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a b s t r a c t

This paper proposes a stochastic expansion planning of fast-response thermal units for the large-scale
integration of wind generation (WG). The paper assumes that the WG integration level is given and
considers the short-term thermal constraints and the volatility of wind units in the planning of fast-
response thermal units. The new fast-response units are proposed by market participants. The security-
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constrained expansion planning approach will be used by an ISO or a regulatory body to secure the
optimal planning of the participants’ proposed fast-response units with the WG integration. Random
outages of generating units and transmission lines as well as hourly load and wind speed forecast errors
are modeled in Monte Carlo scenarios. The Monte Carlo simplification methods are introduced to handle
large-scale stochastic expansion planning as a tradeoff between the solution accuracy and the calculation

the p
ecurity-constrained unit commitment
SCUC)

time. The effectiveness of

. Introduction

The increasing socio-environmental concerns have persuaded
overnments to support large integrations of renewable gener-
tion in power systems by introducing mandatory Renewable
ortfolio Standards (RPS) or equivalent policies [1]. The large inte-
ration of intermittent wind generation (WG) in power systems
as necessitated the inclusion of more innovative and sophisticated
pproaches in power system operation and planning [2].

In this paper, the intermittency refers to a situation where the
ower output of WG is less than a minimum amount over an
xtended time. While the volatility points out to smaller WG fluc-
uations in a shorter time. A major challenge in power systems is to
etermine the optimal availability of reserves to compensate WG
ncertainties. Without a sufficient supply of reserves, the power
ystem may not be able to provide short-term ramping support to
ontain large WG variability. However, the real-time allocation of
large sum of reserves may not be feasible when considering the

conomics and the security of power systems. Here, the allocation

f excessive thermal reserves could further increase the operating
osts while thermal reserves supplied by remote generating units
ay not be readily accessible due to transmission constraints.

� This work is supported in part by DOE grants DE-EE 0002979 and DE-EE
001380.000 and the NSF grant ECCS-0801853.
∗ Corresponding author.

E-mail address: ms@iit.edu (M. Shahidehpour).

378-7796/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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roposed approach is demonstrated through numerical simulations.
© 2010 Elsevier B.V. All rights reserved.

The deterministic allocation of thermal reserves (e.g., largest
generation unit in the system or certain percentages of load and
WG) may offer a sub-optimal solution. Large integrations of inter-
mittent WG could further contribute to the vulnerability of power
systems [3–5]. Hence, it is necessary to apply stochastic optimiza-
tion methods to address major WG integration concerns such as
the coordinated expansion of WG and fast-response generation
units, uncertain nature of systems with WG units, and short-term
operating constraints of power systems.

The operation planning of WG integration is proposed in Ref. [6].
The reliability of composite generation and transmission system
with a large-scale WG integration is investigated in Ref. [7]. The
Monte Carlo simulation is used in Ref. [8] to investigate the effect
of wind and load forecast errors on the power system expansion
planning.

However, only a few studies in the literature considered the
complicated operation issues in the WG expansion planning prob-
lem. The problem in Ref. [9] provides a nonlinear wind-thermal
model and applies the evolutionary programming to large-scale
power systems. A coordinated wind-thermal dispatch is presented
in Ref. [10] by applying the direct search method to the WG
integration. A combination of branch and bound and dynamic pro-
gramming is considered in Ref. [11] for a coordinated economic
dispatch of wind and thermal units in isolated power systems. The

impact of transmission lines on the WG expansion is discussed in
Ref. [12]. The approach considers additional zonal reserves because
of the WG uncertainty. The incorporation of the WG model in the
optimal economic dispatch is discussed in Ref. [13]. The study in Ref.
[14] considers the short-term operation along with the long-term

dx.doi.org/10.1016/j.epsr.2010.07.017
http://www.sciencedirect.com/science/journal/03787796
http://www.elsevier.com/locate/epsr
mailto:ms@iit.edu
dx.doi.org/10.1016/j.epsr.2010.07.017
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lanning, where renewable energy resources are operated along
ith conventional generating systems to satisfy certain objectives.
comprehensive study of the operation of power systems when

onsidering the WG integration is presented in Ref. [15]. The study
hows that, at the present time, frequency control is not a signif-
cant challenge when integrating WG into large power systems.
owever, such issues will become more of a challenge for sys-

ems with large penetrations of WG. Recently, North American
lectric Reliability Corporation (NERC) released a report on the
lanning and the operation of power systems with large sums of
G [16].
This paper proposes a stochastic expansion planning of fast-

esponse thermal units for the large-scale integration of WG. The
evel of WG integration is assumed to be given. The site and the
ear of installation of fast-response units are proposed by the
articipants. The ISO does not plan any generating units. Rather
he ISO would acknowledge and optimize the proposed plan-
ing of fast-response units that would provide both the reserve
apacity and the fast ramping required for large WG integra-
ions. The fast-response units in the paper assumed to have the
bility to reach their maximum capacity in a short period. The
nclusion of the hourly unit commitment is essential when con-
idering the WG variations and ramping constraints. The paper
onsiders the short-term thermal constraints and the volatility of
ind units in the planning model and applies a decomposition
odel for utilizing the hourly unit commitment states. Random

utages of generating units and transmission lines as well as
oad and wind speed forecast errors are modeled in scenarios
sing the Monte Carlo simulation. The Monte Carlo simplifica-
ion methods are introduced to handle large-scale the stochastic
xpansion planning as a tradeoff between accuracy and calcula-
ion time. The proposed stochastic generation expansion planning
pproach would inherently form a large-scale optimization prob-
em and a decomposition method is used to alleviate the calculation
urdens. The application of mixed-integer programming (MIP)
resents attractive features including a fast convergence, sim-
licity of the model, linearity of constraints, and the ability to
andle large-scale problems [17]. The approach can be used by
n ISO or a regulatory body to secure the optimal planning of
ast-response units proposed by market participants while con-
idering the large-scale WG integration. The contribution of the
aper is to consider and utilize new fast-response generating units

n power systems that would accommodate large WG integra-
ions. The impact of WG dispersion (i.e., centralized or distributed)
n the power system operation and planning is investigated.
he planning problem, when considering the WG uncertainty,
ould present a large-scale problem with major computation bur-
ens. Several improvements in decomposition and modeling are
onsidered in this paper to make the proposed approach more
ractical.

Other alternatives such as the demand response and the appli-
ation of storage systems may accommodate the WG uncertainty.
owever, such alternatives are usually available in small quantities
s compared with large WG variations in power systems [18,19].
he application of responsive demands may incur additional invest-
ents on communication facilities between the supply and the

emand [20].
The rest of this paper is organized as follows. Section 2

escribes the modeling of uncertainties in the proposed model. Sec-
ion 3 presents the framework and the decomposition procedure
pplied to the model. Section 4 provides a detailed formula-
ion of the problem and the solution methodology. Section 5
resents and discusses the case studies for a six-bus system and

he IEEE 118-bus system over a 10-year planning period. The
onclusions drawn from the case studies are provided in Section
.

ms Research 81 (2011) 107–116

2. Uncertainty in power system planning

The uncertainty can be categorized into (1) the participant level
uncertainty which includes fuel availability and emission costs, dis-
count rates, investment costs, competition, etc., and (2) the ISO level
uncertainty which includes random component outages and load
and wind forecast errors. The financial risks are usually included
in the market participant portfolio optimization [21]. As this paper
assumes that the investors have already submitted their expansion
planning proposals to the ISO, the participant level uncertainty is
not considered. Accordingly, the ISO’s uncertainty is considered in
scenarios to maintain the reliability index at an acceptable level.
The ISO assumes the stochastic behavior of power systems corre-
sponding to component outages and load and wind forecast errors
by deploying an optimal level of generation reserves. The embed-
ded expansion planning risk, assumed to be undertaken by the ISO,
is modeled in Section 4 by adding the cost of imaginary units to the
ISO’s objective function.

The Monte Carlo (MC) simulation method is adopted to simulate
random characteristics of power systems. The proposed stochastic
planning model would consider multiple scenarios in the Monte
Carlo simulation [23,24]. To address the uncertainty of WG, we
assume the wind power is subject to a Weibull distribution. The
detailed modeling of WG uncertainty with a Weibull distribution
is provided in Refs. [13,22]. The Monte Carlo simulation will gen-
erate a large number of scenarios considering wind speed forecast
errors. In each scenario, the hourly WG is considered to be given.

To consider random outages of generators and transmission
lines, we use UX and UY vectors in the Monte Carlo simulation,
which UXiht = 1 indicates that the ith generator is available in year
t and scheduling period h while UXiht = 0 indicates otherwise. Like-
wise, UYjht = 1 indicates that the jth transmission line is available in
year t and scheduling period h while UYjht = 0 indicates otherwise
[23].

To consider load forecast errors, the annual peak load forecast is
expressed as the base load times the annual growth rate. The annual
growth rate consists of an average growth rate and a random com-
ponent. Normally distributed random components are assumed to
be added to the average growth rates in order to reflect an uncer-
tain economic growth or weather changes in the load forecast [24].
The hourly load at each bus is then determined based on the annual
system peak load using given load distribution factors.

Each scenario is assigned a probability of occurrence, PRs, that is
one divided by the number of generated scenarios. The number of
scenarios has a substantial impact on the computational require-
ments for solving scenario-based optimization models. Therefore,
using an effective scenario reduction method could be very essen-
tial for solving large-scale systems [25]. The reduction technique
is a scenario-based approximation with a smaller number of sce-
narios and a reasonably good approximation of original system.
Therefore, we determine a subset of scenarios and a probability
measure based on the subset that is the closest to the initial prob-
ability distribution in terms of probability metrics. The General
Algebraic Modeling System (GAMS) is used in this study. GAMS
provides a tool called SCENRED for scenario reduction and mod-
eling random data processes. These scenario reduction algorithms
provided by SCENRED determine a scenario subset (of prescribed
cardinality or accuracy) and assign optimal probabilities to the pre-
served scenarios [26].
Fig. 1 depicts the proposed planning model. The Benders
decomposition is used to decompose the planning problem
into the optimal investment plan as master problem, and
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(1 + d)(t−1)
(1)
Fig. 1. The ISO’s proposed planning framework.

he reliability and the optimal operation as two subprob-
ems. The optimality of Benders decomposition as well as its
pplicability to power system problems is discussed in Refs.
27–30].

It is assumed that the level of wind integration is already
nown by the ISO. The large WG integration could aggra-
ate the reliability of power systems if non-wind units cannot
dequately support WG variations. The fast-response units are
lanned in this study to tackle such uncertainties. On the other
and, the emission associated with fast-response gas units may
egatively contribute to the overall goal of WG expansion. There-

ore, the proposed study would determine the optimal mix
f generation which would also satisfy the system reliabil-
ty.

In Fig. 1, the candidate set of fast-response generating units is
rovided to the ISO by market participants. Although, the ISO is not
aking any investment decisions, it would maintain the system

eliability along with the minimum social cost (i.e., total operation
nd investment cost) to enhanced the market operation. The opti-
al investment plan of the new generating units is determined

n the ISO’s master problem. The objective of the master prob-
em is to minimize the total investment cost of new generating
nits while considering the planning constraints. The planning con-
traints include capital investment funds, the maximum number
f units, and the construction time of candidate units. The lower
ound of the objective function is also obtained in the master prob-

em and used further to check the optimality of the proposed plan.
n addition to the planning constraints, the cuts generated in the
ubproblems are considered in the master problem. All binary vari-
bles are considered in the master problem and all constraints are
inear. The master problem is a mixed-integer linear programming
MILP) problem. Commitment states are adjusted in the master
roblem through the cuts provided by reliability and optimal oper-
tion subproblems.

The reliability check subproblem examines the plan proposed
y the master problem for the feasibility of system reliability con-
traints. This subproblem would satisfy the power balance in every
us while preserving the transmission security and physical con-
traints of generating units. In the case of feasibility violations, a
eliability cut will be formed and added to the master problem
or solving the next iteration of the planning problem. This iter-
tive process will continue until a reliable plan is calculated. Once
he system reliability is feasible, the optimal operation subprob-

em will consider the optimality of the proposed plan. The iterative
rocess will continue until the given convergence criterion is sat-

sfied.
Fig. 2. Flowchart of the ISO’s proposed planning problem.

4. Formulation and solution methodology

The ISO’s proposed objective of security-constrained planning
is to minimize the total cost of planning (1) while satisfying the
planning and the operation constraints:

Y =
NT∑
t=1

NG∑
i=1

PICit(GXit − GXi(t−1))

(1 + d)(t−1)

NS NT NH NG
Fig. 2 depicts the flowchart of the decomposed planning prob-
lem. The solution steps are listed as follows:
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tep 1 (scenario generation): We assume that the list of fast-
response thermal units is provided by the participants as
an input data to the ISO. The initial information provided
to the ISO includes investment candidate units of individ-
ual participants, forced outages of generating units and
transmission lines, as well as load and wind speed fore-
cast errors. A set of scenarios is created using the Monte
Carlo simulation. The stochastic long-term planning prob-
lem is inherently large. So, the scenario reduction is utilized
to establish a tradeoff between the execution time and the
accuracy of the long-term planning solution.

tep 2 (master problem): The proposed model consists of an
MILP master problem and two LP subproblems. The master
problem provides the optimal investment plan, while the
subproblems provide the reliability check and the optimal
market operation. The optimal investment plan is deter-
mined in the master problem, where the objective is to
minimize the investment cost of new fast-response gener-
ating units (2).

Min Z

Z ≥
NT∑
t=1

NG∑
i=1

PICit(GXit − GXi(t−1))

(1 + d)(t−1)
(2)

This objective is subject to planning constraints for
new units, which include the construction time (3), the
installation status (4), and the commitment state of such
fast-response units (5):

GXit = 0 if t < CTi (3)

GXi(t−1) ≤ GXit (4)

Iiht ≤ GXit (5)

The master problem solution consists of the optimal
investment plan, commitment state of new units, and the
lower bound of the planning objective function. At the
first iteration there are no system constraints on commit-
ment states of the units; so random values are assigned
to these variables. However, in the subsequent iterations
the Benders cuts from the reliability check and the optimal
operation subproblems establish the constraints on the unit
states. The proper initial values for I could reduce the solu-
tion time. If an infeasibility problem occurs (i.e., no solution
is found in Fig. 2), the ISO would consider preventive actions
including load curtailments or the additional incentives pro-
vided to participants for extra capacity expansions.

tep 3 (reliability check subproblem): After determining the opti-
mal plan, GX̂it , and commitment states, Îiht , of generating
units in the master problem, the reliability check subprob-
lem will minimize the system violations based on the master
solution. Slack variables are considered in the power bal-
ance constraint, where the objective (6) is to minimize these
slack variables. The objective function (6) is subject to nodal
power balance constraint (7), generating unit installation
status (8), commitment states (9) which are determined in
the master problem, generating limits (10), DC power flow
(11), transmission lines limits (12), and ramping constraints

(13) and (14):

Min Wr
ts =

NH∑
h=1

NB∑
b=1

(SLr
bhts,1 + SLr

bhts,2) (6)
ms Research 81 (2011) 107–116

S.t.

Phbts −
∑
j ∈ Jb

PLjbts + SLbhts,1 − SLbhts,2 = PDbhts (7)

GXits = GX̂it �its (8)

Iihts = Îiht �ihts (9)

Pmin,iIihtUXihts ≤ Pihts ≤ Pmax,iIihtUXihts (10)

PLjhts − �jmhts − �jnhts

xj
= (1 − Ujhts)M (11)

|PLjhts| ≤ PLmax,jUYjhts (12)

Pihts − Pi(h−1)ts ≤ [1 − Iihts(1 − Ii(h−1)ts)]RUi

+ Iihts(1 − Ii(h−1)ts)Pmin,i (13)

Pi(h−1)ts − Pihts ≤ [1 − Ii(h−1)ts(1 − Iihts)]RDi

+ Ii(h−1)ts(1 − Iihts)Pmin,i (14)

The stochastic planning solution would satisfy the long-
term reliability index, i.e., loss of energy probability (LOEP).
A Benders cut at iteration r is generated and the correspond-
ing reliability signal is sent to the master problem when
the LOEP at hour h in year t is larger than the target LOEP.
LOEP is applied as a constraint to limit the amount of unsup-
plied hourly load. The yearly sum would satisfy the annual
LOEP. However, the benefit of using the hourly index is that
it would prevent any large-scale load shedding at certain
hours. The LOEP at hour h in year t is calculated by divid-
ing the expected generation deficit, SLr

bhts,1, in (6) by the
expected load at hour h in year t. The reliability constraint
in (15) would also enforce generation surplus, SLr

bhts,2, to be
zero. If either constraint in (15) is not satisfied, the Benders
cut (16) will be generated:⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

NH∑
h=1

NB∑
b=1

SLr
bhts,2 = 0

NS∑
s=1

(
PRs

NB∑
b=1

SLr
bhts,1

)
/

NS∑
s=1

(PRsLhts) ≤ LOEPht

(15)

NS∑
s=1

(PRsW
r
ts) +

NS∑
s=1

NG∑
i=1

PRs�its(GXits − GX̂it )

+
NS∑
s=1

NG∑
i=1

NH∑
h=1

PRs�ihts(Iihts − Îiht ) ≤
NS∑
s=1

NH∑
h=1

LOEPht · PRs · Lhts (16)

The Benders cut (16) represents the coupled information
on the existing unit commitment state and the candidate
unit installation status. The cut indicates that the violation
can be mitigated by readjusting the master’s investment
plan in year t.

Step 4 (optimal operation subproblem): The objective of the opti-
mal operation subproblem is to maximize the social welfare
based on submitted bids for generation and demand.

The social welfare is defined as the difference between
consumption payments, based on accepted bids, and
production costs. Security-constrained economic dispatch
(SCED) is utilized to model the optimal operation subprob-
lem which checks the optimality of the proposed solution.



r Systems Research 81 (2011) 107–116 111

∑
A

0

s
(
o
i
i
t

a
i
r

w
t

Fig. 3. Six-bus system.

Table 1
Existing generator data.

Generator Capacity (MW) Ramp up/down
(MW/h)

Operating cost
coefficient ($/MWh)

T
T

S. Kamalinia et al. / Electric Powe

When the power demand is inelastic, the objective func-
tion is to minimize the system cost for the given investment
plan and the unit commitment state (17). In some scenar-
ios, generating unit and transmission line outages can cause
solution infeasibility. To calculate the price in such cases,
imaginary generating units (IMP) are assumed to supply
the deficient energy at high prices as represented below.
The energy supplied by the IMPs represents the expected
unsupplied energy (EUE):

Min Vq
s =

NT∑
t=1

NH∑
h=1

NG∑
i=1

DThtPOihtPihts

(1 + d)(t−1)

+
NT∑
t=1

NH∑
h=1

NB∑
b=1

DThtIMCbhtIMPbhts

(1 + d)(t−1)
(17)

S.t.

NG

i=1

Pihbts +
NB∑

b=1

IMPbhts =
NB∑

b=1

PDbhts (18)

· P − B · PD + IMP ≤ K · PL (19)

≤ IMPbhts ∀b (20)

The optimal operation objective is subject to physical con-
traints, which are similar to the reliability check subproblem
8)–(14). The solution of this subproblem provides the upper bound
f the objective function in the master problem. This upper bound
s used to check the optimality of the solution. If the proposed plan
s not optimal, the Benders cut (21) will be formed and added to
he master problem for the next iteration.

Z ≥
NS∑
s=1

PRsV
q
s +

NT∑
t=1

NG∑
i=1

PICit(GXits − GXi(t−1)s)

(1 + d)(t−1)

+
NS∑
s=1

PRs

NT∑
t=1

NG∑
i=1

�its(GXits − GX̂it)

+
NS∑
s=1

PRs

NT∑
t=1

NH∑
h=1

NG∑
i=1

�ihts(Iihts − Îiht) (21)

The important feature of the Benders decomposition is the avail-
bility of upper and lower bounds to the optimal solution at each
teration. These bounds are used as an effective convergence crite-
ion. The convergence criterion is given as
Y − Z

Y + Z
< ε (22)

here ε is a small positive number which shows the predefined
hreshold to accept the solution as optimal.

able 2
ransmission line data.

Line number From bus number To bus num

1 1 2
2 2 3
3 1 4
4 2 4
5 4 5
6 5 6
7 3 6
G1 250 20 13.5
G2 100 30 22.6
G3 50 20 17.6

5. Numerical simulations

In this section, two case studies are presented. In Section 6.1,
different aspects of centralized and distributed WG expansion are
investigated.

Two case studies consisting of a six-bus system and the IEEE
118-bus system are analyzed to illustrate the performance of
the proposed method. The model is implemented on a 2.4-GHz
server with a 64 GB of memory with the CPLEX solver. Using the
six-bus system, centralized and distributed WG expansions are
discussed. The IEEE 118-bus system is selected to investigate the
effect of transmission constraints on the proposed expansion plan-
ning model. This study will consider the planning of fast-response
thermal generating units for a given level of WG integration.

5.1. Six-bus system

This system is shown in Fig. 3 [31]. Based on wind speed fore-
casts, three wind zones are defined in the system with the WG
capacity factors of 47%, 39% and 32%, respectively. The capacity
factor of a WG is the ratio of the actual available wind power
generation over a given period (e.g., 1 year) to its output if it
had operated at full nameplate capacity the entire time. A 10-

year planning horizon is considered for this study. The system
data are given in Tables 1 and 2. The base-case annual peak load
forecast is listed in Table 3. This load is distributed with the ratio
of 50%, 30% and 20% among buses 3, 4 and 5, respectively. It is
assumed that the load has the same distribution factor in the

ber Reactance (�) Capacity (MW)

0.17 200
0.137 100
0.258 100
0.197 100
0.137 100
0.14 100
0.118 100
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Table 3
Forecasted annual peak load of six-bus system.

Year 1 2 3 4 5 6 7 8 9 10

Peak load (MW) 256 262 269 276 283 290 297 304 312 320

Table 4
Candidate fast-response generating units in six-bus system.

Bus number Capacity (MW) Ramp up/down (MW/h) Operating cost coefficient ($/MWh) Investment cost (k$/MW)

1 30 30 18.3 1050
2 30 30 20.9 959

22.5 847
24.55 780.5
26.4 700
28.1 577.5

e
l
y
g
m
t
i

c
w
c

b
c
fi
p
p
t
u
a
a
w
t
3
T
w
c
t

t
W
r
i
i
r
d

T
C

Table 6
Candidate generating units installation year: Case 2.

in the total cost and a more utilization of available low-cost WG. The
reason for such cost reductions is that the intermittency of WG in
one zone may be compensated by available WGs in the other zones.
Accordingly, a smaller fast-response generation capacity would be
needed for reliability purposes.
3 30 30
4 30 30
5 30 30
6 30 30

ntire planning period. The annual peak load forecast is the base
oad (i.e., 256 MW) times the annual growth rate (i.e., 2.5% per
ear). The random component of the peak load and energy demand
rowth rate is assumed to have a normal distribution with a zero
ean and standard deviation of 0.01. The hourly load distribu-

ion factor and the hourly wind generation forecast are provided
n http://motor.ece.iit.edu/data/6bus Hourly Data.xls.

Table 4 shows the candidate generating unit data. The hourly
ost of wind generation is negligible. The WG capacity is 120 MW
hich is centralized (i.e., Case 1) and distributed (Cases 2–4). Five

ases are studied as follows:

Case 1: Planning with WG centered at bus 1.
Case 2: Planning with WG distributed at buses 1, 3 and 4.
Case 3: WG in Case 2 with the outage of line 5–6 in year 8.
Case 4: WG in Case 2 with the outage of unit 3 in year 8.
Case 5: WG in Case 2 with the simultaneous outages in Cases 3 and
4.

Case 1: In this case, the proposed WG capacity is aggregated at
us 1 located in zone 1 with the best wind speed pattern. In this
ase a 120 MW WG with a capacity factor of 47% is added in the
rst year of planning period at bus 1. The shortcoming of such a
lan is that large wind speed variations at bus 1 may not be com-
ensated by other generating units. The proposed method is used
o find the results shown in Table 5. WG and the cheaper existing
nit 1 are committed at all hours while the existing unit 2 is used
t peak hours to satisfy the remaining load and minimize the oper-
ting cost. The total investment and operating costs are $178.15M
hile the operating cost is $73.75M. In this case, at the beginning,

he candidate unit 1 is installed at bus 1 and the candidate unit
is introduced at bus 3 which is the system’s largest load center.

he other three candidate units in Table 5 are added in later years
hen the WG capacity and loads are increased. Another signifi-

ant deficit of such centralized solution could be the lack of enough
ransmission access [32].

Case 2: We disaggregate the WG capacity in Case 1 to represent
hree WG units located at different zones as depicted in Fig. 3. Each

G has a capacity of 40 MW and the WG capacity factor in the two

emote areas, i.e., zones 2 and 3, are less than that in zone 1 (i.e., site
n Case 1). Table 6 shows the candidate unit installation year. Sim-
lar to Case 1, candidate units 2 and 3 are installed in years 5 and 1,
espectively. However, the installation of candidate unit 1 at bus 1 is
elayed until year 7. The average generation of WG1 located at bus

able 5
andidate fast-response unit installation year: Case 1.

Unit 1 2 3 4 5 6

Year 1 5 1 5 7 –
Unit 1 2 3 4 5 6

Year 7 5 1 – – –

1 is 9 MW (i.e., 22.5% of WG1 capacity) while there is no congestion
on lines 1 and 3. The reason the low-cost WG1 is dispatched below
its capacity factor in some periods is the system ramping constraint.
Therefore, after the installation of the fast-response unit in year 7,
the average generation of WG1 increases to 17 MW (i.e., 42.5% of
WG1 capacity). This amount is less than WG1 capacity factor (i.e.,
47%), which is due to transmission and operating constraints (i.e.,
thermal generating units min generation limit, system ramping and
min on/off constraints, etc.). Compared to Case 1, the total invest-
ment and operating costs decrease to $142.91M while the operating
cost increases to $80.07M.

In Case 2 the total WG utilization decreases by 24% as compared
to Case 1, which is because of the lower capacity factor in zones 2
and 3. A lower WG utilization would result in the dispatch of more
expensive thermal units and the increase in operating costs. If we
could set the capacity factor of zones 2 and 3 to be the same as that
in zone 1 (i.e., 47%) the operating cost would decrease to $71.95M.
Fig. 4 depicts operation and investment costs as a function of WG
capacity. The initial point in Fig. 4 is associated with the current
level of WG penetration. Here, the operation cost would decrease
as the investment cost on fast-response generating units increases.
Based on social cost results, it is concluded that the optimal increase
in WG capacity is 20% (i.e., it would result in the minimum social
cost).

While zones 2 and 3 have lower WG capacity factors, the disper-
sion of WG in the three locations would cause a significant decrease
Fig. 4. System operation cost and fast-response unit investment cost vs. WG capac-
ity.

http://motor.ece.iit.edu/data/6bus_Hourly_Data.xls
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Table 7
Candidate generating units installation year: Case 3.

Unit 1 2 3 4 5 6

Year 7 5 1 10 8 –

Table 8
Candidate generating units installation year: Case 4.
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3
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Table 9
Candidate generating units installation year: Case 5.
Unit 1 2 3 4 5 6

Year 7 5 1 8 – –

Case 3: The outage of line 5–6 at the peak-load period in the year
is considered in this case. Similar to Case 2, the candidate gener-

ting units 3, 2 and 1 are installed in years 1, 5 and 7, respectively
s shown in Table 7. In addition, as a preventive action, candidate
nits 5 and 4 are installed in years 8 and 10, respectively. The outage
f line 5–6 decreases the transmission access between zones 2 and
. Therefore, the addition of candidate units 4 and 5 would be nec-
ssary at zone 2. Compared to Case 2, the total cost has increased
o $163.65M.
Case 4: The outage of unit 3 in the peak-load period in the year
would change the plan proposed in Case 2. New generating units
, 2 and 1 are again added in years 1, 5 and 7, respectively as shown

n Table 8. In addition, the installation of candidate unit 4 in year
is a preventive action to compensate the possible outage of unit

Fig. 5. One-line diagram of
Unit 1 2 3 4 5 6

Year 7 7 1 8 8 –

3. This preventive action increases the planning cost to $154.94M
and the operating cost to $80.08M.

Case 5: Simultaneous outages of line 5–6 and generating unit 3 at
peak and off-peak periods in the year 8 are considered respectively.
Similar to previous cases, the candidate unit 1 is installed in year
1. Candidate units 4 and 5 are installed in the year 8 as shown in
Table 9 to compensate the system’s possible outage. The total cost
increases to $164.31M, which is the highest among all the cases,
while the operating cost does not change significantly as compared
to Cases 4 and 5.

5.2. IEEE 118-bus

A modified 118-bus system in Fig. 5 is used in this case.
The test data and the single line diagram are provided in

http://motor.ece.iit.edu/data/IEEE118bus data figure.xls. The sys-
tem has 54 units, 186 branches, 14 capacitors, 9 tap-changing
transformers, and 91 demand sides. The peak load of initial year
is 3733 MW. The system is tested in a 10-year time horizon to

IEEE 118-bus system.

http://motor.ece.iit.edu/data/IEEE118bus_data_figure.xls
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Table 10
WG data and network connection year.

WG Bus number Capacity (MW) Wind capacity
factor (%)

Network
connection year

1 1 150 39 1
2 2 200 37 3

d
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Table 12
Weight of each scenario after scenario reduction (%).

Scenario 1 2 3 4 5 6 7 8 9 10

Weight 5.3 0.1 0.1 0.1 61.2 3.9 4.4 0.1 5.0 19.8

Table 13
Candidate unit installation year.

Unit number 1 2 3 4 5 6 7 8 9 10

Case 1 8 8 9 – – 1 1 1 7 8
Case2 – – – – – 1 1 6 – –
Case 3 8 7 9 – 5 1 1 1 6 8
Case 4 – – – – 5 1 1 6 – –

Table 14
Total planning and operating costs.

Case Planning cost (billion$) Operating cost (billion$)

Case 1 2.149 1.516
Case 2 1.834 1.489
Case 3 2.192 1.518
Case 4 1.877 1.490

Table 15
Computation time for one scenario in each iteration.

Convergence criterion value (%) Computation time
for one scenario (h)

0.001 5.41

T
C

3 3 250 36 5
4 11 250 35 7
5 13 300 34 9

emonstrate the stochastic long-term planning solution. The aver-
ge annual peak load growth rate is assumed to be 5%. The random
omponent of the peak load and energy demand growth rate is
ssumed to have a normal distribution with a zero mean and stan-
ard deviation of 0.01. The discount rate is 10% which is used in
he calculation of net present value of new generating units and
he operating cost of existing units during the planning period.
he convergence criterion ε is 0.1%. The planning period includes
ours in which the WG variation is significant. The target LOEP is
% at all hours. Five WGs are to be connected to the grid, which is
ased on the predefined schedule given in Table 10. The candidate
ast-response generating unit data are presented in Table 11.

The low-discrepancy Monte Carlo simulation method is used
o create 1000 scenarios, each representing possible component
utages, load forecast errors, and wind speed volatilities. The
omputation time for the scenario-based problem depends on
he number of scenarios. Therefore, using the scenario reduction

ethod, the number of scenarios is reduced from 1000 to 10 as a
radeoff between the computation time and the solution accuracy.
able 12 shows the scenario weights after the reduction. We con-
ider four test cases categorized into deterministic (Cases 1 and 2)
nd stochastic (Case 3 and 4) cases as follows.

Case 1: Transmission-constrained deterministic case.
Case 2: Deterministic case without transmission constraints.
Case 3: Transmission-constrained stochastic case.
Case 4: Stochastic case without transmission constraints.

Table 13 shows the installation year of candidate units. In Case
, the candidate unit 5 is installed in year 5 to handle uncertain-
ies. Compared to Case 1, the candidate generating units 2 and

are installed a year earlier in Case 3. Additional fast-response
enerating unit would have to be installed earlier in the stochas-
ic cases (Cases 3 and 4) as compared to the deterministic cases
Cases 1 and 2). This is because of the random outages of genera-
ion units and transmission lines as well as load and wind forecast
rrors.
Table 14 shows the planning and operating costs in four cases.
he costs in Case 3 are higher than those in Case 1 by $43.287M
nd $2.871M, respectively. The costs are higher when uncertain-
ies are considered as additional generating units and transmission
ines would be installed. The operating and planning costs could

able 11
andidate fast-response generating units in 118-bus system.

Unit number Bus number Capacity (MW) Ramp up/down (MW/h)

1 35 100 100
2 41 100 100
3 45 100 100
4 60 100 100
5 75 100 100
6 94 150 150
7 95 150 150
8 96 150 150
9 98 150 150

10 118 150 150
0.01 5.29
0.05 5.21
0.1 4.93

10 4.57

be decreased when transmission constraints are relaxed (Cases 2
and 4). Here, the system can handle more WG variations if a suf-
ficient transmission access is available. Therefore, a coordinated
generation-transmission planning would be necessary for a high
integration of WG.

The CPU time is about 5 h for one scenario in Case 3 (i.e., the
most computationally intensive case). Table 15 lists the compu-
tation time for different convergence criteria. With the possible
short-cuts introduced in Section 6, the CPU time could be further
reduced to less than 2 h.

6. Discussions and conclusions

A stochastic planning method is proposed for the fast-response

generating units in power systems with large WG integrations. In
this paper, we assume that market participants would individually
submit their candidate list of units to the ISO. It is the responsibility
of the ISO to determine which candidates would violate the sys-
tem reliability by considering the power system constraints. In this

Operating cost coefficient ($/MWh) Investment cost (Thousand $/MW)

17.5 1050
18 945
18.5 840
19.5 735
20 630
13.5 945
14.5 875
15.5 770
16 665
16.5 595
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aper, the ISO does not make any investments. Rather it maintains
he reliability of the system. Although, the proposed expansion

odel is for fast-response units, the same approach can be utilized
or the capacity expansion planning of any kind of generating units
r transmission lines. The Monte Carlo simulation and the scenario
eduction techniques are applied for representing the random out-
ges of generating units and transmission lines, and load and wind
peed forecast errors. Scenarios would add a dimension to the plan-
ing problem that could make the large-scale expansion planning
roblem more complex and computationally impractical. Hence,
he Benders decomposition is utilized for the decomposition of the
roblem into tractable easy-to-solve subproblems at each period.

The numerical experiments show that the fast-response units
an improve the reliability of power systems in the case of large
ntegration of volatile WG. The merits of proposed stochastic
pproach include the provision of reliable decision signals to plan-
ers and regulators on the long-term capacity expansion planning.

t is also observed that the transmission access has a signifi-
ant impact on the generation expansion especially when there
s a large wind integration. The results show that a coordinated
eneration-transmission planning can significantly improve the
G integration.
A few short-cuts are introduced to speed up the solution. These

hort-cuts are listed as follows:

Limit the hours under study: power systems may not face large
wind variations on the hourly basis. Wind variations at many
hours may also be compensated by the existing generation redis-
patch. So, we could select certain hours for analyses at which the
incremental wind generation in two subsequent hours is larger
than a percentage of the generation at the given hours. To ensure
the capacity adequacy, the peak load hours are always added to
the study.
Limit the committable units: generating units may be classified as
always ON, always OFF and committable units [33]. Intrinsically,
peak loads will utilize Always OFF units and base loads utilize
Always ON units. We determine the status of committable units
by iterations between the master and the subproblems.

ppendix A. List of symbols

index of bus
index of planning year
index of subperiod
index of generating unit
index of transmission line
index of scenario

,q index of iteration number

arameters and variables
Ti construction time of candidate unit i

discount rate
Tht duration of subperiod h in year t, e.g., 1 h
xits installation status of generating unit i in year t and sce-

nario s, 1 if installed, otherwise 0
ihts commitment state of generating unit i in subperiod h of

year t in scenario s, 1 means on and 0 means off
b preserved set of branches connected to bus b
MPbhts dispatched capacity of imaginary unit at bus b in subpe-
riod h of year t in scenario s
MCbht cost of imaginary unit at bus b in subperiod h of year t

hts load in subperiod h of year t in scenario s
OEP target LOEP, reliability criterion
B number of buses

[

[

ms Research 81 (2011) 107–116 115

NT number of years
NG number of generating units
NH number of subperiods
NS number of scenarios
PICit investment cost of unit i at year t
PDbhts load at bus b in subperiod h at year t in scenario s
PRs probability of scenario s
PLjhts real power flow of transmission line j in subperiod h of

year t in scenario s
Pihts generation dispatch of unit i in subperiod h of year t in

scenario s
POi operating cost of generating unit i
RUi, RDi ramping up/down limit of unit i
SLr

bhts
slack variable for bus b in subperiod h of year t in scenario
s

UYjhts transmission lines availability status of transmission line j
subperiod h of year t in scenario s, 0 if in outage, otherwise
1

UXihts generators availability status of unit i in subperiod h of
year t in scenario s, 0 if in outage, otherwise 1

Matrices and vectors
A bus-unit incidence matrix
B bus-load incidence matrix
IMP dispatched capacity of imaginary unit vector
K bus-branch incidence matrix
P real power output vector
PD load vector
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