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In this paper, coordinated transmission and generation expansion planning is presented and a comprehensive approach is proposed for determining optimal wind energy integration. In this way, a multi-state
model is introduced for wind farms and correlation between wind farms is considered with a copula
method. Optimal wind power integration is determined with regard to desired reliability level. In addition, thermal power integration is obtained for improvement of reliability in the presence of wind farms.
Thus, optimal combination of new wind and thermal power is obtained considering technical and economic factors. The impacts of wind speed, correlation between wind farms, reliability level and emission
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can be easily implemented on real large cases. The proposed method is applied to IEEE 24-bus and 118bus test systems and its performance is demonstrated by evaluating the more influencing factors on wind
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NOMENCLATURE

Parameters and variables:

Indices:

Cli j Investment cost of line ij ( $)

i Index of buses

Cui Investment cost of thermal unit u in bus i ( $)

ij Index of lines

0 Operational cost of thermal unit u in bus i ( $)
Cui

ui Index of units in bus i

e Emission cost of unit i ( $)
Cui

wi Index of wind farms in bus i

Ts Duration of scenario s (s)
A T Lines and units connection matrix

s Index ‘s’ is used for showing variables in scenario ‘s’
Sets:

Γ Set of all Lines

0 Generation of existing thermal unit u in bus i (MW)
Pui

Pui Generation of new thermal unit u in bus i (MW)
Pwi Generation of wind farm w in bus i (MW)

B Set of all buses
U I Set of units in bus i

Pui,min Minimum generation of thermal unit u in bus i (MW)
P̄ui Nominal power of thermal unit u in bus i (MW)

W I Set of wind farms in bus i

P¯wi Nominal power of wind farm w in bus i (MW)

S Set of scenarios

f ij0 Active power flow of existing line ij (MW)
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f ij Active power flow of new line ij (MW)
f¯ij Maximum active power flow of line ij (MW)
δ̄ij Maximum voltage angle difference between buses i and j
(rad)
Lsi Load shedding in bus i (MW)
Quij Contingency sate for line ij
Qui Contingency state for thermal unit u in bus i
mui Binary decision variable of new thermal unit u in bus i
mwi Binary decision variable of new wind farm w in bus i
ai , bi Coefficients for operational cost of thermal unit i ( $/MWh)
c penalty cost of emissions ( $/MWh)
q Interest rate item[a] Operational life of units
¯
EENS
Upper limit for EENS

1. INTRODUCTION
Because of the importance of environmental pollution in recent years, wind energy is widely integrated in power systems.
According to the large investment cost of wind farms, a comprehensive study should be dedicated for determining the optimal
capacity and location of them. In this way, reliability evaluation
and uncertainty of wind speed are always taken into account
duo to variations of wind speed. Different aspects of wind farms
integration are considered in the researches. Wind farms are
modeled with different methods in the researches. Fitting a real
wind speed density function to Weibull distribution is presented
in [1] and the shape and scale parameters of Weibull distribution
are calculated. In [2], a bivariate model is obtained by wind
speed and wind directions historical data; however, if numerous
wind farms are considered, it is difficult to utilize this model.
The markov model [3] and the multi-state model [4, 5] are also
considered for wind farms. In [6], a multi-state model is introduced and capacity outage probability and frequency tables are
prepared for reliability evaluation in the presence of wind farms.
In [7], multi-state model is considered for load and wind speed.
Auto Regressive Moving Average (ARMA) method is utilized for
the expansion of wind speed data in [8]. Correlations between
wind farms and between load and wind speed are effective factors in wind farms penetration that are taken into account in
the researches. In [9], a time-shift method and in [10], Cholesky
decomposition method is considered. An efficient method for
considering correlation is copula that is utilized in [11–13]. Optimal copula is determined in [11]. A pair copula method is
proposed in [12]. In [13], a copula method is utilized for correlation between load and wind speed. In these researches, system
reliability is evaluated in the presence of wind farms but the
expansion planning is not taken into account.
The fluctuations of wind speeds is are considered in the papers. In [14], different uncertainties of wind farms are investigated with a sensitivity analysis. The methods for wind power
intermittency mitigation are reviewed in [15]. More influencing factors on wind power curtailment are discussed in [16].
In [14–16], wind speed variations are considered but expansion
planning is not taken into account.
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Wind farms integration is considered in Transmission Expansion Planning (TEP) or Generation Expansion Planning (GEP).
In [17–19], wind farms are integrated in simultaneous TEP and
GEP. In these researches, wind farms correlations are not taken
into account. In [17], some regulations are considered for wind
power and stochastic programming is not taken into account.
In [18], an iterative process is proposed for coordinated expansion planning of wind farms and transmission lines. The expansion of conventional units is not considered in this reference.
In [19], a Mixed Integer Programming (MIP) method is used.
Although a scenario reduction technique is utilized, it is difficult to solve the proposed MIP method with large number of
equations. In [20–27], wind farms penetration is considered in
TEP with uncertainties. In these references, the impact of wind
farms is considered in TEP with different methods, however,
wind power planning is not considered. In [20], a clustering
scenario generation is considered in TEP. In [21], an Imperialist
Competitive Algorithm (ICA) is utilized. Monte Carlo is used
for creating the wind speed scenarios. In [22], Benders Decomposition (BD) and Monte Carlo methods are utilized for security
and reliability evaluation. In [23], wind speed variations are considered by virtual power plants with high failure cost. In [24], a
multi-state model is utilized for wind speed and load. In [25],
curtailed wind energy is taken into account. In [26], some scenarios are considered for renewable generations. In [27], scenarios
are created for wind speeds uncertainty. In some papers, the
concentration is on wind speed uncertainty in TEP. In [28], a
sequential method and in [29–31], point estimation methods is
considered. In [32], uncertainty is taken into account with a BD
method and in [33], a defined range is considered for variations
of uncertain variables. In [34], uncertainty and robustness are
considered simultaneously, however, many approximations and
linearization are considered and the accuracy of the solution is
reduced.
In some researches, wind farms are integrated in GEP [35–37]
and reliability in the presence of wind farms is considered. In
these researches, wind farms correlations are not taken into account. In addition, transmission lines are not considered in reliability evaluation (HLII). In [35], a long term generation scheduling is conducted in the presence of wind farms. In this method,
types and capacities of generation units are obtained with an
optimal power flow problem considering scenarios. In [36, 37],
short-term constraints are considered in GEP. In [36], scenarios
are considered for wind farms and only one equipment failure is
taken into account. In [37], penalties are defined for wind power
intermittency in a multi-objective problem. In [38], emission
penalties are considered to increase wind power penetration.
A presented method should be able to be easily implemented
to large-scale systems. In [39], a multi- stage robust optimization
approach is proposed for expansion planning with uncertainties.
However, it is difficult to solve this method for large-scale cases.
A heuristic method is introduced in [40] for considering uncertainty of wind speed in TEP; however, the presented method
is a time consuming method due to daily optimal power flow
process. In [41], coordinated TEP and GEP is presented with a
comprehensive heuristic method however, it is difficult to solve
the presented large number of equations.
A. Contributions

Consider a candidate place with high wind speed. What factors
do limit the wind power in this place? Does reliability level limit
the wind? Do economic reasons limit the wind? These questions
are answered in this paper. According to large investment cost
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The remainder of this paper is organized as follows: section
2 considers wind farms correlation. Section 3 discusses a multistate model of wind farms. Coordinated TEP and GEP is given
in section 4. In section 5, the proposed approach is applied to the
case studies, and the conclusion remarks are provided in section
6.

2. CORRELATION BETWEEN WIND FARMS
The correlation between wind farms is an important factor in
wind power integration. Copula is an efficient method for modelling wind farms dependency [11–13]. A method is introduced
for generating correlated random variables in the following subsections.
A. Generating random variables

Random variables of wind speeds are obtained according to
Weibull Probability Distribution Function (PDF) and the shape
and scale parameters are determined according to historical
data. Marginal distribution function of random variables can be
obtained by parametric or non-parametric methods [11]. In this
paper, Weibull PDF is utilized for wind speed that is shown in
(1) and commutative distribution function is obtained in (2).
f (x) =

Fig. 1. Schematic of the proposed method

k  x  k −1 − ( x ) k
e λ
λ λ

x

(1)
x

F ( x ) = ∫ f ( x ) .dx = 1 − e−( λ )
wind farms, determining optimal wind farms integration is very
important. In the previous researches, optimal combination of
wind farms and thermal power is rarely considered and the
impact of correlation and transmission system is not taken into
account.
In this paper, correlation between wind farms is considered
with a copula method and a multi-state model is introduced for
all wind farms. Coordinated TEP and GEP is presented considering wind farms. Therefore, optimal capacity and location
of wind power are determined. A limit for reliability level is
taken into account and the impact of emission is considered to increase the quota of wind power. The schematic of contributions
is presented in Fig. 1. It is shown that the decision variables are
location and capacity of thermal units, transmission lines and
optimal capacity of wind farms considering desired reliability
level.
Scenarios are utilized duo to wind speed uncertainties. A
BD method is proposed for composite TEP and GEP that can
be easily implemented on the large-scale practical systems. The
features of the proposed method and the previous researches are
compared is Table 1. It can be seen that more influencing factors
on wind farms integration are included in this paper that are not
integrated in the previous researches. The main contributions of
this paper are itemized in the following:
a. A multi-state model is considered for wind farms in coordinated TEP and GEP.
b. A copula method is used for correlation between wind
farms in the expansion planning.
c. The most influencing factors for increasing wind farms
integration are presented.
d. A BD method is utilized that can be easily implemented on
large-scale practical systems.

k

(2)

0

where, k and λ are shape and scale parameters, respectively
and Γ is Gama function. f ( x ) and F ( x ) are probability and
commutative distribution functions, respectively.
B. Measuring dependency

Dependency of random variables can be measured by different methods [9–11]. The most common method is the Pearson
product-moment correlation coefficient. Rank correlation coefficients, such as Spearman’s rank and Kendall’s rank correlation
coefficients are other typical measures in this field. In this paper,
Kendall’s tau that is given in (3) is utilized duo to its performance in measuring wind speeds dependency [10].
τ=

2
n ( n − 1)

∑ ∑ sgn

n

xi − x j



yi − y j

o

(3)

i j >i

where, n is the number of random variables, xi and yi are two
sets of random variables. sgn is sign function.
C. Copula method for generating joint distribution function

s explained before, some methods have been utilized for generating dependent random variables [11, 12] and copula is an
efficient method in this field [13]. There are different types of
copulas, such as Archimedean copulas, Gaussian copulas and
extreme-value copulas. In this paper, Archimedean copula is
utilized duo to its simplicity and advantages in generating correlated samples of wind speed [18]. Archimedean copula is shown
in (4). Gumble generator function is used that is shown in (5).
Variable θ, is dependence parameter that is obtained by the estimation methods [11]. For example consider F (z) and G (u) as
Weibull distribution functions of two wind sites as shown in
(6) and (7). Joint distribution function of these wind regimes is
given in (8).
C ( u 1 , . . . , u n ) = ϕ −1 ( ϕ 1 + . . . + ϕ n

(4)
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Table 1. The optimum results for four CSTs

Ref no.

TEP

GEP

Wind farms

Wind farms

integration

modelling

[1]

*

[2]

*

Formulation

Uncertainty

Reliability

Correlation

Emissions

*

*

or contingency

[3–6]

*

*

*

[9–13]

*

*

*

[14–16]

*

*

[17]

*

*

*

NLP

[18]

*

*

*

Heuristic

[19]

*

*

*

MIP

[20]

*

*

MIP

[21]

*

*

ICA

*

[21]

*

*

BD

*

[23]

*

*

MILP

[24]

*

*

[25]

*

[26]

*

*
*

GA

*

*

*

MO

*

*

*

*

MO

[27]

*

*

MO

*

*

[28–33]

*

*

MO

*

*

[34]

*

*

MILP

*

*

*

*

*

[35]

*

*

MIP

[36]

*

*

BD

[37]

*

*

MO

*

*

[38]

*

*

DFA

*

*

[39]

*

*

BD

*

*

[40]

*

*

Heuristic

*

*

[41]

*

*

Heuristic

*

*

This paper

*

MILP

*

*

*

*

*

ϕ (u, θ ) = (− ln (u))θ
z

k1

v
λ2

k2

F (z) = 1 − e−( λ1 )

(5)

*

*

paper, the following method is utilized that is extracted from
McNail method [44].

(6)

G (v) = 1 − e−( )
(7)
 
 
1/θ 
C ( F (z) , G (v)) = exp − ln ( F (z))θ + −ln( G (v))θ
(8)
Where, C (u1 , . . . , un ) is joint distribution function of random
variable sets u1 , . . . , un and ϕ1 to ϕn are generator functions. z
and v are two sets of random variables of wind speed.
D. Generating sample values of correlated wind speeds

It is important to find an appropriate sampling method. There
are different methods for obtaining sample values e.g., Marshall
and Olkin [42], McNail [43] are utilized for this purpose. In this

a. Generate a variant V with density function G1 and Laplace
transform ψ1 .
b. Generate X1 with uniform PDF.
c. Generate
X2 to Xn from nested Gumble
copula


(1)
(1)
Cd−1 u2 , . . . , un+1 ; ψ2 (.; V ) . . . . , ψn (.; V ) .


ln( X )
d. Return U1 to Un+1 , where Ui = ψ1 − V i for i = 1 to
n + 1.
In the above recursive method, U1 to Un + 1 are the sample
(1)

values of correlated wind speeds. Ψi and Ψi

are Laplace trans-
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Table 2. Multi-state model of the wind farms
Output

Data range

Probability

0

Pws1 = 0

s
∑s2 Pw2
n s2

0 < Pws2 ≤ nP−wr1

n s1
N
n s2
N

.........

............................

................

∑sn−1 Pwn−1
n s n −1
s
∑sn Pwn
nsn

n−2)× Pwri
(n−3)× Pwr
< Pwsn−1 ≤ ( n−
n−1
1
(n−2)× Pwr
sn
< Pw ≤ Pwr
n−1

n s n −1
N
nsn
N

power (MW)

Where xt−n is the previous data of wind speeds and αt is
the white noise with zero mean. The coefficients αt and σn
are estimated with different methods [44].
c. Hourly wind speeds should be calculated according to (13).
d.
Wht = µt + σt yt

(13)

Where, Wht is hourly wind speed, and µt and σt are mean
and standard deviation of wind speed, respectively at hour
t.
e. Output power of wind farms should be calculated for each
hour according to [10].
f. Sum of the output powers is calculated and is clustered in
some groups according to column 2 of Table 2.
g. Probability of each group is obtained in column 3 of Table
2.

Fig. 2. Generating samples of correlated wind speeds

h. Table 2 shows a single multi-state model for all wind farms.
form and inner Laplace transform of Gumble copula, that are
shown in (9) to (10), respectively. Variant V is given in (11).
 1
(9)
θ≥1
ψ1 (t, θ ) = exp −t θ


1
(1)
ψ2 (t; u, α) = exp −ut α
(10)


1 
π θ
V = St
, 1, cos
,θ
(11)
θ
2θ
Where, St is positive stable distribution, θ is the dependence
parameter and α ∈ (0, 2. The flowchart of generating correlated
wind speed is shown in Fig. 2.

3. ULTI STATE MODEL OF WIND FARMS
Multi-state model of wind farms is considered in the researches
with different methods [4–7]. In some researches, Forced outage
Rate (FOR) of wind turbines is taken into account [6] and it is
shown that FOR of wind turbines has a few impact on reliability
analysis. Therefore, it is not considered in this paper for the sake
of simplicity. The following steps are considered for multi-state
modelling of wind farms.
a. Correlated wind speeds are obtained according to section 2.
b. Time series of the wind speeds are obtained with ARMA
model according to (12).
ARMA (n, m) =

∑ σn xt−n + αt + ∑ τm αt−m
n

m

(12)

Where, Pwri is the maximum value of sum of hourly output
(s )

power that is clustered into n groups, s1 tosn . For example, Pwin
is a random variable in group sn , and ns1 to nsn are the numbers
of random variables in the groups s1 to sn , respectively. N is
the total number of random variables. Fig. 3 shows the steps
that should be considered for preparing multi-state model of the
wind farms.

4. SCENARIO CREATION
Scenarios of the outages of equipment are considered for reliability evaluation. Two scenario creation methods are given
here. Monte Carlo is given in 4.1. In 4.2, a heuristic approach is
taken into account that reduces the number of scenarios. In the
following subsections, scenario creation methods are described.
A. Conventional Monte Carlo method for scenario creation

Monte Carlo for creating wind speed scenarios is given in the
following steps [22]:
a. n = 1, EENS(0) = 0.
b. Random variables of the wind speeds are created according
to Weibull PDF.
c. A uniform PDF should be assigned to the outage of generation units and transmission lines according to FOR of
them.
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B. Heuristic method

A simple heuristic method is proposed in the following process
and it reduces the number of scenarios significantly because it
always converges while n is less than four.
a. n = 1, EENS(0) = 0.
b. Prepare a single multi-state model for all wind farms.
c. Sort transmission lines according to their capacity. In this
way, more effective lines on reliability indices are determined.
d. Sort generation units according to their capacity. In this
way, more effective generation units on reliability indices
are determined.
e. Consider a derated state for wind farms according to the
multi-state model.
f. Consider outages states of n transmission lines with more
capacities according to step (c).
g. Consider outages states of n generation units with more
capacities according to step (d).
h. Select scenarios with regard to (e), (f) and (g)
i. EENS is calculated.
j. If [ EENS (n) − EENS (n − 1)]/EENS (n) > ε, n = n + 1
and go to (e).
Where, n is the iteration number.
In above process, reliability indices converge in less time than
Monte Carlo method because:
• Multi-state model is considered for wind farms. In this way,
derated states of wind farms are decreased significantly
• The outage states of units and lines that are more effective
on reliability indices are considered as scenarios.

Fig. 3. Flowchart of creating multi-state model of wind farms

d. Scenarios of wind speed are obtained by sampling from
Weibull PDF and output power is calculated according to
[10].
e. Generate a number from the uniform PDF of FOR of each
generation unit and line that is determined in step c, and
compare it with its unavailability. If this number is less than
its unavailability, then the line and generation unit is out of
service, otherwise it is in service.
f. Select scenarios with regard to (d) and (e).
g. EENS is calculated.
h. If [ EENS (n) − EENS (n − 1)]/EENS (n) > ε, n = n + 1
and go to (d).
Where, n is the iteration number.

In this process, first, the outage states of one units and one
lines with more capacities are considered and EENS is calculated.
Then, outage states of two units and two lines with more capacities are considered and EENS is updated. This process continues
until EENS does not change substantially according to step (j).
In this method, outage of more effective states are considered
first, thus, the process converges in less time than Monte Carlo.
The above process is a heuristic method that reduces the running
time of the problem and its performance will be shown in the
numerical results of section 6.

5. COORDINATED TEP AND GEP
In this section, coordinated TEP and GEP is presented with a BD
method. This method reduces the complexity and running time
of the problem. The investment cost of new lines, thermal units,
wind farms, operational cost of generation units and emission
cost are minimized in the objective function that is shown in (14).
The coefficient P that is shown in (15) is used for obtaining the
present values of operational and emission cost. The problem
formulation is decomposed into master and slave problems that
are given in the following subsections. mui and nij are decision
variables of unit i and line ij, respectively. If they are 1, the unit i
and line ij are built and if they are 0, the unit i and line ij are not
built.
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(24)



Clij nij + ∑ ∑ Cui mui + ∑ ∑ Cwi mwi +
 ij∑

u∈UI i ∈B
w∈WI i ∈B
∈

Min 


o
e
P ∑ ∑ ∑ (Cui,s + Cui,s ) × mui
s∈S i ∈B u∈UI

a

(14)
(15)

a

P = ((1 + q) − 1)/(q(1 + q) )

0 ≤n O
¯
−nij Oij,s f¯ij ≤ f ij,s
ij ij,s f ij

−mui Oui,s P̄ui ≤ Pui,s ≤ mui Oui,s P̄ui
0 ≤O
−Oui,s P̄ui ≤ Pui,s
ui,s P̄ui

ij ∈ Γ

(25)

i ∈ B, u ∈ U I

(26)

i ∈ B, u ∈ U I

(27)

A. Slave problem

In BD method, the decision variables are obtained in the master problem and they are considered to be fixed in the slave
problem in each iteration. Therefore, the numbers of new lines,
wind farms and thermal units are assumed to be fixed in the
slave problem. As mentioned in section 4, scenarios are created
for uncertainty consideration and reliability evaluation in the
slave problem. The index ‘s’ shows the variables in scenario
‘s’. The operational cost of thermal units and the emission cost
are minimized in the slave problem as shown in (16). The operational cost of thermal units consists of maintenance and fuel
f
costs as shown in (17). Where cm
ui and cui are the maintenance
and fuel costs of thermal unit u in bus i, respectively. Fuel cost is
a variable and maintenance cost is a fixed cost. Thus, the operational cost is shown with a first order linear equation in (18). The
penalty costs of CO2, NOx and SOx that are the main pollutant
factors are included in the emission cost as shown in (19). Where
NOx , cSOx and cCO2 are the penalty costs of NOx, SOx and CO2
cui
ui
ui
respectively for unit u in bus i. Emission cost is considered in
proportion with the generation of thermal units according to (20).
Equation (21) enforces power balance at each bus. Equations (22)
and (23) show active power flow of the existing lines and their
limits, respectively. Equations (24) and (25) show active power
flow of new lines and their limits, respectively. Oij,s denotes the
contingency variable of transmission line ij. If it is 0, the line ij is
not in service in scenario s, and if it is 1, the line ij is in service in
scenario s. Equations (26) to (28) determine the generation limits
of existing and new thermal units and wind farms, respectively.
Oi,s denotes the contingency variable of generation unit i. If it is
0, the unit i is not in service in scenario s, and if it is 1, the unit i
is in service in scenario s. The limits of buses voltage angles and
loss of loads are shown in (29) and (30), respectively. Expected
Energy Not Served (EENS) is obtained in (31).
!
SP = Min

∑∑ ∑

s∈S i ∈B u∈UI

o
e
(Cui,s
+ Cui,s
) × mui

f

co(ui,s) = cm
+ c(ui,s)
(ui,s)

i ∈ B, u ∈ U I

(17)

co(ui,s) = ai × P(ui,s) + bi

i ∈ B, u ∈ U I

(18)

NOx + cSOx + cCO2
ceui,s = cui,s
ui,s
ui,s

ce(ui,s) = ci × P(ui,s)

− M(1 − Oij,s ) <

0
f ij,s

(20)

i ∈ B, u ∈ U I

ij∈Γ

w∈WI

(19)

i ∈ B, u ∈ U I

∑ Pui,s + ∑ Pwi,s + ∑ A T f ij,s + Lsi,s = Pdi

u∈UI

(16)

− Bij (δi,s − δi,s )

< M(1 − Oij,s )
0 ≤O
¯
−Oij,s f¯ij ≤ f ij,s
ij,s f ij

ij ∈ Γ

ij ∈ Γ

i∈B

0 ≤ Pwi,s ≤ mwi P̄wi

i ∈ B, u ∈ U I

(28)

−δ̄ ≤ δij,s ≤ δ̄

ij ∈ Γ

(29)

0 ≤ Lsi,s ≤ Pdi

i∈B

(30)

EENS =

∑ ∑ Ts × Lsi,s

(31)

u ∈U I s ∈ S

B. Master problem

In the master problem, the investment costs of new lines, thermal units, and wind farms are minimized according to (32). A
strong optimality cut is defined in (33). Desired reliability level
is applied in (34). It is noted that EENS is calculated in (31) of
the slave problem.




MP = Min  ∑ Clij nij +
ij∈Γ

∑ ∑ Cui mui + ∑ ∑ Cwi mwi + z

u∈UI i ∈B

w∈WI i ∈B

(32)


z > SP + ∑ ∑ β ij,s f¯ij Oij,s nij − n̂ij
ij∈ s∈S

+ ∑ ∑ ∑ λi,s P̄ui Oui,s (mui − m̂ui )
i ∈B u∈UI s∈S

+ ∑

∑

(33)

∑ αi,s P̄wi Owi,s (mwi − m̂wi )

i ∈B w∈WI s∈S

¯
EESN ≤ EESN

(34)

nbinary, mbinary, iB, ijΓ

(35)

Where, λi,s ,αi,s and β ij,s are the Lagrange multipliers of (25),
(26) and (28), respectively and SP is the objective function of the
slave problem in the previous iteration.
The flowchart of the proposed method is shown in Fig. 4.

6. RESULTS AND DISCUSSION
In this section, the proposed method is applied to IEEE 118-bus
and 24-bus test systems on a laptop computer with a 2.6 GHz
core i7 processor, 16 GB of RAM, and MATLAB 2015 is used.
The FOR of the lines and units are assumed to be 0.02 and 0.03,
respectively. The costs are given in Table 3. The specifications of
IEEE 118-bus and IEEE 24-bus systems can be found in [45, 46].

(21)

A. Comparing heuristic and Monte Carlo methods for scenario creation

(22)

In Table 4, the proposed scenario creation method is compared
with conventional Monte Carlo for IEEE 118-bus system. It is
shown that the number of scenarios and total running time are
reduced significantly in the proposed method.

(23)
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Table 3. The costs of units and lines

Item

Cost

Transmission line Investment cost

400 $/km

Thermal unit Investment cost

1 M $/MW

Thermal unit operational cost

20 $/MWh

Emission cost

15 $/MWh

Wind farm Investment cost

1.5 M $/MW

Table 4. Comparison of the proposed method and Monte

Carlo for scenario creation in IEEE 118-bus
Proposed method

Fig. 4. Flowchart of the proposed algorithm

B. IEEE 24-bus RTS

IEEE 24-bus RTS specifications are shown in [45]. Candidate
units and lines are demonstrated in Table 5 and the existing
lines are also considered as candidate lines. The total load and
EENS limit are 8550 MW and 7000 MWh/year, respectively.
The correlation between wind farms is evaluated in this case
study and the proposed copula method is taken into account for
generating correlated samples of the wind speeds. Two wind

Monte Carlo

Average number of scenarios

7526

11289

Total running time

1h, 37m

3h, 19m

regimes are assumed with ARMA (4, 3) according to [6] in the
buses 2 and 14. The capacity of each candidate wind farm is
2500 MW. The results are evaluated in the following sections.
a. Impact of coordination of TEP and GEP: In this section,
two cases are considered:
Case 1: The problem is solved without coordination of TEP
and GEP. First, GEP problem is solved and then TEP problem is
considered with regard to the solution of GEP.
Case 2: The coordinated TEP and GEP problem is solved.
The results are shown in Tables 6 and 7 for two cases. It is
shown that the total cost of case 1 is more than case 2, because in
case 1, generation units are obtained without considering new
lines. However, in case 2, generation units are determined in
load centers with regard to the location and capacity of existing
lines. In this way, minimum investment cost of new units and
lines is obtained.
b. Impact of correlation: Correlation is an important factor
in wind farms penetration. In this paper, correlation is modeled
with a copula method that was given in section 2. In Fig.5, optimal wind farm integration is shown in different correlations.
It can be seen that optimal wind integration is increased significantly by decrement of correlation coefficient. The impacts of
correlation between wind farms on pollution cost and total cost
are shown in Figs.6 and 7, respectively. It is demonstrated that
the pollution and total costs are reduced effectively in lower
correlations. Fig. 6 shows that lower correlation coefficients are
more effective for large wind farms with high wind speed; therefore, it is recommended to consider the places with high wind
speed and low correlations as candidate wind farms. As shown
in Figs 5 to 7, considering correlation influences the optimal
value of wind farms capacity significantly and according to the
large investment of wind farms, correlation is very important
factor that should be taken into account in determining wind
power integration.
C. IEEE 118-bus test system

IEEE 118-bus system specifications are shown in [46]. The candidate units and lines are demonstrated in Table 8. In addition,
the existing lines are also assumed as candidate lines and total
load is 7220 MW. Candidate wind farms are given in Table 9. In
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Table 5. Candidate units and lines in IEEE 24-bus RTS

Candidate lines
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Table 7. New units and lines in IEEE-24 bus RTS without coor-

dinated TEP and GEP

Candidate units

New units

New Lines

To

From

Capacity (MW)

Bus no.

Bus no.

Capacity (MW)

From

To

From

To

2

8

576

1

1

576

6

10

12

23

6

7

900

7

7

900

17

18

16

17

13

14

645

15

18

900

7

8

19

20

21

600

1

2

1

5

14

23

465

16

22

900

21

22

12

23

16

23

1200

18

14

1700 (wind)

10

12

3

24

19

23

1200

21

2

1700 (wind)

15

21

14

23

900

22

10

12

13

14

20

23

15

24

2500(wind)

14

21

22

1

2

2500 (wind)

2

4

9

9

12

6

10

7

8

23

16

Table 6. New units and lines in IEEE-24 bus RTS with coordi-

nated TEP and GEP

New units
Capacity (MW)

From

To

From

To

7

763

6

10

10

12

15

645

7

8

12

23

16

465

10

12

15

21

18

1077

12

23

19

20

22

900

20

23

1

5

14

1500 (wind)

13

14

4

9

2

1900 (wind)

6

10

3

24

7

8

15

21

20604

20500

516

(M$)

New Lines

Bus no.

Total Cost

Total Cost

352

Fig. 5. Optimal wind penetration in 24-bus system

(M$)

this case, correlation is not taken into account and other factors
on wind integration are evaluated in the following subsections.
a. Optimal combination of wind and thermal units: In this
section, an existing wind farm is considered in bus 27 and the
impact of wind farms integration in composite TEP and GEP is
evaluated. Fig. 8 shows that there is an optimal point for wind
farm integration in each wind speed. If wind farms penetration
is more than the optimal point, total cost is increased. Therefore,
there is a limit for wind farms integration even in the places with
high wind speed and according to the large investment of wind
farms, determining optimal wind power integration is important. The impact of wind power integration on emission cost is
demonstrated in Fig. 9. It is shown that emissions are reduced

with the increment of the wind farms integration. Optimal wind
farms integration is shown in Fig. 10 in different wind speeds. It
can be seen that the optimal capacity of wind farm is increased
with increment of the wind speed.
For determining the maximum penetration of wind farms in
a network, the number of candidate place is increased according
to Table 9. The impacts of increasing wind farms candidates
on wind power integration and total cost are shown in Figs. 10
and 11, respectively. It can be seen that the total cost reduction
tends to zero for three candidate places, thus it can be said
that optimal wind power integration is limited and does not
increase even with more candidate places. However, increment
of candidate wind farms increases the share of wind power
and it is important to investigate wind atlas of the regions to
determine more candidate places of wind farms.
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Fig. 6. Impact of correlation on pollution cost in 24-bus system
Fig. 9. Impact of different wind integration on emission cost in
118-bus system

Fig. 7. Impact of correlation on total cost in 24-bus system
Fig. 10. Optimal wind power integration in 118-bus system

Fig. 8. Impact of different wind integration on total cost in
118-bus system
Fig. 11. Impact of optimal wind integration on total cost in
118-bus system

Therefore, higher wind speeds and more candidate wind
farms, increase the wind power integration. However, it should
be noted that there is an optimal capacity for wind power penetration that should be determined in the expansion planning.
b. Impact of EENS limit (desired reliability level): Desired
reliability level constraint is considered in the master problem
according to (4). Reliability level has a significant impact on
wind power integration because the system reliability is maintained by combination of new wind farms and thermal units.
Fig. 13 shows that total cost is increased in higher reliability levels. Therefore, reducing desired reliability reduces the total cost
substantially. Optimal wind power integration is given in Fig.
12 for different reliability levels. It is shown that increasing the
reliability level decreases the wind power integration. It can be

seen that reliability level is a substantial factor in limiting wind
power penetration. The trade-off between reliability level and
total cost should be considered according to available budget.
c. Impact of emission penalty: Emission penalty is considered in the objective function and it is an effective factor for
determining wind farms integration. By increment of emission
penalty, the total cost of thermal power is increased. Therefore,
the quota of thermal power is decreased in future generation
capacity and the emission is also decreased. The impacts of the
emission penalty on wind and thermal power integrations are
demonstrated in Figs 14a and 14b, respectively. Where, Ce is
the emission cost. It can be seen that wind farms integration is
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Table 8. Candidate and new lines in IEEE 118-bus

Candidate lines

Vol. 2, Issue 4

Table 10. Candidate and new units in IEEE 118-bus system

New lines

No. units

Candidate capacity (MW)

New capacity (MW)

10

550

0

12

185

0

22

800 (wind)

630

25

320

0

from

to

from

to

from

to

from

to

54

59

37

39

63

64

40

41

56

59

37

40

64

61

56

57

55

59

30

38

65

68

51

58

26

414

414

98

100

39

40

37

39

99

100

31

107

0

59

60

40

41

39

40

40

41

46

119

119

59

61

40

42

68

116

80

98

49

304

0

60

61

41

42

60

61

92

102

54

148

148

24

72

96

97

94

95

101

102

59

255

0

71

72

43

44

63

59

85

86

61

260

260

65

491

350

71

73

56

57

63

64

12

117

66

492

380

70

74

50

57

37

39

63

59

69

805.2

0

95

96

56

58

39

40

80

577

0

87

104

0

89

707

0

100

352

0

Table 9. Candidate wind farm in IEEE 118-bus
Bus no.

55

Candidate capacity (MW)

Mean wind speed (m/s)

Standard deviation (m/s)

22

800

8.5

3.1

103

140

0

27

1500

7

2.8

111

136

133

50

1500

7.5

2.1

Fig. 13. Impact of EENS limit on total cost in 118-bus system

Fig. 12. Impact of EENS limit on wind power penetration in
118-bus system

increased in higher emission penalties. Fig. 14b shows that thermal power integration is reduced with increment of emission
penalty.
Therefore, in the places with higher pollution level, emission penalty should be increased for obtaining more wind farms
instead of thermal units. In this way, the pollution level is decreased.

D. Comparing simulation results

For showing the performance of the presented method, the results are compared to [26]. In this reference, some kinds of units
including gas, wind and hydro are considered, and two states
(in or out) are assumed for the wind farms as the other units;
thus, in this paper, two states for the wind farms are taken into
account, and the candidate units and lines are considered the
same as [26]. The results are compared in Table 11. It can be seen
that in this paper, EENS and the total cost are lower than [26].
A heuristic method is used in [26]. However, a mathematical
approach is utilized in this paper, and the better results are
obtained.
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case studies and comparing the simulation results.

REFERENCES
1. C. Carrillo, J. Cidrás, E. Díaz-Dorado, A.F. ObandoMontaño, “An approach to determine the Weibull parameters for wind energy analysis: The Case of Galicia (Spain)”,
Energies, vol. 7, pp. 2676-2700, 2014
2. T.H. Soukissian, F.E. Karathanasi, “On the selection of bivariate parametric models for wind data”, Appl. Energy,
vol. 188, pp. 280-304, 2017
3. A.S Dobakhshari,., M.A Fotuhi-Firuzabad, “Reliability
model of large wind farms for power system adequacy
studies”, IEEE Trans. Energy Conv., vol. 24, pp. 792-801,
2009
4. R. Billinton, Yi. Gao, “Multistate wind energy conversion
system models for adequacy assessment of generating systems”, IEEE Trans. Power Syst., vol. 1, pp. 163-170, 2008
5. F. Chena, , F. Lib, , G. Weia, , Z. Suna, , J. Li, “Reliability
models of wind farms considering wind speed correlation
and WTG outage”, Electr. Power Syst. Res., vol. 119, pp.
385–392, 2015

Fig. 14. Impact of emission penalty in 118-bus system a Wind
power integration b Thermal power integration

Table 11. Candidate and new lines in IEEE 118-bus
Proposed method
New lines

L.187, L.188, L.189, L.190, L.191, L.193, L.194, L.196, L.197, L.198

New units

H90.1, H91.1, H24.1, G32.1, G74.2, G90.1, G103.1, W95.1, W95.2, W102.1, W120.1

Total cost

37891 (M $)

EENS

1371 (MWh/year)
Reference [26]

New lines

L.187, L.189, L.190, L.191, L.194, L.195, L.196, L.197, L.198,

New units

H25.1,H119.1,G32.1,G56.1,G62.1, G74.1,G90.1,G103.1,W95.1,W102.1,W120.1,G74.2

Total cost

41919 (M $)

EENS

1423 (MWh/year)

7. CONCLUSION
In this paper, a method for simultaneous TEP and GEP considering optimal combination of wind farms and thermal units was
proposed. A multi-state model was considered for wind farms
and a copula method was taken into account for correlation between wind farms. Optimal wind and thermal power integration
was obtained with a comprehensive model of wind farms in the
expansion planning. It was shown that there is an optimal point
for wind farms integration that is increased by increment of
candidate places. It was illustrated that wind speed, correlation
between wind farms, desired reliability and emission penalty are
the main factors in increasing optimal wind power integration.
Increment of desired reliability and correlation between wind
farms, decreases wind integration and increment of wind speed
and emission penalty, increases wind power integration. A BD
method was utilized and the number of scenarios was reduced.
This method can be easily applied on large-scale practical systems and its performance was shown by implementation on the

6. S. Sulaeman, M. Benidris, J. Mitra, C. Singh, “A wind farm
reliability model considering both wind variability and turbine forced outages”, IEEE Transactions on Sustainable Energy, vol. 8, no. 2, 2017
7. S. Riahinia, A. Abbaspour, M. Fotuhi-Firuzabad, M. MoeiniAghtaie, “Impact of correlation on reserve requirements
of high wind-penetrated power systems”, Electrical Power
and Energy Systems, vol. 73, pp. 576–583, 2015
8. Y. Gao, R. Billinton, “Adequacy assessment of generating
systems containing wind power considering wind speed
correlation”, IET Renew. Power Gener., vol. 3, no. 2, pp.
217–226, 2009
9. K. Xiea, R. Billinton, “Considering wind speed correlation
of WECS in reliability evaluation using the time-shifting
technique”, Electr Power Syst Res, vol. 79, pp. 687–93, 2009
10. R. Billinton, Y. Gao, “Multistate wind energy conversion
system models for adequacy assessment of generating systems”, IEEE Trans Power Syst., vol. 1, pp. 163-170, 2008
11. K. Xie, Y. Li, W. Li, “Modelling wind speed dependence in
system reliability assessment using copulas”, IET Renew.
Power Gener., vol. 6, pp. 392–99, 2012
12. J. Cao, Z. Yan, “Probabilistic optimal power flow considering dependences of wind speed among wind farms by
pair-copula method”, Electr. Power and Energy Syst., vol.
84, pp. 296–307, 2017
13. M. A. Armin, H. Rajabi Mashhadi, “Effect of wind speed
and load correlation on ELCC of wind turbine generator”,
Iranian J. of Elect. & Electronic Eng., vol. 11, pp. 223-30, 2015
14. F. Monforti, I. Gonzalez-Aparicio, “Comparing the impact
of uncertainties on technical and meteorological parameters in wind power time series modelling in the European
Union”, Applied Energy, vol. 206 pp. 439–450, 2017

Research Article

15. G. Ren, J. Liu, J. Wan, Y. Guo, D. Yu, “Overview of wind
power intermittency: Impacts, measurements, and mitigation solutions”, Appl Energy, vol. 204, pp. 47–65, 2017
16. D.J. Burke, M.J. O’Malley, “Factors influencing wind energy
curtailment”, IEEE Trans on Sustain. Energy, vol. 2, no. 2,
pp. 185-193, 2011
17. N. Zhang, Z. Hu, B. Shen, S. Dang, J. Zhang, Y. Zhou, “A
source–grid–load coordinated power-planning model considering the integration of wind power generation”, Appl
Energy, vol. 168, pp. 13–24, 2016

Journal of Energy Management and Technology (JEMT)

Vol. 2, Issue 4

57

29. A. Arabali, M. Ghofrani, M. Etezadi-Amoli, M. Sami Fadali,
M. Moeini-Aghtaie, “A multi-objective transmission expansion planning framework in deregulated power systems
with wind generation”, IEEE Trans. Power Syst., vol. 29, no.
6, pp. 3003 – 3011, 2014
30. M. Moeini-Aghtaie, A. Abbaspour, M. Fotuhi-Firuzabad,
“Incorporating large-scale distant wind farms probabilistic transmission expansion planning—part I: theory and
algorithm”, IEEE Trans. Power Syst., vol. 27, pp. 1585-93,
2012

18. Y. Gu, J. D. McCalley, M. Ni, “Coordinating large-scale wind
integration and transmission planning”, IEEE Trans Sustain
Energy, vol. 3, pp. 652-59, 2012

31. J. Wen, X. Han, J. Li, Y. Chen, H. Yi, C. Lu, “Transmission
network expansion planning considering uncertainties in
loads and renewable energy resources”, CSEE Journal of
Power and Energy Systems, vol. 1, no. 1, pp. 78-85, 2015

19. S. Youa, W. S. Hadleyb, M. Shankarb, Y. Liua, “Cooptimizing generation and transmission expansion with
wind power in large-scale power grids—Implementation in
the US Eastern Interconnection”, Electr Power Syst Res, vol.
133, pp. 209–18, 2016

32. B. Alizadeh, S. Jadid, “Uncertainty handling in power system expansion planning under a robust multi-objective
framework”, IET Gener. Transm. Distrib., , vol. 8, no. 12, pp.
2012–2026, 2014

20. Y. Li, J. Wang and T. Ding, Clustering-based chanceconstrained transmission expansion planning using an
improved benders decomposition algorithm, IET Gener.
Transm. Distrib., vol. 12, no. 4, pp. 935-946, 2018
21. M. Moradia, H. Abdib, S. Lumbrerasc, A Ramos, S. Karimiba, “Transmission expansion planning in the presence of
wind farms with a mixed AC and DC power flow model
using an imperialist competitive algorithm”, Electr Power
Syst Res, vol. 140, pp. 493–506, 2016
22. G.A. Orfanos, S. Pavlos, N. Georgilakis, D. Hatziargyriou,
“Transmission expansion planning of systems with increasing wind power integration”. IEEE Trans Power Syst, vol.
28, pp.1355-62, 2013
23. C. Mun~ oz, E. Sauma, J. Contreras, J. Aguado, S. de La
Torre, “Impact of high wind power penetration on transmission network expansion planning”, IET Gener. Transm.
Distrib., vol. 6, pp.1281–1291, 2012
24. S. Majumder, R.M. Shereef, S.A. Khaparde, “Two-stage algorithm for efficient transmission expansion planning with
renewable energy resources”, IET Renew. Power Gener., vol.
11, pp. 320-329, 2017
25. F. Ugranlı, E. Karatepe, “Multi-objective transmission expansion planning considering minimization of curtailed
wind energy”. Electr Power and Energy Syst., vol. 65, pp.
348–56, 2015
26. M.S. Javadi, M. Saniei, H.R. Mashhadi, G. Gutiérrez-Alcaraz,
“Multi-objective expansion planning approach: distant
wind farms and limited energy resources integration”, IET
Renew. Power Gener., vol. 7: pp. 652–68, 2013

33. H. Park, R. Baldick, “Multi-year stochastic generation capacity expansion planning under environmental energy
policy”, Appl Energy, vol. 183, pp. 737–45, 2016
34. A. Baharvandi, J. Aghaei, T. Niknam, M. Shafie-Khah, R.
Godina and J.P.S. Catal~ao, “Bundled generation and transmission planning under demand and wind generation uncertainty based on a combination of robust and stochastic
optimization”, IEEE Trans. Sustain. Energy, vol. 9, no. 3,
pp.1477-1486, 2018
35. K. Xie, J. Dong, C. Singh, B. Hua, “Optimal capacity and type planning of generating units in a bundled
wind–thermal generation system”, App Energy, vol. 164,
pp. 200–210, 2016
36. S. Pineda, J. M. Morales, Y. Ding, J. Østergaard, “Impact
of equipment failures and wind correlation on generation
expansion planning”, Electr. Power Syst. Res., vol. 116, pp.
451–458, 2014
37. J. Aghaei, M.A. Akbari, A. Roosta, M .Gitizadeh, T.Niknam,
“Integrated renewable-thermal generation expansion planning using multi objective framework”. IET Gener. Transm.
Distrib., vol.6, pp. 773–84, 2012
38. K. Rajesh, S. Kannan , C. Thangaraj, “Least cost generation
expansion planning with wind power plant Incorporating
emission using Differential Evolution Algorithm”, Electrical
Power and Energy Systems, vol. 80, pp. 275–286, 2016
39. S. Dehghan, N. Amjady, A.J. Conejo, “A multistage robust
transmission expansion planning model based on mixed
binary linear decision rules- part I” IEEE Trans. Power Syst.,
vol. 33, no. 5, pp.5341 – 5350, 2018

27. H. Park, R. Baldick, “Transmission planning under uncertainties of wind and load: sequential approximation approach”, IEEE Trans. Power Syst., vol. 28, pp. 2395-2402,
2013

40. W. Wu, Z. Hu, Y. Song, G. Sansavini, H. Chen, X.
Chen, “Transmission network expansion planning based
on chronological evaluation considering wind power uncertainties”, IEEE Trans. Power Syst., vol. 33, no. 5, pp.
4787–4796, 2018

28. J. Qiu, Z.Y. Dong, J. Zhao, Y. Xu, F. Luo, J. Yang, “A riskbased approach to multi-stage probabilistic transmission
network planning”, IEEE Trans. Power Syst., vol. 31, no. 6,
pp. 4867 – 4876, 2016.

41. N. Gupta, M. Khosravy, N. Patel, T. Senjyu, “A bi-level
evolutionary optimization for coordinated transmission expansion planning”, IEEE Access (Early Access), 2018, DOI:
10.1109/ACCESS.2018.2867954.

Research Article

Journal of Energy Management and Technology (JEMT)

42. G.P. Zhang, “Time series forecasting using a hybrid ARIMA
and neural network model”, Neuro Computing, vol. 50, pp.
159-175, 2003
43. M. Hofert, “Efficiently sampling nested Archimedean copulas”, Computational Statistics and Data Analysis, vol. 55,
pp. 57-70, 2011
44. A.J. McNeil, “Sampling nested Archimedean copulas”, Journal of Statistical Computation and Simulation, vol. 78, no. 6,
pp. 567-581, 2008
45. IEEE Committee Report, “IEEE reliability test system”, IEEE
Trans. Power Apparatus and Sys., pp. 2047-2054, 1979
46. IEEE 118 bus test system
http://motor.ece.iit.edu/Data.

[Online].

Available,

Vol. 2, Issue 4

58

