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ABSTRACT To have an effective transmission network and support free trading, the open and non-
discriminatory access to transmission services for all market participants under all conditions is of significant
concern. To this end, a sufficient value of available transfer capability (ATC) is required, which can
significantly affect the electricity market efficiency. This paper constructs a methodology for reinforcing
an existing transmission network considering wind power investment to enhance ATC. In this regard, a bi-
level structure is adopted whose upper level is the joint transmission expansion planning (TEP) and wind
power investment subject to the technical power grid limitations. After solving the upper level, a security-
constrained economic dispatch (SC-ED) is formulated to acquire the optimal generation scheduling. Then,
the lower level is designed to calculate the ATC. To solve this problem, the SC-ED is first replaced by
its primal and dual feasibility constraints and strong duality equality. Then, these constraints are added to
the upper level. The lower level is also replaced by its corresponding constraints. Consequently, a bilinear
single-level optimization problem is extracted, which is further solved by employing Konno’s cutting plane
algorithm. The experimental results on the IEEE 24-bus RTS show the proposed method’s effectiveness.
It is indicated that the ATC can be improved by 27.2 % using the formulated model at the expense of more
investment cost resulting in less load shedding and less wind curtailment.

INDEX TERMS Available transfer capability, bi-level optimization, bilinear programming, Konno’s algo-
rithm, transmission expansion planning, wind power investment.

NOMENCLATURE
A. INDICES AND SETS

�N Set of buses indexed by i, j.
�S Set of scenarios indexed by s.
�DV
= �DV 1 ∪�DV 2 Set of decision variables of

the bilinear problem divided
into two different sets
�DV 1 and �DV 2 .

The associate editor coordinating the review of this manuscript and

approving it for publication was Ehab Elsayed Elattar .

�RA
N , �SA

N Set of buses in receiving (sink)
and sending (source) areas.

B. PARAMETERS

bij Susceptance of lines.

cTi Production cost of a thermal unit.
CW
i ,CL

ij Annualized investment cost of a wind
farm and a transmission line.

M1 Big-M parameter.
PD0is Electric demand.
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P
L
ij Capacity of a line.

P
T
i Capacity of a thermal unit.
KD
i ,KT

i ,KW
i Change rate in load and generation

(thermal and wind) as λs increases.
Ns Number of hours in scenario s.
δi, δi Minimum and maximum voltage angle.
πis Capacity factor of a wind farm

(0 ≤ πis ≤ 1).
ω Weighting coefficient.

C. VARIABLES

PLijs, P̃
L
ijs,P

L0
ijs Power flow through lines in the

main problem, ATC evaluation
problem and SC-ED problem.

OF los ,OFup Lower and upper objective
functions.

λs A variable indicating the growth
in load or generation.

P̃Dis Electric demand in the ATC
evaluation problem.

PTis, P̃
T
is,P

T0
is Power output of thermal units in

the main problem, ATC
evaluation problem and SC-ED
problem.

PWis , P̃Wis ,PW0
is Power output of a wind farm in

the main problem, ATC
evaluation problem and SC-ED
problem.

P
W
i Capacity of a wind farm.
uLij Binary variable indicating the

installation status of a
transmission line.

δis, δ̃is, δ
0
is Voltage angle in the main

problem, ATC evaluation
problem and SC-ED problem.

δref ,s Voltage angle at the reference
bus.

ηBis, η
LP
ijs , ηT

is
, ηTis,

ηW
is

, ηWis , ηLijs &

ηδ
is
, ηδ

is, η
δ
ref ,s, Dual variables associated

with ATC

ηKTis , ηKWis , ηKDis evaluation problem.
ηB0is , ηLP0ijs , ηT0

is
, ηT0is ,

ηW0
is

, ηW0
is , ηL0ijs , Dual variables associated with

, ηδ0
is , ηδ0

ref ,s, ηδ0
is

SC-ED problem.

I. INTRODUCTION
A. BACKGROUND, MOTIVATION, AND CONTRIBUTION
To facilitate the transaction amongst market participants,
there must be sufficient capacity in the transmission grid
to meet the increasing demand reliably and economically.
Hence, expanding and reinforcing an existing transmission

network considering renewable and non-renewable energy
sources is necessary. Without sufficient transmission capac-
ity, the operator must curtail a portion of electricity demand
or generated wind power leading to a significant reduction in
social welfare. The transmission expansion planning (TEP)
problem seeks to determine the optimal location of new
transmission lines for a specified planning target so that
the electric load is securely satisfied. When planning for
transmission investment, the system operator must ensure
an adequate amount of ATC because the ATC could sig-
nificantly influence the market efficiency due to its effect
on the competition and reliability level of a power system.
A sufficient available transfer capability (ATC) is needed in a
power system to ensure that all the market players have open
and non-discriminatory access to the transmission network.
Hence, it is imperative to boost ATC, which will bring more
benefits for suppliers and consumers by providing less con-
gestion and enhanced power system security.

Many methodologies in the literature address the TEP
problem. However, none of these approaches consider ATC
enhancement a critical criterion in their planning models,
showing a knowledge gap in this field. This research study
aims to fill this gap by constructing a novel strategy for
transmission expansion and wind power investment planning
to enhance ATC. Therefore, the transfer capability between
two zones can be increased, which facilitates the genera-
tion of cheaper generators such as wind energy and reduces
wind curtailment. In this context, a stochastic bi-level model
is introduced for the investment problem considering ATC.
First, at the upper level, an investment planning model is for-
mulated. This upper-level problem minimizes the investment
and generation cost while maximizing the ATC subject to the
system constraints. After obtaining the least-cost expansion
plan, a security-constrained economic dispatch (SC-ED) is
solved to find the optimal generation scheduling. The output
results of the upper level (i.e., the optimal expansion plan
of the transmission lines and wind farms) and the SC-ED
problem (i.e., the optimal generation dispatch for the base
case) are used in the lower level as constant parameters.
The lower level is dedicated to calculating the ATC, given
these parameters as input. Afterward, the computed ATC is
used at the upper level to obtain the best feasible expansion
plan. A schematic diagram of the proposed methodology is
presented in Fig. 1, illustrating the whole procedure of the
problem. The method put forth in this study is the first of its
kind and has not already been presented.

To solve this problem, first, it is necessary to replace the
SC-EDwith its primal and dual constraints and strong duality,
given the investment plan of expanding the transmission grid
and wind power plants. Then, these constraints are added to
the upper level, which will not change the feasible space.
In addition, the lower level is also replaced by the corre-
sponding constraints using the same method as in the SC-
ED problem. As a result, a bilinear single-level optimization
problem is created, which is further solved by employing
Konno’s cutting plane algorithm. The implementation of the
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FIGURE 1. The conceptual structure of the proposed strategy for joint
transmission and wind investment to enhance ATC.

proposed methodology on IEEE 24-bus RTS indicates its
effectiveness in improving the ATC. Results show that more
electric power from the source area can be transferred to the
sink area. Furthermore, in contingencies or load growth, the
amount of load shedding in the proposed model is less than
that in the conventional models because more power can be
transferred.

B. LITERATURE REVIEW
Transmission expansion planning is a well-known optimiza-
tion problem in the field of power system planning which
has been widely studied. With a high penetration level of
wind power and the targets set by governments to integrate
more wind energy, the transmission planning problem must
be coordinated with wind power investment.

The presented models in the literature comprehensively
study the transmission capacity and wind power investment
problem covering different methodologies. A conic program-
ming approach for transmission, generation, and reactive
power sources planning considering a high level of wind
power integration is constructed in [1]. Due to the pres-
ence of deep uncertainties in the problem, a TEP model is
developed by [2] to reduce wind curtailment considering the
risk factor. To assess the effect of wind farms on the TEP
problem, a novel strategy is set out in [3] using scenario-
based programming. Ref. [4] presents a new framework to
generate representative wind and demand scenarios for the
transmission investment problem considering spatial interde-
pendencies. A co-optimization investment model for expand-
ing transmission grid and energy storage systems (ESS) is
proposed in [5]. It is shown that ESS is an efficient tool for

managing transmission congestion in the presence of wind
energy. A bi-level transmission grid and wind power planning
model is suggested in [6] and [7]. The upper level is the wind
farm and transmission network investment, while the lower
level aims to clear the market. Ref. [8] presents a scheme
for co-optimizing transmission expansion planning and ESS
optimal sizing from a reliability viewpoint, considering the
N-1 security constraints. A robust optimization model for the
simultaneous investment of the transmission grid and renew-
able energy sources (RESs) under contingency is formulated
in [9]. A joint bi-level optimization problem for transmission
and wind energy investment is put forth [10]. This bi-level
is further formulated as a mathematical program with equi-
librium constraints seeking to minimize consumer payments.
A multi-stage stochastic planning model considering a mas-
sive integration of wind power is set out in [11], in which the
investment cost and reliability are used as two different objec-
tives. A novel framework is formulated in [12] to co-optimize
wind power and transmission capacity using amulti-objective
optimization problem. A bi-level programming approach for
scenario driven-investment model for integrated power and
gas network is formulated in [13], considering wind power,
power-to-gas units, and ESSs. An integrated framework for
TEP and coal-fired power plants flexibility retrofits is sug-
gested by [14] to integrate a high share of wind energy.
A probabilistic transmission investment method to accom-
modate wind power is devised in [15] considering N-1 con-
tingency, where Benders decomposition (BD) is employed
to solve the problem. A robust optimization model for a
game-based investment model for integrated electricity-gas
energy systems considering a high share of wind power
is presented in [16]. Transmission capacity reinforcement
is studied in [17] considering the correlation, where RESs
are heavily integrated into the power grid. A transmission
expansion model is proposed in [18] and [19] under N-1
contingency, where the operator aims to decrease the wind
power curtailment. A Monte-Carlo simulation method is
employed in [20] to deal with the intermittency of wind in
the planning problem using nature-inspired methods to find
the optimal solution. Since including many scenarios will
greatly increase the computational complexity, an approach
to effectively include toomany scenarios in the planning stud-
ies is proposed [21]. An AC-based transmission expansion
planning is presented in [22] under uncertainty, where an
evolutionary algorithm is employed to acquire the solutions.
A robust optimization-based TEP with a high share of RESs
is constructed in [23], where BD is used to decrease the com-
putational burden. It is of note that the output results of the
TEP problem can affect the boundary of up to congestion bid-
ding strategy in a nodal electricity market [24]. A scenario-
driven transmission and generation planning scheme is
formulated in [25] to enhance the hosting capacity, where
two different algorithms, including the weighted mean of
vectors optimization and sine-cosine methods, are used to
solve the model. Ref. [26] constructs a distributionally
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robust planning model considering load and wind stochastic
behavior, while modeling demand response and solar power
plants. A solution method to address the robust transmis-
sion planning is suggested in [27], where neither binary
variables nor bilinear terms are used. Some spatial and
temporal simplifications is applied to the planning prob-
lem of the generation and transmission in [28]. Authors
in [29] develops an investment planning framework that finds
a mix of transmission-level non-generation flexible assets:
ESS, thyristor-controlled series compensators (TCSC), and
transmission lines.

Motivated by the aforementioned discussion, the contribu-
tion of this work can be summarized as follows:

1) Constructing a novel strategy for transmission and
wind investment planning to enhance ATC using a
stochastic bi-level model.

2) Introducing a novel solution technique by replacing
SC-ED problem by its primal-dual formulation and
adding it to the upper level.

The remainder of the paper is organized as follows. Section II
presents themathematical model of the joint transmission and
wind investment model considering ATC. Section III illus-
trates the solution method using the primal-dual formulation
and Konno’s cutting plane algorithm. A numerical experi-
ment is presented in Section IV. Finally, section V concludes
the paper with several remarks.

II. STOCHASTIC JOINT OPTIMIZATION FOR
TRANSMISSION EXPANSION AND WIND INVESTMENT
PLANNING CONSIDERING ATC
This section is outlined as follows. In subsection-A, the
mathematical method to calculate ATC is formulated.
In subsection-B, the stochastic joint investment model is
constructed based on a bi-level formulation.

A. AVAILABLE TRANSFER CAPABILITY ASSESSMENT
A sufficient amount of ATC is necessary to ensure that
the power grid can operate reliably over all conditions and
support free trading. The ATC is an index to measure the
transfer capability remaining in the transmission grid for
further utilization over the existing transmission commit-
ment [19]. To support a large number of transactions and
to maintain power system stability, it is of utmost concern
to precisely evaluate ATC in a network. By ignoring the
transmission reliability and capacity benefit margin, the ATC
can be mathematically calculated as ATC = TTC - ETC,
in which TTC is the total transfer capability and the ETC
is the existing transmission commitment. An optimal power
flow-basedmodel is utilized here to compute ATC, where line
thermal limits are considered. The mathematical formulation
to identify TTC employing aDC power flow is as follows [30]
and [31]:

Maximize︸ ︷︷ ︸
{P̃Tis,P̃

L
ijs,P̃

W
is ,δ̃is,λs,P̃Dis}

OF los = λs (1)

subject to :

P̃Tis + P̃
W
is −

∑
j

P̃Lijs = P̃Dis < ηBis > (2)

P̃Lijs = −u
L
ijbij

(
δ̃is − δ̃js

)
< ηLPijs > (3)

0 ≤ P̃Tis ≤ P
T
i < ηT

is
, ηTis > (4)

0 ≤ P̃Wis ≤ πisP
W
i < ηW

is
, ηWis > (5)

P̃Lijs ≤ P
L
ij < ηLijs > (6)

δi ≤ δ̃is ≤ δi < ηδ

is
, ηδ

is > (7)

δref ,s = 0 < ηδ
ref ,s > (8)

P̃Tis = PT0is
(
1+ λsKT

i

)
< ηKTis > (9)

P̃Wis = PW0
is

(
1+ λsKW

i

)
< ηKWis > (10)

P̃Dis = PD0is
(
1+ λsKD

i

)
< ηKDis > (11)

Equation (1) shows the objective function that should be
maximized. Equation (2) is the power balance at each bus.
Equation (3) indicates the power flow through each line.
Power generation by each unit is limited by (4)-(5). Thermal
limitations of transmission lines are imposed by (6). The
voltage angle is restricted by (7). At the reference bus, volt-
age angle is enforced to be zero by (8). Equations (9)-(11)
formulate the increase of generation and load in sending
and receiving areas, respectively. Note that KT

i = 0,
∀i ∈ �RA

N and KD
i = 0,∀i ∈ �SA

N . Dual variables are
indicated within <>.
As can be seen, the ATC is computed by rising the electric

load in the receiving area and the generated power in the
sending area until the violation occurs. After solving the
linear optimization problem (1)- (11), the optimal λ is used
to calculate the ATC as:

ATC =
∑

i∈�RA
N
P̃Dis

(
λ∗

)
−

∑
i∈�RA

N
PD0is

=

∑
i∈�RA

N
PD0is

(
1+ λ∗KD

i

)
−

∑
i∈�RA

N
PD0is (12)

B. BI-LEVEL INVESTMENT MODEL FOR TRANSMISSION
AND WIND CAPACITY EXPANSION
In this section, a bi-level investment model for joint opti-
mization of transmission and wind capacity expansion is
constructed from a centralized perspective. In this regard,
the upper level’s objective is the total cost minus the
weighted ATC. This objective function is subject to the power
system’s prevailing constraints. The lower level is devoted
to calculating the ATC given the solution from the first
level. The mathematical bi-level model can be formulated as
follows:

Maximize︸ ︷︷ ︸
{PTis,P

L
ijs,P

W
is ,P

W
i ,uLij ,δis}

OFup

=

∑
(ij)
CL
ij u

L
ij +

∑
i
CW
i P

W
i
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+

∑
s
Ns

∑
i
cTi P

T
is − ω

∑
s
Nsλs (13)

subject to :

PTis + P
W
is −

∑
j
PLijs = PD0is (14)

−

(
1− uLij

)
M1 ≤ PLijs + bij

(
δis − δjs

)
≤

(
1− uLij

)
M1

(15)

0 ≤ PTis ≤ P
T
i (16)

0 ≤ PWis ≤ πisP
W
i (17)

− uLijP
L
ij ≤ P

L
ijs ≤ u

L
ijP

L
ij (18)

δi ≤ δis ≤ δi (19)

δref ,s = 0 (20)

whereλs ∈ arg

Maximize︸ ︷︷ ︸
{P̃Tis,P̃

L
ijs,P̃

W
is ,δ̃is,λs,P̃Dis}

OF los = λs (21)

subject to:

Constraints (2)− (11) (22)

Equation (13) shows the upper level’s objective function.
Equation (14) is the power balance at each bus. Equation (15)
indicates the power flow through each line. Power generation
by thermal and wind farms is bounded by (16)-(17). Lines
capacity is denoted by (18). The voltage angle is limited
by (19). At the reference bus, the voltage angle is forced to
be zero by (20).

It is of note that in the lower-level problem, it is required
to know the base generation of thermal units and wind farms.
Given the optimal transmission and wind investment expan-
sion plan, the SC-ED must be solved to acquire these values.
In this context, the SC-ED is formulated for each scenario as
follows:

Maximize︸ ︷︷ ︸
{PT0is ,PL0ijs ,P

W0
is ,δ0js}

∑
i

cTi P
T
is (23)

subject to :

PT0is + P
W0
is −

∑
j

PL0ijs = PD0is < ηB0is > (24)

PL0ijs = −u
L
ijbij

(
δ0is − δ0js

)
< ηLP0ijs > (25)

0 ≤ PT0is ≤ P
T
i < ηT0

is
, ηT0is > (26)

0 ≤ PW0
is ≤ πisP

W
i < ηW0

is
, ηW0

is > (27)

PL0ijs ≤ P
L
ij < ηL0ijs > (28)

δi ≤ δ0is ≤ δi < ηδ0
is

, ηδ0
is > (29)

δref ,s = 0 < ηδ0
ref ,s > (30)

The explanations of these equations have been previously
discussed. The equivalent primal-dual formulation for this
optimization problem is:

Constraints (24)− (30) (31)

cTi + ηB0is + ηT0is − ηT0
is
= 0 (32)

ηB0is + ηW0
is − ηW0

is
= 0 (33)

ηδ0
is − ηδ0

is
+

∑
j

{
uLijbij

(
ηLP0ijs − ηLP0jis

)}
= 0 (34)

ηδ
ref ,s +

∑
j

{
uLijbij

(
ηLP0ijs − ηLP0jis

)}
= 0 (35)

− ηB0is + ηLP0ijs + ηL0ijs = 0 (36)

ηT0
is

, ηT0is , ηW0
is

, ηW0
is , ηδ0

is
, ηδ0

is , ηL0ijs ≥ 0 (37)∑
i

cTi P
T
is =

∑
i

(
−PD0is ηB0is − P

T
i ηT0is − πisP

W
i ηW0

is

−δiη
δ0
is + δiη

δ0
is

)
−

∑
ij
P
L
ijη

L0
ijs (38)

Equation (31) is the primal feasibility constraint of the
SC-ED problem. Equations (32)-(37) are the dual feasibil-
ity constraints of the SC-ED problem. Equation (38) shows
the strong duality. Constraints (31)-(38) are added to the
upper-level problem to calculate PT0is and PW0

is (the optimal
values for the base power flow), which is further used in the
lower level to compute the ATC. Notice that adding this set
of equations will not change the feasible space of the first
level and is solely used to achieve the base values, i.e., optimal
generation scheduling.

III. SOLUTION STRATEGY
The primal-dual formulation is employed to solve the pre-
sented bi-level structure. In this regard, the second level
is substituted by its primal and dual equations and strong
duality equality. Hence, the single-level formulation will be
as follows:

Minimize OFup

=

∑
(ij)
CL
ij u

L
ij +

∑
i
CW
i P

W
i +

∑
s
Ns

∑
i
CT
i P

T
is

− ω
∑
s

Nsλs (39)

subject to:

Equations (14)− (20) (40)

Equations (31)− (38) (41)

Equations (2)− (11) (42)

1+
∑

i

(
KT
i P

T0
is ηKTis + K

D
i P

D0
is ηKDis + K

W
i PW0

i ηKWis

)
= 0

(43)

ηBis + ηKTis + ηTis − ηT
is
= 0 (44)

ηBis + ηKWis + ηWis − ηW
is
= 0 (45)

ηKDis − ηBis = 0 (46)

ηδ
is − ηδ

is
+

∑
j

{
uLijbij

(
ηLPijs − ηLPjis

)}
= 0 (47)

ηδ
ref ,s +

∑
j

{
uLijbij

(
ηLPijs − ηLPjis

)}
= 0 (48)

ηLPijs + ηLijs − ηBis = 0 (49)

ηT
is
, ηTis, η

W
is

, ηWis , ηδ

is
, ηδ

is, η
L
ijs ≥ 0 (50)

23140 VOLUME 11, 2023



A. M. Alshamrani et al.: TEP Considering a High Share of Wind Power to Maximize ATC

λs =
∑

i

(
P
T
i ηTis + πisP

W
i ηWis + δiη

δ
is − δiη

δ

is
+ PT0is ηKTis

+PW0
is ηKWis + P

D0
is ηKDis

)
+

∑
ij
P
L
ijη

L
ijs (51)

Due to the existence of bilinear terms PT0is ηKTis , PW0
i ηKWis ,

PT0is λs, PW0
is λs, P

W
i ηWis and P

W
i ηW0

is , the optimization prob-
lem formulated above is a bilinear programming model.
Although there are some strategies to cope with bilinear
terms in optimization problems introducing new binary vari-
ables, they may introduce further complexity to the problem.
Here, a cutting plane technique named Konno’s algorithm
is employed [32] to solve the bilinear programming, which
will not lead to an increased computational burden. Let us
consider two distinct sets of variables as:

�DV
= �DV 1∪�DV 2

=

{
PWis ,P

W
i , uLij ,P

T
is,P

L
ijs, δis, δref ,s,P

W0
is ,PT0is ,PL0ijs , δ

0
is

}
∪


λs, η

B
is, η

LP
ijs , ηT

is
, ηTis, η

W
is

, ηWis , ηLijs, η
δ
is
, ηδ

is, η
δ
ref ,s,

ηKTis , ηKWis , ηKDis
ηB0is , ηLP0ijs , ηT0

is
, ηT0is , ηW0

is
, ηW0

is , ηL0ijs , η
δ0
is

, ηδ0
is , ηδ0

ref ,s


Konno’s algorithm is demonstrated in Algorithm 1. First,
variables in �DV 1 are assigned an initial value, which are
fixed in the problem rendering in a mixed-integer linear
programming (MILP) model. Upon solving this problem,
variables in�DV 2 are obtained. Afterward, the optimal values
of �DV 2 are fixed in the problem, and new values of �DV 1

are obtained. If the difference in two successive iterations is
smaller than a specified tolerance, the algorithm is aborted;
otherwise, the algorithm continues.

It is worth mentioning that the product of binary and con-
tinuous variables, which appears in (47)-(48), is made linear
by the Big-M technique as widely used in the published paper.

Algorithm 1 Konno’s Algorithm
Read: Input data and the tolerance ε

Initialization: k ← 1, Set �DV 1 = �DV (k)
1

Solve bilinear programming for �DV 2 . Then, set �DV 2 ← �DV (k)
2

while �DV (k+1)
1 −�DV (k)

1 ≤ ε do
Solve bilinear programming for�DV 1 with�DV 2 ← �DV (k)

2 . Then,

set �DV (k+1)
1 ← �DV 1 , k ← k + 1

Solve bilinear programming for �DV 2 with �DV 1 ← �DV (k)
1 .

Obtain the optimal value of variables in �DV 2 and set �DV 2 ←

�DV (k)
2

end while
return optimal variables in �DV

= �DV 1 ∪�DV 2 .

IV. SIMULATION STUDIES
This section describes the methodology’s successful imple-
mentation on the IEEE 24-bus RTS. All solutions are
achieved by Gurobi [33] under GAMS [34] using a computer
with a 2.5 GHzCPU and 16GBRAM. The IEEE 24-bus RTS,
depicted in Fig. 2, contains 10 power plants (32 units) and

FIGURE 2. IEEE 24-bus RTS.

38 lines. As shown in Fig. 2, this grid contains two areas with
different voltage levels (138 kV and 230 kV) connected by
five tie lines. Candidate lines are represented by red dashed
lines. Wind farms’ candidate locations are set at buses 15,
16, 18, 19, 20, 21, 22, 23, and 24, where at most 500 MW
wind power can be installed. In addition, two existing wind
farms are considered at buses 14 and 17. Annualized wind
investment cost (CW

i ) is 120 000 $/MW. The load and gen-
eration capacity of thermal units are increased by 70%, and
line capacity is decreased by 20% to exert pressure on the
transmission grid. Bus 1 is the reference bus. All the data used
for experimental results can be downloaded from [35]. Thirty
different scenarios model wind-demand uncertainty.

Table 1 shows the results for two cases: case (a), where
planning is conducted without considering ATC, and case (b),
whereATC is incorporated into the planning problem. Results
provided in Table 1 indicate that it is necessary to construct
more transmission lines in case (b), resulting in a higher line
investment cost. This higher cost is required to increase the
ATC in case (b) compared with case (a). The expected ATC
in case (a) is 1176 MW while the expected ATC in case (b)
is 1496 MW meaning that ATC increases by 27.2% using
the formulated methodology. Notice that the total installed
capacity of the wind farm is almost the same in both cases.
Moreover, the production cost in case (b) is 4.3% greater than
in case (a), which is due to the different network topologies
in case (b) with respect to case (a). It is inferred that although
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TABLE 1. A comparison of the results for cases (a) and (b) (ω = 3000).

the ATC is increased by 27.2% using the presented model, the
production cost is also increased by 4.3%.

Fig. 3 depicts the values of ATC for cases (a) and (b) for
four distinct scenarios (S1, S2, S3, S4). In scenarios 1 and 2,
the electric demand is minimal, while in scenarios 3 and 4,
electric demand is at its highest level. In addition, in scenar-
ios 2 and 3, wind speed is maximum, while in scenarios 1
and 4, wind speed is minimum.

FIGURE 3. ATC values for different scenarios for cases (a) and (b).

As shown in Fig. 3, the values of ATC for the proposed
method, i.e., case (b), is larger than the traditional method,
i.e., case (a). Furthermore, scenario 2, where the load is mini-
mum and wind generation is maximum, has the highest value
of ATC. In contrast, scenario 4, where the load is maximum,
and wind generation is minimum, has the lowest value of
ATC. These results are already expected because as the load
grows, the transmission grid is more congested, leading to a
decrease in the ATC. On the other hand, more available wind
power at different buses throughout the power system brings
more flexibility for producing electric power resulting in a
larger ATC.

It would be interesting to investigate the effect of the
weighting factor ω on the ATC and the total cost. In this
respect, Fig. 4 shows the ATC and total cost versus different
values of ω. As shown in Fig. 4, as ω increases, the ATC
and total cost also increase. When ω reaches around 8000,

FIGURE 4. ATC and total cost versus ω.

no changes in ATC and cost are observed. The highest possi-
ble value for ATC is 1942 MW. Increasing the value of ATC
above this level is impossible due to the technical limitations
of the power grid (here, transmission lines’ thermal capacity).

To highlight the importance of ATC, the electric load
in area 1 is multiplied by a factor of 60%. Afterward,
SC-ED is run for cases (a) and (b). This means the optimal
expansion plan (optimal size and locations of wind farms and
transmission lines) obtained from case (a) or case (b) is placed
and fixed into the power grid. Then, the SC-ED problem is
solved for this new power system configuration. It is worth
mentioning that under this condition, the load shedding with
high penalty cost is added to the objective function to avoid
infeasibility. The total amount of load shedding is denoted in
Fig. 5 for scenarios S1, S2, S3, and S4. As shown in Fig. 5,
the total load shedding in case (b) is lower than in case (a).
This happens because ATC is larger in case (b); hence, more
power can be transferred from area 2 to area 1, resulting in
less load shedding. Moreover, as expected, load shedding in
S4 has the largest value due to the highest level of load and the
lowest level of wind power. Conversely, the load shedding in
S2 has the smallest value due to the lowest level of load and
the highest level of wind power.

The total amount of wind curtailment is also denoted in
Fig. 6. As can be seen from this plot, wind curtailment in
case (b) is less than that in case (a) because in case (b) more
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FIGURE 5. The total amount of load shedding for different scenarios
when load increases.

FIGURE 6. The total amount of wind curtailment for different scenarios
when load increases.

wind power generation can be transferred from area 2 to
area 1 due to larger ATC. Additionally, wind curtailment in
scenario 2 has the highest value because in this scenario, wind
speed is high but the electric demand is minimum. On the
contrary, when wind speed is low and load is maximum, the
wind curtailment has the smallest value.

FIGURE 7. The total amount of load shedding for different scenarios
when a generator is shut down.

To further examine the results, the power plant at bus 7 in
area 1 is shut down for the optimal power grid obtained from
cases (a) and (b). Then, the SC-ED problem is run for both
cases. The results for load shedding are shown in Fig. 7.
As can be seen in Fig. 7, the load shedding for case (b) is
less than for case (a) because more power can be transferred
from area 2 to area 1. Besides, the amount of load shedding
varies from one scenario to another due to different electricity
demand levels and wind power generation.

The optimal solution is acquired after 15 iterations using
Konno’s cutting plane algorithm. The convergence curve
related to the value of the objective function is plotted in
Fig. 8. It takes about 2.107 hours to achieve the optimal
solution. It should be highlighted for large-scale power sys-
tems the computational burden increases considerably for the
proposed model. However, in planning studies an optimal
solution of high-quality is more important than solution time.
Moreover, decomposition techniques can be employed to
help accelerate the entire solution process.

FIGURE 8. The convergence curve of the objective function’s values in
different iterations.

V. CONCLUSION
The ability to enhance the available transfer capability (ATC)
of the electricity grid to incorporate a large number of electric
power transactions is of utmost importance. To this end,
this paper sets out a joint optimization technique for trans-
mission expansion and wind power investment to maximize
ATC. The novelty of this work is to present an ATC-based
investmentmodel for transmission andwind power expansion
that falls into a bi-level structure. The upper level is the
investment problem that aims to minimize the total cost while
maximizing the ATC. Given the best plan and generation
scheduling from the upper level, the lower level calculates
the ATC. To solve this problem, the primal-dual formula-
tion is employed where the lower level is replaced by its
primal and dual feasibility constraints and strong duality
equality. Finally, a single-level bilinear problem emerges,
which can be effectively solved by Konno’s cutting plane
algorithm.
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The findings of this work exhibit that the proposed frame-
work can considerably enhance the ATC. The main conclu-
sions of this study are listed as follows:

1) The presented model can effectively increase the ATC
value at the expense of more cost. This enhanced ATC
improves system security and promotes competition
among market participants.

2) In the case of a contingency or load growth, the amount
of load shedding in the proposed model is less than that
in the conventional models because more power can be
transferred using the proposed method.

3) Amount of wind curtailment in the proposed method
is smaller than that in the traditional method since
more generated wind power can be transferred from
one area to another leading to a reduction inwind power
curtailment.

The extension of this work to include AC power flow for
ATC evaluation is proposed as future work. In addition, since
FACTS devices can entirely change the power flow, it is
needed to model such technologies in the planning studies
and ATC assessment problem. Stationary and mobile ESSs
can also be employed to examine their effects on the ATC.
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