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Abstract—This paper proposes a decimal codification genetic
algorithm to solve the transmission network expansion planning
(TNEP) problem considering the economic impact of line mainte-
nance. The goal is to extend the lifespan of the time-worn lines in
order to reduce the investment cost in the expansion of the trans-
mission network and to improve the worth of the transmission sys-
tem. To assess the economic impact of the maintenance on the de-
terioration of transmission lines and transformers, the sum of
years digit method is implemented. The proposed algorithm is
evaluated using the IEEE reliability test system, and the assess-
ment of the results shows that by including the effect of line
maintenance on the TNEP problem, significant savings can be
made in the overall cost of the system.

Keywords—Decimal codification genetic algorithm, lines’ deg-
radation, maintenance, mixed-integer nonlinear programming,
transmission network expansion planning.

NOMENCLATURE
(ij) Line j of corridor i;
QP Set of buses;
Qe Set of existing corridors;
Q° Set of existing and candidate corridors;
Qs Set of existing corridors including a substation;
AA(k) Age of element z after maintenance actions until the

end of the &M mission;

B.(k) Age of element z at the end of the k" mission (year);

Cr Total expansion cost of the network ($);

Cc*t Cost of the power losses ($/MWh);

cc Construction cost of a line in corridor i ($);

CR Replacement cost of a line in corridor i ($);

CcM Total maintenance cost of element z ($);

cY Fixed maintenance cost of element z ($);

cM Total maintenance cost of transmission lines in corri-
dor i ($);

C’ Repair cost of element z ($);
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WTS
AO;

Construction cost of a substation in corridor i ($);
Total demand on bus n (MW);

Total generation on bus n (MW);

Losses coefficient;

Load shedding of bus n due to the outage of element
z (MW);

Number of new circuits in corridor i;

Number of new substations in corridor i;
Maximum number of circuits in corridor i;

Initial number of circuits in corridor i;

Life expectancy of element z (year);

Usual life of element z (year);

Initial operation period of element z (year);
Active power of corridor i (MW);

Maximum active power of corridor i (MW);

Active power transmitted from bus n to m (MW);
Active losses (MW);

Planning horizon (year);

Resistance for one kilometer of corridor 7 (/km);
Susceptance for one kilometer of corridor i (€°!/km);
Unavailability of element z;

Maintenance cost coefficient of element z;
Voltage level of corridor i (kV);

Length of corridor i (km);

Value of lost load (VOLL) for bus #n ($/MWh);
Worth of the transmission system ($);

Difference between the phase angles of start and end
buses in corridor i;

Mean time to repair (MTTR) of element z (hour);
Life coefficient of element z;

Degradation coefficient of element z;

Salvage value factor of element z;

Failure rate of element z (1/year).



I. INTRODUCTION

The transmission network expansion planning (TNEP) is a
hard, large-scale, and nonlinear programming problem that aims
to install new transmission lines in the power system so that the
future demand is met [1]. After the year 1970 extensive research
has been conducted on the TNEP, which can be categorized as
follows: (i) papers that are about the problem’s solution method
[2], [3]; (i) papers that have included several characteristics,
such as uncertainty [4], network security [5], reliability criteria
[6], [7], and bundled lines [8], for solution of the TNEP problem;
(ii1) works that investigate the integrated transmission and gen-
eration expansion planning problem [9].

The aim of this paper is to use a decimal codification genetic
algorithm (DCGA) to solve the TNEP problem with a new
framework. Thus, only papers that have considered different
characteristics in the TNEP are investigated. Table I shows ref-
erences for the problem classified with different aspects. In [10],
the objective function includes investment and operational costs
related to the fuel supply requirement of power plants, the in-
vestment cost for the construction of transmission lines, and the
network’s power losses. In [11], the TNEP is formulated as an
optimization problem that accounts for three objective func-
tions, including the investment for constructing lines, congestion
cost, and the cost of load shedding. In [12], a method based on
risk/investment is proposed to solve the TNEP problem taking
into account multiple future generation and load scenarios. In
[13], the investment cost related to the construction of new lines
is minimized considering two probabilistic reliability constraints
and the uncertainties related to the forced outage rates of the el-
ements of the network.

TABLE L CLASSIFICATION OF THE SPECIALIZED LITERATURE
Ref. | Generation Market Security  Congestion Reliability Uncertainty
[6] - - - - v -
[7] _ _ _ v v _
[10] v - v _ _ _
[11] — v — v v —
[12] — — — - - v
[13] - — - — v v
[14] — — — - v
[15] v _ _ v v _
[16] v — 4 — v v
[17] v — — — v v

Later, [14] introduced two probabilistic reliability criteria
called loss of load expectation (LOLE) and expected energy not
supplied (EENS) for solving the problem of [13]. It was con-
cluded that the LOLE and the EENS provide higher reliability
for customers. Also, in [15], the reliability criteria of expected
demand not supplied (EDNS) and expected generation not
served (EGNS) are accounted for in the objective function of the
TNEP problem. It is demonstrated that the capacity of the exist-
ing lines should be upgraded besides the traditional approach of
constructing new transmission lines in order to achieve more
economic and reliable expansion plans. Furthermore, in [16], the
investment cost in new transmission lines, the expected opera-
tion cost, and the load shedding costs were minimized under
load uncertainty and voltage security constraints. Finally, in

[17], the Benders decomposition method was used to solve a
mixed-integer linear programming (MILP) formulation for the
TNEP problem considering generation reliability.

These studies, however, do not consider the economic im-
pact of lines’ maintenance on the solution of the TNEP prob-
lem. Several transmission system equipment, such as the lines
and transformers, have been increasingly getting older. This
fact causes the lines to reach the end of their usual lifetime ear-
lier. Maintenance activities can increase the lifetime of the lines
so that they satisfy the required level of the system’s reliability.
Even though an increase in the maintenance budget may cause
an increase in the total cost, it can avoid the construction of new
lines that can result in a costly expansion of the transmission
system. Therefore, it is crucial to include a general age-depend-
ent formulation that explicitly considers the economic influence
of maintenance in the TNEP problem.

II.  MATHEMATICAL MODEL OF THE PROBLEM
The proposed problem is formulated as shown in (1)—(13).
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The objective function (1) minimizes the total cost of invest-
ing in the construction of new transmission lines, the cost of re-
placing existing lines, the cost of investing in substations, the
cost of annual losses, the maintenance cost of transmission lines,
and the total load shedding in the system while maximizing the
worth of the transmission system.

Constraint (9) specifies that the total generation in the net-
work is equal to the total demand, (10) is the equation of the
active power balance, (11) represents the capacity of the power
flow for the lines in each corridor, (12) limits the number of lines
that can be installed in each corridor, and (13) limits the load
shedding at each bus in the system.

A. Description of the Maintenance Cost Coefficient Effect on
the Life Coefficient

Transmission equipment, such as lines and transformers,
have normal lifespans under normal operating conditions if the
required maintenance actions are taken. Predefined or variable
maintenance costs are required for these acts to be carried out.
If the maintenance budget is more or less than that cost, the com-
ponent age (life expectancy) will be longer or shorter than its
usual lifetime [18]. This can be defined analytically using the
age factor of element z (a:) as follows [18]:
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Rewriting (14) for the transmission lines and transformers of
the TNEP problem, results in (15).
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Where m: is a characteristic constant of element z. Larger or
smaller m- correspond to the newer or older elements, respec-
tively. The following equations arise from replacing
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This equation, known as the /ife coefficient curve, indicates
the relationship between &, and ki;. The curve is illustrated in

Fig. 1 for various characteristic constants of m;, with a(;=0.6
(n"(»=18 and n";»=30), S, =0.7, and T=12 in comparison
with the life coefficient curve for a new transformer.

Fig. 1 indicates that the curve of an 18 years old transmission
line for m;=1.5 is nearly similar to the one of a new transformer
where the slope is reduced by increasing m;, (decreasing of ini-
tial line age). It shows that if the maintenance efforts increase,
the lifetimes of new lines increase less than time-worn lines.
However, a(; cannot be assumed constant when m; is variable
because it depends on the initial lines’ age (n';) too. It should
be noted that my; varies in the interval [1, M;] because of ag;
limitation (0< a; <1), where, M(;; depends on lines’ character-
istics, such as type, voltage level, etc. So, for new lines: a;=0
and m;j= M), and for lines which have quite worn: ag=m;)=1.
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Fig. 1. Life coefficient curves.

Therefore, from Fig. 1, above-mentioned results, and the
nonlinear relation between my;) and a;) (18), the following equa-
tion can be defined:

1
Dag, (19)

i)

Mgy =M = (M(t[/') -

From Fig. 1, it can be seen that the life expectancy of older
lines increases more than that of newer ones when maintenance
cost increases.

III.  SOLUTION METHOD

The purpose of the presented version of the TNEP problem
is to determine the number of new lines for network expansion
while optimizing the costs of expansion, repair, reliability, and
losses. There are several methods to solve this problem, such as
classical and heuristic approaches [1]. Thanks to its versatility
and simple implementation, the DCGA technique is used in this
analysis to solve the TNEP problem. In this method the sug-
gested chromosome codification is as follows:
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A chromosome with size equal to N+L is determined.

v
The initial population is randomly constructed.
v
> The cost function is calculated.
v
l The crossover operator is applied with a P rate. |
o v
2
‘g l The mutation operator is applied with a P, rate. |
B A4
&
~ | The selection operator chooses the best chromosomes. |

Is the ending
condition satisfied?

The best individual is selected.

Fig. 2. Flowchart of the proposed method.

ny = {01, =, Vie 1)
n ={01,m, —n,| VieQ® (22)
n = {nffl),n(’fz),...,n(lf@} VieQ* (23)

The new lines and substations are represented in vector N
(20). This vector’s size is equal to the number of candidate cor-
ridors. Vector L identifies the life expectancy of the lines on ex-
isting corridors. Equation (2) is calculated using a DC power
flow, taking into consideration constraints (9) and (10). If (11)
is fulfilled, the fifth term of the objective function (1) is solved
using MATLAB’s finincon function, considering constraints
(10) and (11). Next, (4)—(8) are computed, and the objective
function (1) is determined accordingly.

The selection operator in the DCGA chooses the chromo-
somes in the population that are more suitable for reproduction.
The reproduction operator reproduces each chromosome in pro-
portion to the value of its cost function (1). Therefore, it is more
probable that the chromosomes with better objective functions
will be selected for the next population, rather than other chro-
mosomes. After selecting the pairs of parent chromosomes, the
crossover operator is applied to each of these pairs. In this
method, the crossover can take place at the boundary of two in-
teger numbers (between two variables). An even number of
chromosomes is selected at random based on a predefined rate,
known as the crossover probability (Pc). Random positions (two
positions) are chosen for each pair of selected chromosomes,
followed by the two chromosomes of each pair swapping their

genes (variables). In the final step of forming the new genera-
tion, each chromosome resulting from the crossover operation
will be subjected to the mutation operator. This operator selects
certain existing integer numbers (variables) in the chromosome
and then randomly changes their values according to a small
probability, defined as the mutation probability (Py).

The creation of the new generation is complete after the mu-
tation operator, and the cycle will start again with the evaluation
of objective function (1) for each chromosome. The process
continues and is terminated either by setting a target value to be
reached for the fitness function or by setting a certain number
of generations to be formed. Because of the stochastic nature of
the genetic algorithm, in this study, a more suitable termination
criterion has been established: the production of a predefined
number of generations after obtaining the best fitness and find-
ing no better solution. The flowchart for the proposed method
is shown in Fig. 2.

IV. CASE STUDIES AND RESULTS

The proposed DCGA was implemented in MATLAB, and
the tests were carried out on a computer with a 3.6 GHz Intel®
Core™ i7-7700 processor and 16 GB of RAM. The IEEE relia-
bility test system (IEEE RTS) was used to evaluate the proposed
approach. The data for this test system can be found in [19]. It

should be mentioned that n_, is 2 and n is 30 years. Also, n"’

and VOLL of the existing lines are listed in Tables II and III,
respectively.

The parameters of the algorithm were: the size of the popu-
lation equal to five, crossover rate Pc = 0.9, mutation rate Py =
0.1, number of generations equal to 10,000.

TABLE II. OPERATION PERIODS OF THE LINES FOR THE IEEE RTS
Corridor  n/’ (year) | Corridor  n/ (year) | Corridor  n/ (year)
1-2 10 8-9 14 15-24 18
1-3 18 8-10 18 16-17 18
1-5 18 11-13 14 16-19 18
2-4 18 11-14 18 17-18 14
2-6 18 12-13 18 17-22 18
3-9 14 12-23 18 18-21 18
4-9 18 13-23 18 19-20 18
5-10 18 14-16 18 20-23 18
6-10 10 15-16 18 21-22 18
7-8 18 15-21 14 - -
TABLE III. VOLL OF BUSES FOR THE IEEE RTS

Bus  VOLL,(SMW) | Bus VOLL,(SMW) | Bus VOLL, (SMW)

1 1900 7 2200 15 5550

2 1700 8 3000 16 1750

3 3200 9 3100 18 5850

4 1300 10 3400 19 3250

5 1250 13 4200 20 2250

6 2400 14 3400 - —

In this section, the proposed approach was tested on the case
study system in two scenarios as follows.



A. Scenario 1

In this case, the TNEP problem was resolved considering
network losses and the reliability of the transmission system.
The proposed approach was tested on the case study system
mentioned above, in which the proposed plan appears in Fig. 3.
Furthermore, the network’s expansion and operating costs are
listed in Table IV.

---------------- New 138 kV lines — — — Lines replaced by new ones

————— New 230 kV lines ... New 138/230 kV substation

Fig. 3. Proposed expansion plan for the IEEE RTS in Scenario 1.

TABLE IV. CosTS OF THE IEEE RTS IN SCENARIO 1 (MUSS)
Expansion cost of the transmission system (7C) 90.16048
Expansion cost of substations 35
Active losses cost (LC) 13.178
Cost of load shedding (Reliability cost) 1.2293
Total cost of the transmission network (Cr) 108.07

B. Scenario 2

In this scenario, consideration is given to the economic effect
of the maintenance of lines on the TNEP problem. The results
are presented in Fig. 4 and Tables V and VI.

A comparison of Fig. 3 with Fig. 4 shows that proposed con-
figurations are different for both scenarios. In other words, for
Scenario 2, two 138 kV and 230 kV lines are installed in corri-
dors 1-10, and 13-19, respectively. Also, the construction of a
230 kV line is not necessary between buses 15 and 23. Hence,
the expansion cost of the lines is expected to be higher than in

Scenario 1, but it is verified from Tables IV and VI that the
expansion cost of the transmission system in Scenario 2 is $31.1
million less than in the other scenario.

TABLE V. NEW LIFETIMES OF THE IEEE RTS
Corridor ~ n/” (year) | Corridor  n/ (year) |Corridor  n/” (year)

1-2 43 8-9 33 15-24 36
1-3 34 8-10 34 16-17 37
1-5 35 11-13 35 16-19 37
2-4 34 11-14 36 17-18 38
2-6 34 12-13 36 17-22 35
39 34 12-23 35 18-21 37
4-9 34 13-23 35 19-20 36
5-10 35 14-16 36 20-23 37
6-10 35 15-16 38 21-22 35
7-8 35 15-21 35 - -
TABLE VI CosTs OF THE IEEE RTS IN SCENARIO 2 (MUSS)

Expansion cost of the transmission system (7C) 59.058

Expansion cost of substations 35

Active losses cost (LC) 13.224

Maintenance cost 14.409

Cost of load shedding (Reliability cost) 1.902

Worth of transmission system (W75S) 32.813

Total cost of the transmission network (Cr) 59.28

New 138 kV lines

= — —  Lines replaced by new ones
New 230 kV lines woened 455 New 138/230 kV substation

Fig. 4. Proposed expansion plan for the IEEE RTS in Scenario 2.



As seen in Fig. 3, lines of 22 corridors must be replaced by
new ones because of their high initial ages (refer to Table V for
more details), while the lines’ lifetimes of all existing corridors
in Scenario 2 are extended. This fact allocated $14.409 million
to network maintenance and provides $32.813 million credit
(worth) for the transmission system. Despite increasing of
403.8 kW in network losses and 440.46 MW in probable load
shedding, and also allocating $14.409 million for lines” mainte-
nance in Scenario 2, the arrangement offered in this scenario is
more economic and has $48.79 million investment return for
the network in comparison with the one of Scenario 1. There-
fore, taking into account the economic effect of lines’ mainte-
nance in the TNEP problem leads to a reduction in the total cost.

V. CONCLUSION

This paper proposed a decimal codification genetic algo-
rithm for the TNEP problem, taking into account the mathemat-
ical relationship between the cost of maintenance and the
lifespan of the lines. Besides, the effect of the lines’ lifetimes is
modeled through the degradation coefficient which is formu-
lated by the sum of years digit method. This coefficient affects
the worth of the transmission system and therefore the TNEP
problem. Simply put, if the worth of the transmission system in-
creases, the overall transmission network cost will decrease, and
vice-versa. An increase in the worth of the transmission system,
however, increases the cost of maintenance. On the other hand,
the changes in the total cost can affect the network configura-
tion.

The proposed decimal codification genetic algorithm can ef-
fectively solve the problem. The evaluation of the simulation re-
sults shows that taking into account the effect of line mainte-
nance on the TNEP problem can prevent unnecessary construc-
tion of new lines by extending the life of time-worn lines or by
prohibiting the nonessential expansion of a worn-out transmis-
sion system.

Including the economic effect of the maintenance of lines in
the objective function of the TNEP problem also causes the costs
of the transmission network to be reduced and higher quality so-
lutions can then be found for the problem. It is concluded that
the proposed arrangement with consideration of maintenance ef-
fect is more economic and leads to large cost savings for the net-
work.
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