual EENS evolution in coordination process.

Fig. 8. Evolution of EIR throughout the weeks (the first and the last iteration).

Fig. 9. Evolution of total maintenance outages throughout the weeks.

M.A. Latify et al. / Electrical Power and Energy Systems 46 (2013) 425–440 437
The results show that the reliability index and the GenCos prof-
its that play the main roles in maintenance coordination process
are affected by some gas network constraints and uncertainties.

Following, the maintenance coordination process in the pres-
ence of the gas network constraints and uncertainties are studied.
However, the dual fuel capability of generating units is not
considered.

Considering c(k) to be 0.75, variation of total expected annual
EENS is shown in Fig. 11. Weekly expected EENS is calculated by
summing up the scenarios weekly EENSs, weighted by scenario
occurrence probabilities. Summing up the weekly expected EENS
results in expected annual EENS. As seen in Fig. 11, the expected
annual EENS is converged to an acceptable level through process
iterations.

Considering scenario 18, as an example, Table 8 presents the
amount of gas interruption for the generating units 27–29 and
the maintenance starting week of generating unit 27 in weeks 44
and 45. The available gas of these generating units, calculated by
the GNO, is modified due to maintenances of other generating
units. In iteration two, due to the maintenance schedules in weeks
43–45, the gas interruption is zero. Therefore, a GenCo’s generating
unit maintenance schedules can encourage the shift of the other
GenCos schedules due to change in available gas. Quantifying this
encourage is not easy; since, changing the maintenance starting
week from 29 to 8 is affected not only by available gas, but also
by penalty/rewards.

Total maintenance outages throughout the weeks of the year
are shown in Fig. 12. As seen, in the first iteration, the maintenance
schedules for the winter weeks are more than those of in Fig. 9.
The proposed schedules seem unusual, as high electricity prices
generally encourage the GenCos not to schedule the maintenances
in these weeks. However, the maintenance in cold weeks can be



Table 7
Amount of gas interruption in scenarios for generating units 27–29 (Kcf/h).

Scen. no.nweek index 1 2 3 4 5 6 43 44 45 46 47 48 49 50 51 52

2 34 248 48 38 0 0 0 0 142 280 0 38 527 249 39 243
3 0 17 38 0 34 0 144 93 138 0 0 0 338 39 414 0.00
4 439 84 0 83 85 38 0 0 0 0 0 338 0 5 39 339
5 0 248 0 338 39 0 0 13 0 656 0 0 274 39 0 377
6 0 338 14 0 0 0 0 3 38 39 0 314 0 0 339 0.00
7 0 0 38 0 0 0 0 0 0 417 0 160 38 39 7 0.00
8 0 0 38 0 0 0 0 0 0 138 38 243 0 39 39 0.00

10 0 0 874 0 11 0 0 39 138 237 113 38 13 39 0 39
11 38 438 0 16 0 48 0 18 64 0 39 0 332 39 0 39
12 38 14 6 38 0 23 338 13 0 0 0 38 22 0 5 2
13 0 0 387 0 0 0 0.42 0 0 0 248 10 12 791 470 8.8
14 0 38 248 26 5 0 0 0 0 0 0 313 0 39 39 489
15 36 38 6 24 0 0 0 0 0 33 7 527 38 638 79 671
18 48 0 9 31 0 0 248 248 48 0 39 0 14 601 22 39
19 0 6 0 0 0 0 39 23 0 39 0 0 39 0 354 39
20 3860 38 280 236 413 0 0 0 0 184 3 39 0 94 0.00 16

Fig. 10. Scenario based evolution of weekly reliability index.

Fig. 11. Expected annual EENS evolution in coordination process.

Table 8
The gas interruption for generating units 27–29 and maintenance starting week of
generating unit 27.

Iteration Starting
week

Interruption in week 44
(Kcf/h)

Interruption in week 45
(Kcf/h)

1 29 248.6 48.6
2 8 0 0
3 31 120 0
4 6 248.6 48.6
5 33 248.6 48.6
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justified, due to less reliable gas supply. Therefore, the GenCos
should schedule the maintenances so that the maximum profits
are achieved and gas availability risk is hedged. These may
threaten the system reliability in weeks that the expected avail-
able capacities of gas burned generating unit are noticeably low.
However, as seen in the last iteration results, the coordination
process can tackle it, so that the maintenance schedules are moved
from winter weeks to lower demand weeks. Therefore, the
penalty/reward signals can help the ISOs to keep the system
reliability.



Fig. 12. Evolution of total maintenance outages throughout the weeks (assuming no dual fuel capability).

Fig. 13. Evolution of total maintenance outages throughout the weeks (assuming generating units with dual fuel capability).
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Comparing Figs. 12 and 9 shows that, the maintenances that are
scheduled in autumn weeks are noticeably high when gas network
uncertainties are taken into account. Fig. 6a and b illustrate that
the non-electrical gas load in spring weeks are typically higher
than that of in autumn. Therefore, the expected available gas to
generating units can be more limiting in autumn, so that the Gen-
Cos prefer this season from maintenance viewpoint.

As the final case, the impacts of dual fuel capability of generat-
ing units are taken into account. In one hand, dual fuel capability
helps the GenCos to operate the generating units, when the
primary fuel (gas) availabilities are limited. Therefore, the ISO’s
reliability indices could be improved, due to improvement of max-
imum available capacities. On the other hand, often, the alternative
fuel prices (such as oil) are higher than that of gas. These, may
cause the price spikes during intervals in which the available gas
is probably low. As a consequence, the generating units with dual
fuel capability may not be interested in scheduling the mainte-
nances during these intervals; resulting in further improvement
of reliability indices. Therefore, the way of coordination process
is to be less conflicting than the previous case in which, the gener-
ating units with dual fuel capability are not taken into account.
Fig. 13 shows the total maintenance capacity outage in this case.

Comparing Figs. 12 and 13 shows that if dual fuel generating
units are involved, there are a few discrepancies between the
maintenance schedules as determined from the last iteration.
However, the maintenance schedules in the last iteration, as seen
in Fig. 13, are more similar to those of in Fig. 9. Therefore, in the
cases that gas network constraints and uncertainties may affect
the power system reliability, if there are generating units with dual
fuel capability, the proposed iterative process can direct the Gen-
Cos to schedule their maintenances in weeks that they would sche-
dule, if there are no gas network uncertainties.

9. Conclusions

As an iterative process among the GenCos, the GNO, the IMO and
the ISO, a maintenance coordination process was proposed in
which, the effect of gas network was considered. The impact of
gas availability on reliability index was shown illustrating the
importance of creating communication lines between gas and elec-
tric operators to coordinate the mid-term planning. It was shown
that the proposed coordination process could solve the gas impact
issues that may threaten the power system reliability. Considering
the scenario-based penalties/rewards signals, calculated by the
ISO, and observing a memory rate by the GenCo, guarantee reaching
an equilibrium point. Moreover, the importance of dual fuel capabil-
ity of generating units was examined. It was shown that by consid-
ering these types of units, more flexible maintenance schedules and
more improvement in reliability index could be achieved; even in
the cases that the alternative fuel prices are noticeably high.

References

[1] Liu C, Shahidehpour M, Fu Y, Li Z. Security-constrained unit commitment with
natural gas transmission constraints. IEEE Trans Power Syst 2009;24(3):1523–36.

[2] Dagher L, Rube I. Modeling Lebanon’s electricity sector: alternative scenarios
and their implications. Energy 2011;36:4315–26.

[3] Pederson P, Dudenhoeffer D, Hartley S, Permann M. Critical infrastructure
interdependency modeling: a survey of US and international research. Idaho:



440 M.A. Latify et al. / Electrical Power and Energy Systems 46 (2013) 425–440
Idaho National Laboratory, Critical Infrastructure Protection Division; 2006
Aug. report no.: INL/EXT-06-11464.

[4] Li T, Eremia M, Shahidehpour M. Interdependency of natural gas network and
power system security. IEEE Trans Power Syst 2008;23(4):1817–24.

[5] Costello K. Increased dependence on natural gas for electric generation:
meeting the challenge. Electricity J 2004;17:10–29.

[6] Urbina M. Efficient tools for studying infrastructure interdependency of electric
power systems [dissertation]. Illinois: Illinois Institute of Technology; 2008.

[7] Lienert M, Lochner S. The importance of market interdependencies in modeling
energy systems – the case of the European electricity generation market. Int J
Electr Power Energy Syst 2012;34(1):99–113.

[8] Shahidehpour M, Marwali M. Maintenance scheduling in restructured power
systems. MA: Kluwer; 2000.

[9] Ghazvini MAF, Morais H, Vale Z. Coordination between mid-term maintenance
outage decisions and short-term security-constrained scheduling in smart
distribution systems. Appl Energy 2012;96:281–91.

[10] Kim JH, Park JB, Park JK, Kim BH. A new game-theoretic framework for
maintenance strategy analysis. IEEE Trans Power Syst 2003;18(2):698–706.

[11] Kim JH, Park JB, Park JK, Chun YH. Generating unit maintenance scheduling
under competitive market environments. Int J Electr Power Energy Syst
2005;27(3):189–94.

[12] Chattopadhya D. A game theoretic model for strategic maintenance and
dispatch decisions. IEEE Trans Power Syst 2004;19(4):2014–21.

[13] Ghazvini MA, Canizes B, Vale Z, Morais H. Stochastic short-term maintenance
scheduling of GENCOs in an oligopolistic electricity market. Appl Energy; in press.

[14] Conejo A, Bertrand RG, Salazar MD. Generation maintenance scheduling in
restructured power systems. IEEE Trans Power Syst 2005;20(2):984–92.

[15] Barot H, Bhattacharaya K. Security coordinated maintenance scheduling in
deregulation based on GenCo contribution to unserved energy. IEEE Trans
Power Syst 2008;23(4):1871–82.

[16] Feng C, Wang X, Wang J. Iterative approach to generator maintenance schedule
considering unexpected unit failures in restructured power systems. European
Trans Electr Power 2010;21(1):142–54.

[17] Geetha T, Swarup KS. Coordinated preventive maintenance scheduling of
GENCO and TRANSCO in restructured power systems. Int J Electr Power Energy
Syst 2009;31(10):626–38.

[18] Unsihuay-Vila C, Marangon-Lima JW, De Souza ACZ, Perez-Arriaga IJ.
Multistage expansion planning of generation and interconnections with
sustainable energy development criteria: a multiobjective model. Int J Electr
Power Energy Syst 2011;33(2):258–70.

[19] Geidl M, Andersson A. Optimal power flow of multiple energy carriers. IEEE
Trans Power Syst 2007;22(1):145–55.

[20] Chaudry M, Jenkins N, Strbac G. Multi-time period combined gas and
electricity network optimization. Electr Power Syst Res 2008;78:1265–79.
[21] Fedora PA. Reliability review of North American gas/electric system
interdependency. In: Proceeding of the 37th Hawaii international conference
on system sciences, January 5–8. Hawaii, USA; 2004.

[22] Zhu Y, Huang GH, He L, Zhang LZ. An interval full-infinite programming
approach for energy systems planning under multiple uncertainties. Int J
Electr Power Energy Syst 2012;43(1):375–83.

[23] Parisio A, Vacchio CD, Vaccaro A. A robust optimization approach to energy
hub management. Int J Electr Power Energy Syst 2012;42(1):98–104.

[24] Chabar RM, Periera MVF, Granville S, Barroso LA, Iliadis NA. Optimization of
fuel contracts management and maintenance scheduling for thermal plants
under price uncertainty. In: Proceeding of 2006 power system conference and
exposition, October 29–November 1. Atlanta, USA; 2006.

[25] Hubner M, Haubrich HJ. Long-term planning of natural gas networks. In:
Proceeding of the 5th international conference on European electricity market,
May 28–30. Lisbon, Portugal; 2008.

[26] Padberg U, Haubrich HJ. Stochastic optimization of natural gas portfolios. In:
Proceeding of the 5th international conference on European electricity market,
2008 May 28–30; Lisbon, Portugal.

[27] Latify MA, Seifi H, Rajabi Mashhadi H. A strength Pareto evolutionary
algorithm-based conflict assessment framework of electricity market
participants’ objectives in generation maintenance scheduling. Eur Trans
Electr Power 2011. http://dx.doi.org/10.1002/etep.663.

[28] Ezekiel M. The cobweb theorem. Q J Econ 1938;52:255–80.
[29] Brianzoni S, Mammana C, Michetti E, Zirilli F. A stochastic cobweb dynamical

model. Discrete Dyn Nat Soc 2008. http://dx.doi.org/10.1155/2008/219653.
[30] Contreras J, Candiles O, De La Fuente JI, Gomez T. A cobweb bidding model for

competitive electricity markets. IEEE Trans Power Syst 2002;17(1):148–53.
[31] Conejo AJ, Carrion M, Morales JM. Decision making under uncertainty in

electricity markets. New York: Springer Science + Business Media, LLC; 2010.
[32] Box GEP, Jenkins GM, Reinsel GC. Time series analysis: forecasting and

control. New Jersey: John Wiley & Sons; 2008.
[33] GAMS Development Corporation. A user’s guide. GAMS Release 23.1.1; 2009.
[34] Visudhiphan P, Skantze P, Ilic MD. Dynamic investment in electricity markets

and its impact on system reliability. Cambridge (MA): MIT Energy Lab. MIT;
2001 July report no.: MIT EL 00-012.

[35] Billinton R, Allan RN. Reliability evaluation of power systems. 2nd ed. New
York: Plenum Press; 1996.

[36] IEEE Committee. IEEE reliability test system, IEEE Trans Power Ap Syst 1979;
PAS-98: 2047–54.

[37] US Energy Information Administration. Weekly New York harbor no. 2 heating
oil spot price FOB. <http://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?n=
pet&s=eer_epd2f_pf4_y35ny_dpg&f=w>.

[38] US Energy Information Administration. Weekly Henry hub gulf coast natural
gas spot price FOB. <http://205.254.135.24/dnav/ng/hist/rngwhhdm.htm>.

http://dx.doi.org/10.1002/etep.663
http://dx.doi.org/10.1155/2008/219653
http://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?n=pet&amp;s=eer_epd2f_pf4_y35ny_dpg&amp;f=w
http://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?n=pet&amp;s=eer_epd2f_pf4_y35ny_dpg&amp;f=w
http://205.254.135.24/dnav/ng/hist/rngwhhdm.htm

	An integrated model for generation maintenance coordination in a  restructured power system involving gas network constraints and uncertainties
	1 Introduction
	2 Conceptual framework
	3 GNO coordination functions formulation
	3.1 Scenario generation
	3.2 Maximum available gas calculation

	4 GenCos problem formulation
	4.1 GenCos objective function
	4.2 Constraints
	4.2.1 Generation and dual fuel capability constraints
	4.2.2 Fuel cost constraints
	4.2.3 Maintenance constraints


	5 The IMO coordination problem formulation
	6 The ISO coordination problem formulation
	7 Penalty/reward involvement in the GenCo’s objective function
	8 Numerical results
	8.1 Case 1
	8.2 Case 2

	9 Conclusions
	References


