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ABSTRACT: This paper describes a methodology for transmission expansion planning (TEP) within a
deregulated electricity market. Two objective functions including investment cost (IC) and congestion
cost (CC) are considered. The proposed model forms a bi-level optimization problem in which upper
level problem represents an independent system operator (ISO) making its decisions on investment
while in the lower level, the market clearing problem is formulated. ISO tries to minimize the investment
cost on new transmission capacity to be installed and to minimize the congestion cost. Minimizing
the CC can facilitate the competition between market participants. Locational marginal prices (LMPs)
which are necessary to be calculated for the congestion cost are obtained at the lower level. The LMP of
buses are dual variables of the corresponding active power balance equation. Lower problem is replaced
by its Karush-Kuhn-Tucker (KKT) conditions resulting in a one-level optimization problem which can
be efficiently solved by commercial existing solvers. The formulated multi-objective mathematical
programming is solved by augmented e-constraint method which is able to produce the Pareto-optimal
solutions. The presented framework is applied to a simple 3-bus power system and also IEEE 24-bus
reliability test system (RTS). Results from these illustrative examples are reported and thoroughly
discussed. The results show the effectiveness of the presented work.
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1- Introduction

Fundamental changes have been introduced to power
system planning and operation due to the liberalization and
deregulation of the global power industry [1]. In this new
deregulated framework, transmission part of the system plays
an important role in order to provide a nondiscriminatory
environment to all market participants [2, 3]. Transmission
expansion problem (TEP) is a stochastic decision-making
problem which determines the time, the location and the
type of the transmission lines to be built in the whole power
system [4].

An appropriate strategy for TEP guarantees an impartial
competition within the market as the system generation
capacity and load demand grow. [5]. In this market
environment an independent system operator is responsible to
expand the network to meet the future growing demand while
generation expansion is the task of generating companies
competing to maximize their own profit.

Numerous studies have been performed in this area. A flexible
transmission planning considering distributed generation
(DG) impacts is proposed by [6]. References [7, 8] use
alternating current optimal power flow for TEP. The DGs are
now expected to play a vital role in the provision of future
electricity demand. Also, since the planner will face many
uncertainties during the planning process, many researches
have been focused on this topic. An internal scenario analysis
based on a multi-objective model is proposed by [9] in which
three objective functions are considered: Total Social Cost
(TSC), maximum regret (robustness criterion), and maximum
adjustment cost (flexibility criterion). A multi-period
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transmission planning problem considering available transfer
capability is presented in [10] that takes load uncertainty into
account by considering several scenarios generated by Monte
Carlo simulation (MCS). In [11], the transmission network
capacity expansion planning is studied by considering the
load uncertainty using benders decomposition.

Recently, with increasing in penetration level of wind
power in the production of electricity energy, it would be
necessary to consider its impact on transmission expansion
planning. There have been published many papers regarding
such an important aspect during planning process. A new
multi-objective (MO) optimization model for transmission
expansion planning (TEP) considering wind farm generation
is presented in [12]. Authors in [13] show that actively
switching transmission lines may yield a better utilization
of transmission networks with large-scale wind power and
increase wind power penetration. Ref. [14] proposes an
efficient approach for probabilistic TEP that considers load
and wind power generation uncertainties. In [15] interactions
between large-scale wind integration and transmission network
planning are analyzed, and a new computational scheme of
system expansion planning that coordinates generation and
transmission capacity investment is proposed. In [16], authors
apply a merchant transmission model to the trilateral market
coupling (TLC) arrangement. In this merchant framework,
the system operator allocates financial transmission rights
(FTRs) to investors in transmission expansion based upon
their preferences and revenue adequacy. Some published
papers investigate the effect of strategic generation expansion
on transmission planning. Ref. [17] suggests an integrated
framework developed based on the leader—followers game
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for the augmentation of transmission networks considering
strategic behaviors of generating companies. An Integrated
generation and transmission expansion planning including
power and fuel transportation constraints is investigated in
[18]. The requirement of composite expansion planning of
generation and transmission lines is recognized for a long
time in [19].

In this paper a novel structure and model is presented for
transmission expansion planning considering two objective
functions: 1- investment cost which is usually considered as
one of the main objectives to be minimized in all planning
models and 2- Congestion cost. The minimization of the latter
objective function will facilitate the competition among all
market participants, since the lack of transmission capacity
and any bottlenecks in transmission networks will prevent
perfect competition. The formulation of the proposed model
which is presented in the next section falls into a bi-level
optimization model. The bi-level programming problem
(BPP) is handled by replacing the lower level by its Karush-
Kuhn-Tucker (KKT) conditions and then solving the obtained
optimization problem by available software. Also, the multi-
objective optimization is addressed using constraint method
which will be described briefly in the next section. The
presented model to expand the transmission network is novel
and has not been presented earlier. It should be highlighted
that dealing with uncertainties is not an issue of this paper.

2- Model Representation

In the upper problem, ISO’s decision is made. Decision
variables for the ISO is the binary variable of . In objective
functions of (1), ISO tries to minimize the investment cost
on new transmission capacity to be installed and to minimize
the congestion cost. Locational marginal prices (LMPs)
are obtained at the lower level. In the lower level problem,
market clearing problem of ISO is formulated in which ISO
minimizes the system operation cost. The LMP of buses are
dual variables of the corresponding active power balance
equation. Demand is considered to be inelastic which has to
be met accordingly.

2- 1- Problem formulation
The problem formulation considering two objective functions
is as follows:

c="Y (icu,f;™)
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Constraint (2) enforces the power balance at every bus.
Constraints (3) and (4) represent the power flow through each
existing and candidate line. Equations (6) and (7) establish the
thermal limits of lines. Power generation of each generator is
limited by (8). Equations (9) to (15) are the constraints of
the lower level problem. Note that variables are taken as
parameter in the lower level since they are obtained from the
first level problem.

2- 2- Solution methodology

The solution is based upon the replacing the lower-level
problem by its KKT conditions. It should be highlighted
that since the lower-level problem is continuous and linear,
KKT conditions are necessary and sufficient to obtain the
global optimal solution. It is to be noted that u is not an
optimization variable in the second level and it is taken
as a parameter by ISO. Therefore, the obtained one-level
optimization problem is as follows:
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2- 3- Augmented —constraint method

Two of the most widely accepted techniques to solve the
MMP  (Multi-Objective ~ Mathematical ~Programming)
problems that have been extensively employed by researchers
are the weighting method and &-constraint method. So as
to apply the e-constraint method, the ranges of at least k-1
objective functions are needed to be used as constraints.
These ranges can be calculated from the payoff table that
has been demonstrated in reference [20]. Since IC is the
main objective function, only the ranges of CC should be
determined. These ranges are divided by q,. Regarding the
minimum and maximum values of the ranges, we have the
total of (g, +1) grid points for CC. Hence, it should be solved
(g,*1) optimization sub-problems in which sub-problem i is
as below:

Min F, (x)—é‘x(szj
6
subjectto: F,(x)+s,=¢&,
Max(F,)—Min(F,)
9

29)

X

&y, = Max(F,)-
7l = 051: 725"'>q2

3- Simulation results

The model has been applied successfully to a simple 3-bus
power system and IEEE 24-bus reliability test systems (RTS).
This problem was solved on a PC running windows operating
system with Core 2 Duo CPU, clocking at 2.00 GHz and 1
GB of RAM. GAMS (General Algebraic Modeling System)
is used to solve the problem [21].

3- 1- Case study A: 3-bus power system

The 3-bus power system is shown in Fig. 1. Existing lines are
solid black lines and candidate ones are shown in dash line

Fig. 1. A simple 3-BUS test system

with red color.

The existing transmission lines capacity is set to be 25 MW.
Susceptance of all existing and candidate lines is assumed
tobe yo=y;=-B0  ic, is set to be 5x10° $/MW. Cost
function of generators 1, 2 and 3 are equal 100, 130 and 180
$/MWh. Demand at busl, 2 and 3 is 0, 100 and 150 MW,
respectively. Maximum active power generation of generators
1,2 and 3 are 80, 250 and 100 MW, respectively.

If objective function is only considered to be investment cost
(IC), then no candidate line is selected to be built within the
planning horizon. Power flow through existing lines 1-2, 1-3
and 2-3 is 0, 25 and 25 MW. Each of the generators 1, 2 and 3
produces 25, 125 and 100 MW, respectively. LMP at buses 1,
2 and 3 equals 100, 130 and 180 $/MWh. Value of congestion
cost in this case will be 3250 $/h. If objective function is only
considered to be congestion cost (CC), then all candidate
lines are selected to be constructed. Each of the generators
1, 2 and 3 produces 80, 170 and 0 MW, respectively. Since
there is no congestion in transmission lines, LMP at buses 1,
2 and 3 is equal (130 $/MWh). This means that in LMP-based
electricity markets all customers would pay the same price
for electricity, and also all producers will be charged with the
same price. On the one hand, the transmission network has
prepared a nondiscriminatory and competitive environment
for all market players. This can be achieved with regarding the
congestion cost as one of the objective function. Congestion
cost in this case is 0 $/h.

The payoff table for this illustrative example has been shown
in Table 1. Also, the set of Pareto optimal solutions is depicted
in Fig. 2. As it can be seen, as the investment in transmission
sector is increased, the congestion cost is reduced. The
reduction in congestion cost indicates the competition
enhancement for generating companies, as discussed earlier.
For instance, when the investment cost is considered as
the only objective function, generator 1 (the cheapest one)
generates 25 MW, whereas it is able to produce 55 MW more

Table 1. Payoff table for 3-bus power system

IC /8] CC [$/h]
IC [$] 0 3250
CC [$/h] 2.3x105 0
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Fig. 2. Congestion cost versus investment cost for 3-bus power
system

additional power. At the same time, generator 3 (the most
expensive one) operates with its full capacity. This clearly
shows the imperfect competition among market players. On
the other hand, when congestion cost is considered as the only
objective function, generator 1 works at its full capacity and
generator 3 is never dispatched. Solution time for this case is
about 0.3 s. The total number of variables and constraints is
655 and 874, respectively.

This simple example clearly shows that there is a conflict
between the two objective functions, i.e. investment cost
and congestion cost. If the planner minimizes the investment
cost, then congestion cost will increase and vice versa.
Therefore, using multi-objective optimization is necessary to
be employed to handle such a problem.

3- 2- Case study B: IEEE 24-bus RTS

The standard IEEE 24 bus RTS as shown in Fig. 3 is used as
the second example. Detailed data can be found in [22]. This
power system comprises of 32 generating units (10 plants),
17 loads and 38 transmission lines. Area 1 is the 138 kV sub-
network and area 2 is the 230 kV sub-network and 5 tie lines
have connected these two areas. The capacity of all existing

Fig. 3. IEEE 24-BUS RTS
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transmission lines is 175 MW in 138 kV part and 500 MW
in 230 kV part of the power system. Transformer capacity is
400 MW. Admittance of all candidate lines is assumed to be
Yy =Y =j(-B0) ic, is set to be 5x10° $/MW. A linear
cost function as defined in Table 1 is considered for units.
It is to be noted that in order to put the transmission system
under more pressure, the transmission capacity have been
multiplied by a factor of 0.8. In the base case, i.e. with original
transmission capacities, no new capacities is required.

If the IC is considered as the only objective function,
candidate lines of corridors 7-10, 9-10 and 14-19 are chosen.
The power flow through these lines is 41.65, 28.97 and 107.64
MW, respectively. It is required to construct these lines in
order to maintain the security of the power system and to
avoid load curtailment throughout the power system. There
are two congested lines and three marginal units. Dispatched
power generations are shown in Table 2. As it can be seen,
generators 3, 4 and 8 are marginal units which will lead to
three different values of LMP in the whole power system.
Loads and generators will be paid, and they receive different
prices. The congestion cost in this case is 5481 $/h. If CC is the
only objective function to be minimized, then with investing
equal to 2.6x10° $, the CC will be 0 $/h. Table 3 shows the
payoff table for IEEE 24 bus RTS.

Table 2. GEneration data of Ieee 24-bus rts

BUS NO. Generators
Name oC Capacity Dispatched power
($/MWh) (MW) generation (MW)
1 G, 20.3 192 192
2 G, 18.5 192 192
7 G, 24.4 300 219.2
13 G, 222 591 491.1
15 G, 23.6 215 215
16 G, 19.1 155 155
18 G, 16.0 400 400
21 G, 20.8 400 25.6
22 G, 21.2 300 300
23 G 16.9 660 660

=

Table 3. payoff table for IEEE 24-bus RTS

IC[$] CC [$/h]
IC [$] 10°x0.53 5481
CC [$/h] 10°%2.6 0
Considering q,=10 and solving the multi-objective

optimization problem using g-constraint method, a set of
Pareto optimal solution is obtained which has been plotted in
Fig. 4. As it can be observed form Fig. 4. as the investment
cost increases, the congestion cost decreases. Therefore, there
is always a trade-off between these two objective functions.
To select the best solution among the obtained results,
one may use fuzzy satisfying decision-making method as
demonstrated in [23].

The solution time for this case is about 6.5 s. The total number
of variables and constraints is 194813 and 367953. In order
to show the efficiency of the proposed model in increasing
competition among all players, we have shown the total
production cost versus congestion cost in Fig. 5. As it can be
seen from this figure, as the congestion cost reduces, the total



S. Zolfaghari-Moghaddam, T. Akbari, AUT J. Elec. Eng., 50(2) (2018) 163-168, DOI: 10.22060/eej.2018.13484.5167

production cost is decreased as well. This means the proposed
approach is an efficient way for improving competition
among generating companies, since the cheaper generators
are committed to meet the demand leading to the less
production cost. However, this more competition is achieved
at the cost of more investment cost. Indeed, there is always
a trade-off between the investment cost and the congestion
cost. Note that the decision-maker in the proposed model
is able to select the best optimal solution via the proposed
multi-objective optimization model.

4- Conclusion

This paper presents a novel structure of transmission
planning which improves the competition in wholesale
electricity markets and provides nondiscriminatory access
to transmission network. Also it enables consumers to seek
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Fig. 4. Congestion cost versus investment cost for IEEE 24-bus
RTS
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Fig.5. Total production cost versus congestion cost for IEEE
24-bus RTS

the lowest prices for electricity. The problem formulation
forms a bi-level optimization problem which is handled by
transforming the lower level problem into its KKT conditions.
It uses the -constraint method to deal with two objective
functions and to solve the multi-objective optimization.
The proposed method is applied to two power systems to
illustrate the model. Results from the case studies signify the
effectiveness and applicability of the presented model. For
the planned systems, a lower and flatter locational marginal
price (LMP) profile is predicted, and this is observed in cases
studied, since minimizing the congestion cost is one of the
objective functions as well as the investment cost.

Nomenclature
Sets
1] Index for buses
Y, Set of all buses
Parameters
y; Susceptance of existing line ij
y; Susceptance of candidate line ij
icii Unitary investment cost of line ij
d, Active power demand at bus i
max . . .
g, Maximum capacity of generator i
fiic e Capacity of existing line ij
f; e Capacity of candidate line ij
Variables
g, Power generation at bus i
€ . o 4 . ..
fii Power flow in existing line ij
fjjC Power flow in candidate line ij
" Binary variables associated to candidate
L line ij
¢ An auxiliary variable in order to linear-
i ize equations
0. Voltage angle at bus i
e e
i s
c Y
a;,a;,
- Dual variables/ Lagrangian multipliers
a;,x;,
Imp,,
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