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Abstract: Existing transmission planning models consider
basic aspects of the problem. In practice, a transmission
utility needs to model other important details such as
operation cost of the power system. In this article, a
least cost transmission expansion model is proposed con-
sidering the operation cost in order to model the trade-off
between building new transmission capacity and increas-
ing the power system’s operation cost. The proposed
model is transformed into a mixed integer linear pro-
gramming problem using linearization techniques and
solved with CPLEX. Finally, results of the model for the
Garver test system and IEEE 24-bus test system are
shown.
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1 Introduction

The transmission planning problem consists of finding
new transmission lines that should be built in order to
have an adequate operation for the future. Since elec-
tricity demand grows over time, it is necessary to build
new transmission capacity at least cost in order to
deliver electricity from new power plants. In this con-
text, optimization techniques have been an interesting
option in identifying transmission capacity require-
ments. The classic modeling minimize the total invest-
ment cost for a planning horizon subject to the
technical constraints of the transmission network [1].
The problem can be classified into a mixed integer
nonlinear programming problem and there is no algo-
rithm that can find the global optimal solution, so the
first researches focused on algorithms and did not
focus too much on the mathematical modeling; this
trend continued until the last decade.

In recent years, research on the topic have focused
more on the mathematical modeling; those works
extended basic modeling by considering stages, security
constraints, etc. [2–5]. In this sense, the classic model can
be easily extended to take into account other constraints;
this is useful for a transmission utility for which there is a
need to model other important details such as the opera-
tion cost of the power system.

In this context, the operation cost are an important
characteristic to be represented in the transmission plan-
ning problem. There is a trade-off between building new
transmission capacity and increasing the operation cost.
The more transmission lines are built, the less con-
strained the transmission network is, which in turn
makes it possible to have a least cost of dispatch. On
the other hand, the more are the transmission lines built,
the higher is the investment cost incurred. Then, it is
important to represent this trade-off so as to have a
least cost transmission plan. In this article a least cost
transmission expansion model is proposed considering
the operation cost, in order to model the trade-off
between building new transmission capacity and increas-
ing power system’s operation cost.

The article is organized as follows: Section 2 presents
the theoretical framework of the problem, Section 3 dis-
cusses the trade-off between the investment cost and the
operation cost, Section 4 presents the proposed model
and Section 5 presents an application of the model to the
Garver’s test system. Finally, Section 6 presents the con-
clusions of the article.

2 Theoretical framework

Application of optimization techniques to the transmis-
sion planning problem begins with the article of Garver
[1]; the network is represented by the direct current model
(DC model). The problem can be classified into a mixed
integer nonlinear programming even for the DC model of
the network. In general, there is no algorithm that can
find the global optimal for these kinds of problems,
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therefore great efforts were made in order to find efficient
algorithms to solve such problems.

The first researches used a DC formulation of the
network and heuristic algorithms in order to find solu-
tions. In the first article in this regard, Garver represents
only the Kirchhoff’s first law and relaxes the integer
variables so that he can use a sequence of linear pro-
gramming problems. From Garver’s idea several heuris-
tics algorithms were proposed. Then classic optimization
techniques were applied to the transmission planning
problem such as Benders’ decomposition and the
Branch and Bound algorithm [6]. These algorithms can
find optimal solutions with some simplifications of the
model; however, they have convergence problems for
large systems. Furthermore, metaheuristic algorithms
were applied to the transmission planning problem [7,
8]. These algorithms make an intelligent search in the
solution space so that the algorithms do not stop on local
optimums. The advantage from these algorithms is that
their implementation is easy and they can find a good-
quality solution; however, finding the global optimal
solution is not guaranteed.

Finally, with the work of Bahiense in 2001 [9], the
basic model, known as DC model, was linearized into an
equivalent model that allows us to use linear program-
ming. This makes it possible for this new problem to find
the global optimal solution when the algorithms con-
verge. This model is known as disjunctive linear model
and up to now is the accepted model for implementing
transmission expansion models; however, convergence of
the disjunctive linear model is not guaranteed for large
systems, so the use of a metaheuristic algorithm could be
more suitable. This article uses the disjunctive linear
model as a reference whereas the use of metaheuristic
algorithms for large systems is recommended.

The DC model of the network [10] considers that there
is a set of nodes N and a set of transmission lines L. Each
node has generation gi, electricity demand di and an
angle θi. The power injected at each node flows through
all the network in the form of power flow fij at each line.
The DC model of the network can be represented by the
two Kirchhoff’s laws; the Kirchhoff’s first law represents
the power balance at each node; the sum of all flows in
set L0, transmission lines connected to node i, plus power
generation at node i must be equal to demand at node i:

X

ij2L0
fij þ gi ¼ di ð1Þ

The Kirchhoff’s second law says that the power flow in a
line is proportional to the susceptance bij of the line and
the angular difference between nodes:

fij ¼ bij θi � θj
� � ð2Þ

From the susceptances of the lines bij, power genera-
tion gi and demand di at each node, we can compute
angles θi so the power flows fij can be computed for all
lines. Since electricity demand grows over time, power
flows increase and can exceed transmission capacity of
lines �fij, which makes it necessary to build new transmis-
sion capacity so that there are no overloads in the
network.

Then, the DC model can be formulated [7]. This
model considers a set of paths L with a cost cij for path
ij 2 L. The set L is composed of the existing transmission
lines and the candidate transmission lines; existing trans-
mission lines are modeled by the existing number of lines
n0ij while the decision variables are the number of new
lines nij that should be built for each path. The problem
consists in minimizing the total investment cost:

Minimize
P
ij2L

cijnij

Subject to :
P
ij2L0

fij þ gi ¼ di "i 2 N

fij ¼ bijðn0ij þ nijÞðθi � θjÞ "ij 2 L
jfijj< ðn0ij þ nijÞ�fij "ij 2 L
gi � �gi "i 2 N
gi � 0 "i 2 N
nij is integer

ð3Þ
The objective function represents the investment

cost. The first restriction is the power balance at each
node. The second restriction represents the Kirchhoff’s
second law for each line. The third restriction states
that lines cannot operate overloaded. The fourth restric-
tion states that power generation cannot exceed genera-
tion capacity �gi. The main characteristic of the DC model
is that the second restriction is nonlinear because of the
multiplication of decision variables nij and θi; this model
can be linearized as shown in Section 5.

3 Transmission planning and the
operation cost

One of the main characteristics of the transmission plan-
ning problem is the trade-off between investing in trans-
mission capacity and increasing operation cost. Since the
dispatch from generation units is constrained by the
transmission capacity of lines, operation cost decreases
when building new transmission capacity [11]; however,
investment cost increases. Therefore, the objective
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function should minimize the investment cost plus the
operation cost for the planning horizon (Figure 1).

For this purpose it is necessary to model the opera-
tion of the electricity market so as to represent the opera-
tion cost. In this case I consider that the electricity market
is composed of a set of generation units with different
technologies: hydro, coal, gas, diesel, etc. The market
operator minimizes the operation cost for the analysis
period; several demand profiles are considered with a
number of hours associated for each demand profile.
Hydro generation units are modeled with zero marginal
cost and a variable generation capacity, so it is possible
to represent availability of water. The facts discussed
would be included in the model in the next section.

4 The proposed model

The proposed model extends the multistage model
proposed by Vinasco et al. [5]. The first characteristic is
inclusion of the operation cost in the objective function.
Generation units are modeled by their marginal costs,
hydro units are modeled with zero marginal cost but
variable capacity in order to reflect availability of
water. Finally, a set of planning stages is considered
for the analysis with each stage containing a set of
demand profiles with a number if hours associated,
which leads to the objective function minimizing the
investment cost.

The network consists of a set of nodes N and a set of
paths L. Each node has an associated demand di, i 2 N and
angle θi. The set of paths L is composed of the existing
transmission lines and the candidate transmission lines.
The path ij 2 L connects a transmission line between nodes
i and j. For existing transmission lines n0ij�0while for paths
with no lines n0ij ¼ 0. The power flow in existing

transmission lines is represented by f 0ij and power flow in
new transmission lines is represented by fij.

The electricity is supplied by a set of generation units
G that represent existing and future generation capacity,
each generation unit produce gk, k 2 G with a marginal
cost πk. Furthermore, each generator gk has an associated
node i 2 N at which it is connected; a capacity �gk and a
minimum g

k
is considered. The status of each generator is

represented by the binary variables uk, uk ¼ 1, if a unit is
on-line and uk ¼ 0 if is off-line. Variables uk are also used
to represent operation modes of a unit (different types of
fuel or combined cycles). In order to model different opera-
tion modes, the status should be constrained for just one
mode operation for each demand profile.

The planning horizon is divided into a set of stages T,
each stage has a demand di;t, t 2 T. Also, generation
capacity depends on the stages: capacity �gk;t is associated
with stage t 2 T. This allows model future generation
capacity: �gk;t� ¼ 0 for stages before a generation unit
joins the network and �gk;tþ1��0 after a generation unit
joins the network. A similar way can be used for retiring
generation capacity.

Since the transmission network must be designed for
several demand profiles, a set of demand profiles P is con-
sidered for each stage t 2 T. Each demand profile has a
number of associated hours, τp. Demand at each node also
depends on the demand profile: di;t;p for demand profile
p 2 P. The demand profiles can be used for modeling the
availability of water in hydro units. With less water avail-
able, the effective capacity is lower, in which case the gen-
eration capacity �gk;t;p will depend on the demand profiles
p 2 P. The same is true for generation by each unit gk;t;p.

Furthermore, some new transmission lines are exogen-
ous for the model, e.g. transmission lines that are manda-
tory by disposition of regulatory authority. This makes it
necessary to model the number of existing lines depending
on the stage t. The present value of the objective function is
calculated using a set of interest rates it. Also, a level of
unserved energy is modeled by ri;t;p for each node; in this a
value of loss of load α is considered. Finally, I present the
mathematical formulation of the model:

Minimize
1

ð1þ i1Þ
X

ij2L
cijnij;1

þ
X

t2Tjt > 1

1

ð1þ itÞt
X

ij2L
cij nij;t � nij;t�1
� �

þ
X

t2T

1

ð1þ itÞt
X

p2P

X

k2G
τpπkgk;t;p

þ
X

t2T

1

ð1þ itÞt
X

p2P

X

i2N
αri;t;p

Total cost

$

Operation cost

Investment in transmission capacity

Investment cost

Figure 1 Trade-off: investment cost and operation cost
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Subject to :

P
ji2L0

f 0ji;t;p �
P
ij2L0

f 0ij;t;p þ
P
ji2L0

fji;t;p

� P
ij2L0

fij;t;p þ
P
k2G

gk;t;p ¼ di;t;p � ri;t;p "i 2 N;"t 2 T;"p 2 P

f 0ij;t;p ¼ n0ij;tbij θi;t;p � θj;t;p
� �

"ij 2 L;"t 2 T;"p 2 P
fij;t;p ¼ nij;tbij θi;t;p � θj;t;p

� �
"ij 2 L;"t 2 T;"p 2 P

θslack;t;p ¼ 0 "t 2 T;"p 2 P
jf 0ij;t;pj � n0ij;t

�fij "ij 2 L;"t 2 T;"p 2 P
jfij;t;pj � nij;t�fij "ij 2 L;"t 2 T;"p 2 P
gk;t;p � �gk;t;puk;t;p "k 2 G;"t 2 T;"p 2 P
gk;t;p � g

k;t;p
uk;t;p "k 2 G;"t 2 T;"p 2 P

ri;t;p � di;t;p "i 2 N;"t 2 T;"p 2 P
ri;t;p � 0 "i 2 N;"t 2 T;"p 2 P
nij;t � �nij "ij 2 L;"t 2 T
nij;t � nij;t�1 "ij 2 L;"t > 1 2 TP
k2Ω1

uk;t;p � 1 Ω2;"t 2 T;"p 2 P

nij;t integer
uk;t;p 2 f0; 1g

ð4Þ
The objective function represents the present value of

the investment cost plus operation cost. The first restric-
tion represents power balance at each node, L0 represents
the set of paths connected to node i. The second and third
restrictions model Kirchhoff’s second law for existing and
new transmission lines. The fourth restriction sets a refer-
ence angle for the network. The fifth and sixth restric-
tions represent the limits of existing and new
transmission lines. The seventh and eighth restrictions
represent the limits of power generation. The ninth and
tenth restrictions represent the limit of unserved energy.
The eleventh restriction represents the limit of lines that
can be built in a path. The twelfth restriction is an inter-
temporal restriction that indicates that a line built in one
stage is available for the next stage. Finally, the last
restriction signifies that a generation unit only operates
at one mode of operation for each demand profile.

5 The mixed integer linear
formulation of the proposed
model

The proposed model represents a mixed integer nonlinear
programming problem; nonetheless, it is possible to lin-
earize the problem following the disjunctive linear model
[9]. For this purpose, we use binary variables yij;t;r instead
of integer variables nij;t. Each binary variable represents a
transmission line in the path ij 2 L. A maximum number
of transmission lines is considered, R ¼ 1; 2 . . . �R, so that
�R ¼ maxð�nijÞ. Then if the power flow for each line is
fij;t;p;r, we have the following equations:

X

r2R
yij;t;r ¼ nij;t ð5Þ

X

ij2L
fij;t;p ¼

X

ij2L

X

r2R
fij;t;p;r ð6Þ

In the same way, we can represent capacity restric-
tions for each new line:

fij;t;p;r
�� �� � yij;t;r�fij ð7Þ

Finally, we can formulate second Kirchhoff’s law for
each new line:

fij;t;p;r ¼ yij;t;rbij θi;t;p � θj;t;p
� � ð8Þ

Second Kirchhoff’s law is still nonlinear. We repre-
sent this equation for the following inequalities:

fij;t;p;r � bij θi;t;p � θj;t;p
� � � M 1� yij;t;r

� � ð9Þ

fij;t;p;r � bij θi;t;p � θj;t;p
� � � M 1� yij;t;r

� � ð10Þ
Notice that when the investment variable yij;t;r ¼ 1,

the second Kirchhoff’s law is satisfied. M has to be a large
number in order to not constrain the problem when
yij;t;r ¼ 0. If we use the previous equations, we have the
mixed integer linear formulation of the model:

Minimize
1

ð1þ i1Þ
X

ij2L

X

r2R
cijyij;1;r

þ
X

t > 12T

1

ð1þ itÞt
X

ij2L

X

r2R
cij yij;t;r � yij;t�1;r
� �

þ
X

t2T

1

ð1þ itÞt
X

p2P

X

k2G
τpπkgk;t;p

þ
X

t2T

1

ð1þ itÞt
X

p2P

X

i2N
αri;t;p

Subject to:
P
ji2L0

f 0ji;t;p �
P
ij2L0

f 0ij;t;p þ
P
ji2L0

P
r2R

fji;t;p;r

� P
ij2L0

P
r2R

fij;t;p;r þ
P
k2G

gk;t;p ¼ di;t;p � ri;t;p "i 2 N;"t 2 T;"p 2 P

f 0ij;t;p ¼ n0ij;tbij θi;t;p � θj;t;p
� �

"ij 2 L;"t 2 T;"p 2 P

fij;t;p;r � bij θi;t;p � θj;t;p
� � � M 1� yij;t;r

� �
"ij 2 L;"t 2 T;"p 2 P;"r 2 R

fij;t;p;r � bij θi;t;p � θj;t;p
� � � M 1� yij;t;r

� �
"ij 2 L;"t 2 T;"p 2 P;"r 2 R

θslack;t;p ¼ 0 "t 2 T;"p 2 P
jf 0ij;t;pj � n0ij;t

�fij "ij 2 L;"t 2 T;"p 2 P

jfij;t;p;r j � yij;t;r�fij "ij 2 L;"t 2 T;"p 2 P;"r 2 R
gk;t;p � �gk;t;puk;t;p "k 2 G;"t 2 T;"p 2 P
gk;t;p � g

k;t;p
uk;t;p "k 2 G;"t 2 T;"p 2 P

ri;t;p � di;t;p "i 2 N;"t 2 T;"p 2 P
ri;t;p � 0 "i 2 N;"t 2 T;"p 2 PP
r2R

yij;t;r � �nij "ij 2 L;"t 2 T

yij;t;r � yij;t�1;r "ij 2 L;"t > 1 2 T;"r 2 R
yij;t;r � yij;t;r�1 "ij 2 L;"t 2 T;"r > 1 2 RP
k2Ω1

uk;t;p � 1 Ω2;"t 2 T;"p 2 P

yij;t;r ; uk;t;p 2 f0; 1g
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6 Implementation and results

The proposed model was implemented with CPLEX OPL
version 12.4. Results of the proposed model for the Garver
test system and the IEEE 24-bus test system are presented
in the following subsections.

6.1 Garver test system

The topology is shown in Figure 2 [1]. Two stages and two
demand profiles are considered, the data for the system is
shown in Appendix 1. For this example, there are no exogen-
ous transmission lines; I consider a constant interest rate of
5% and a value of loss of load α ¼ 6;000;000 $/MWh.

Results are shown in Tables 1 and 2:

For this example, global optimal solution is reached.
Note that generation unit G3 has zero marginal cost;
however, it is not used for transmission at its maximum
capacity because it means construction of new transmis-
sion capacity and the total cost would be greater. In this
example, we note the importance of representing the
operation cost in the model.

6.2 IEEE 24-bus test system

Similarly to the previous example, two stages and one
demand profile are considered for the IEEE 24-bus test
system; the data for the system is shown in Appendix 2.
For this example, there are no exogenous transmission
lines; I consider a constant interest rate of 5%, �R ¼ 3 and
a value of loss of load α ¼ 6;000;000 $/MWh. Results
are shown in Tables 3 and 4.

6 4

2

3

5 1

Figure 2 Initial network topology for the Garver test system

Table 1 Transmission lines built for each stage

i j nij;t¼1 nij;t¼2

1 2 0 0
1 3 0 0
1 4 0 0
1 5 0 0
1 6 0 0
2 3 0 1
2 4 0 0
2 5 0 0
2 6 3 0
3 4 0 0
3 5 1 0
3 6 1 0
4 5 0 0
4 6 3 0
5 6 0 0

Table 2 Generation dispatch in MW for each demand profile

Unit gk;t¼1;p¼1 gk;t¼1;p¼2 gk;t¼2;p¼1 gk;t¼2;p¼2

G1 mode 1 80 0 80 0
G1 mode 2 0 150 0 150
G2 80.87 160 0 150
G3 599.13 500 600 500
G4 – – 200 180

Table 3 Transmission lines built for each stage

i j nij;t¼1 nij;t¼2 i j nij;t¼1 nij;t¼2

1 2 0 0 13 23 0 0
1 3 0 0 14 16 1 0
1 5 0 0 15 16 0 0
2 4 0 0 15 21 0 0
2 6 0 0 15 24 0 0
3 9 0 0 16 17 1 0
3 24 0 0 16 19 0 0
4 9 0 0 17 18 1 0
5 10 0 0 17 22 0 0
6 10 1 0 18 21 0 0
7 8 2 0 19 20 0 0
8 9 0 0 20 23 0 0
8 10 0 0 21 22 0 0
9 11 0 0 1 8 0 0
9 12 0 0 2 8 0 0
10 11 1 0 6 7 0 0
10 12 0 0 13 14 0 0
11 13 1 0 14 23 0 0
11 14 0 0 16 23 0 0
12 13 0 0 19 23 0 0
12 23 0 0
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In this example, global optimal solution is reached.
Generators G9 and G10 have greater marginal cost than
the remaining generators; at the first stage, G9 is not
dispatched because of its marginal cost; also, G1 is

constrained by the transmission capacity. This is because
this case is optimum; it is a case of having a greater
operation cost instead of building new transmission
capacity.

7 Conclusions

For the proposed model, an efficient representation of the
operation cost has been made, which allows us to repre-
sent the trade-off between building new transmission
capacity and an increasing operation cost. Such a repre-
sentation is important for planning purposes because it
can change investment decisions, as I show in the exam-
ples (Section 6). Finally, examples of the proposed model
for the Garver test system and IEEE 24-bus test system are
presented with satisfactory results.

Table 4 Generation dispatch in MW for each demand profile

Unit gk;t¼1 gk;t¼2

G1 568.92 576
G2 576 576
G3 900 900
G4 1,773 1,773
G5 645 645
G6 465 465
G7 1,200 1,200
G8 1,200 1,133.45
G9 0 897.72
G10 1,222.08 1,922.83

Table 6 Generation capacity

Unit πk
($/MWh)

Node
i

g
k;t¼1

(MW)

�gk;t¼1;p¼1

(MW)

�gk;t¼1;p¼2

(MW)
g
k;t¼2
(MW)

�gk;t¼2;p¼1

(MW)

�gk;t¼2;p¼2

(MW)

G1 mode 1 20 1 30 80 80 30 80 80
G1 mode 2 25 1 50 150 150 50 150 150
G2 30 3 80 180 180 80 180 180
G3 0 6 100 600 500 100 600 500
G4 0 2 – – – 30 200 180

Appendix 1: Garver test system data

Table 5 Parameters for the Garver test system

i j 1=bij (pu) �fij (MW) nij0 cijð106$Þ �nij

1 2 0.4 100 1 40 5
1 3 0.38 100 0 38 5
1 4 0.6 80 1 60 5
1 5 0.2 100 1 20 5
1 6 0.68 70 0 68 5
2 3 0.2 100 1 20 5
2 4 0.4 100 1 40 5
2 5 0.31 100 0 31 5
2 6 0.3 100 0 30 5
3 4 0.59 82 0 59 5
3 5 0.2 100 1 20 5
3 6 0.48 100 0 48 5
4 5 0.63 75 0 63 5
4 6 0.3 100 0 30 5
5 6 0.61 78 0 61 5
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Table 8 Parameters for the IEEE 24-bus test system

i j 1=bij (pu) �fij (MW) n0ij cijð103$Þ i j 1=bij (pu) �fij (MW) n0ij cijð103$Þ

1 2 0.0139 175 1 3,000 13 23 0.0865 500 1 120,000
1 3 0.2112 175 1 55,000 14 16 0.0389 500 1 54,000
1 5 0.0845 175 1 22,000 15 16 0.0173 500 1 24,000
2 4 0.1267 175 1 33,000 15 21 0.049 500 2 68,000
2 6 0.192 175 1 50,000 15 24 0.0519 500 1 72,000
3 9 0.119 175 1 31,000 16 17 0.0259 500 1 36,000
3 24 0.0839 400 1 50,000 16 19 0.0231 500 1 32,000
4 9 0.1037 175 1 27,000 17 18 0.0144 500 1 20,000
5 10 0.0883 175 1 23,000 17 22 0.1053 500 1 146,000
6 10 0.0605 175 1 16,000 18 21 0.0259 500 2 36,000
7 8 0.0614 175 1 16,000 19 20 0.0396 500 2 55,000
8 9 0.1651 175 1 43,000 20 23 0.0216 500 2 30,000
8 10 0.1651 175 1 43,000 21 22 0.0678 500 1 94,000
9 11 0.0839 400 1 50,000 1 8 0.1344 500 0 35,000
9 12 0.0839 400 1 50,000 2 8 0.1267 500 0 33,000
10 11 0.0839 400 1 50,000 6 7 0.192 500 0 50,000
10 12 0.0839 400 1 50,000 13 14 0.0447 500 0 62,000
11 13 0.0476 500 1 66,000 14 23 0.062 500 0 86,000
11 14 0.0418 500 1 58,000 16 23 0.0822 500 0 114,000
12 13 0.0476 500 1 66,000 19 23 0.0606 500 0 84,000
12 23 0.0966 500 1 134,000

Table 7 Demand profiles

Node i di;t¼1;p¼1 (MW) di;t¼1;p¼2 (MW) di;t¼2;p¼1 (MW) di;t¼2;p¼2 (MW)

1 80 80 80 80
2 240 240 240 240
3 40 40 40 40
4 160 160 160 160
5 240 240 240 240
6 – – – –

Table 9 Demand profiles

Node i di;t¼1 (MW) di;t¼2 (MW) Node i di;t¼1 (MW) di;t¼2 (MW)

1 324 382.32 13 795 938.1
2 291 343.38 14 582 686.76
3 540 637.2 15 951 1,122.18
4 222 261.96 16 300 354
5 213 251.34 17 0 0
6 408 481.44 18 999 1,178.82
7 375 442.5 19 543 640.74
8 513 605.34 20 384 453.12
9 525 619.5 21 0 0
10 585 690.3 22 0 0
11 0 0 23 0 0
12 0 0 24 0 0

Table 10 Generation capacity

Unit πk ($/MWh) Node i g
k;t¼1

(MW)
g
k;t¼2
(MW)

�gk;t¼1

(MW)

�gk;t¼2

(MW)

G1 10 1 100 100 576 576
G2 10 2 100 100 576 576
G3 10 7 200 200 900 900
G4 10 13 500 500 1,773 1,773
G5 10 15 100 100 645 645
G6 10 16 100 100 465 465
G7 10 18 500 500 1,200 1,200
G8 10 21 500 500 1,200 1,200
G9 20 22 200 200 900 900
G10 20 23 500 500 1,980 1,980

Appendix 2: IEEE 24-bus test system data
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