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Abstract—The restructuring and deregulation has exposed the 

transmission planner to new objectives and uncertainties. As a 
result, new criteria and approaches are needed for transmission 
expansion planning (TEP) in deregulated electricity markets. 
This paper proposes a new market-based approach for TEP. An 
enhanced differential evolution (EDE) model is proposed for the 
solution of this new market-based TEP problem. The 
modifications of EDE in comparison to the simple differential 
evolution method are: 1) the scaling factor F is varied randomly 
within some range, 2) an auxiliary set is employed to enhance the 
diversity of the population, 3) the newly generated trial vector is 
compared with the nearest parent, and 4) the simple feasibility 
rule is used to treat the constraints. Results from the application 
of the proposed method on the IEEE 30 bus test system 
demonstrate the feasibility and practicality of the proposed EDE 
for the solution of TEP problem. 
 

Index Terms—Differential evolution, evolutionary 
optimization algorithms, electricity markets, power systems, 
reference network, transmission expansion planning.  

I.  INTRODUCTION 
N regulated electricity markets, the transmission expansion 
planning (TEP) problem consists of minimizing the 
investment costs in new transmission lines, subject to 

operational constraints, to meet the power system 
requirements for a future demand and a future generation 
configuration. The TEP problem in regulated electricity 
markets has been addressed by mathematical optimization as 
well as by heuristic models [1]. Mathematical optimization 
models for TEP problem include linear programming, 
dynamic programming, nonlinear programming, mixed integer 
programming, branch and bound, Bender’s decomposition, 
and hierarchical decomposition [1]. Heuristic models for the 
solution of TEP problem include sensitivity analysis, 
simulated annealing, expert systems, greedy randomized 
adaptive search procedure, taboo search, genetic algorithms, 
and hybrid heuristic models [1]. 

There are two main differences between planning in 
regulated and deregulated electricity markets form the point of 
view of the transmission planner: 1) the objectives of TEP in 
deregulated power systems differ form those of the regulated 
ones, and 2) the uncertainties in deregulated power systems 
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are much more than in regulated ones. 
The main objective of TEP in deregulated power systems is 

to provide a non-discriminatory and competitive environment 
for all stakeholders, while maintaining power system 
reliability. TEP affects the interests of market participants un-
equally and this should be considered in transmission 
planning. The TEP problem in deregulated electricity markets 
has been addressed by probabilistic and stochastic methods 
[2]. Probabilistic methods for the solution of TEP problem 
include probabilistic reliability criteria method [3], market 
simulation [4], and risk assessment [5]. Stochastic methods for 
the solution of TEP problem include game theory [6], fuzzy 
set theory [7], and genetic algorithm [8]. 

Nowadays, the TEP problem has become even more 
challenging because the integration of wind power into power 
systems often requires new transmission lines to be built [9]. 

This paper proposes a general formulation of the 
transmission expansion problem in deregulated market 
environment. The main purpose of this formulation is to 
support decisions regarding regulation, investments and 
pricing. The market-based transmission expansion problem is 
composed of two interrelated problems: 1) the optimum 
network problem, and 2) the reference network subproblem 
that is part of the optimum network problem. The reference 
network subproblem requires the solution of a type of security 
constrained optimal power flow problem. The market-based 
TEP problem (optimum network problem) is a complex mixed 
integer non-linear programming problem. This paper proposes 
an enhanced differential evolution model for the solution of 
the market-based TEP problem. 

Evolutionary optimization algorithms have been 
successfully applied for the solution of difficult power system 
problems. Differential evolution (DE) is a relatively new 
evolutionary optimization algorithm [10], [11]. Many studies 
demonstrated that DE converges fast and is robust, simple in 
implementation and use, and requires only a few control 
parameters. In spite of the prominent merits, sometimes DE 
shows the premature convergence and slowing down of 
convergence as the region of global optimum is approached. 
In this paper, to remedy these defects, some modifications are 
made to the simple DE. An auxiliary set is employed to 
increase the diversity of population and prevent the premature 
convergence. In the simple DE, the trial vector, or offspring, is 
compared with the tar-get vector with the same running index, 
whereas in this paper, the trial vector is compared with the 
nearest parent in the sense of Euclidean distance. Moreover, 
the comparison scheme is changed according to the 

Transmission Expansion Planning by Enhanced 
Differential Evolution 

G. A. Orfanos, P. S. Georgilakis, Senior Member, IEEE, G. N. Korres, Senior Member, IEEE,         
and N. D. Hatziargyriou, Fellow, IEEE 

I



 2

convergence characteristics. The scaling factor F that is 
constant in the original DE is varied randomly within some 
specified range. The above modifications form an enhanced 
differential evolution (EDE) algorithm that is applied for the 
solution of TEP problem. The proposed EDE algorithm is 
extensively tested on the IEEE 30 bus system and the results 
of the proposed EDE are compared with the results of the 
simple DE as well as with the results obtained by the genetic 
algorithm method [8]. The rest of this paper provides the basic 
components of the proposed method, while all the details can 
be found in [12].  

II.  PROBLEM FORMULATION 

A.  Definition 
This section presents a general formulation of market-based 

TEP problem. The main purpose of this formulation is to 
support decisions regarding regulation, investments and 
pricing [13], [14], [15], so the main users of this model are 
regulatory authorities. The objective of the market-based TEP 
problem is to optimize the transmission network topology by 
selecting the transmission lines that should be added to an 
existing transmission network so as to minimize the overall 
generation and trans-mission cost, subject to generating unit 
and transmission network constraints. The market-based 
transmission expansion problem is composed of two 
interrelated problems: 1) the optimum network problem, and 
2) the reference network subproblem that is part of the 
optimum network problem. 

B.  Reference Network Subproblem 
A reference network is topologically identical to an existing 

(or expanding) transmission network, and generators and loads 
are unchanged [13]. On the other hand, each transmission line 
has an optimal capacity. Optimal capacities of transmission 
lines are determined by minimizing the sum of the annual 
generation cost and the annuitized cost of transmission, 
equation (1), subject to constraints defined by equations (2) to 
(9). By comparing the capacities of individual lines in the 
optimum reference network and the initial network, the needs 
for new investment in trans-mission lines can be identified. 

The objective function of the reference network 
subproblem is expressed as follows [14]: 

,
1 1 1

min
pg b

np ng nl
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p g b
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= = =
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where Ppg (MW) is the output of generator g during demand 
period p, Tb (MW) is the capacity of transmission line b, np is 
the number of demand periods, pτ  is the duration of demand 
period p, ng is the number of generators, Cg is the operating 
cost of generator g, nl is the number of transmission lines, kb is 
the annuitized investment cost for transmission line b in 
$/(MW ⋅ km ⋅ year), and lb is the length of transmission line b 
in km. 

This optimization is constrained by Kirchhoff’s current 
law, which requires that the total power flowing into a node 
must be equal to the total power flowing out of the node: 

0 0 0 1, ...,p p pA F P D p np⋅ − + = ∀ =  (2) 
where A0  is the node-branch incidence matrix for the intact 
system, 0

pF  is the vector of transmission line flows for the 
intact system during demand period p, Pp is the vector of 
nodal generations for demand period p, and Dp is the nodal 
demand vector for period p. 

The Kirchhoff’s voltage law implies the constraint (3) that 
relates flows and injections: 

0 0 ( ) 1, ...,p p pF H P D p np= ⋅ − ∀ =  (3) 
where H0 is the sensitivity matrix for the intact system. 

The thermal constraints on the transmission line flows have 
also to be satisfied: 

0 1, ...,pT F T p np− ≤ ≤ ∀ =  (4) 
where T is the vector of transmission line capacities. 

It should be noted that the constraints (2) to (4) have been 
derived using a dc power flow formulation neglecting losses. 

The constraints (2) to (4) must also be satisfied for 
contingencies, i.e., for credible outages of transmission and 
generation facilities. As a result, the constraints (5) to (7) have 
also to be satisfied: 

0 1, ..., ; 1, ...,c c
p p pA F P D p np c nc⋅ − + = ∀ = =  (5) 

( ) 1, ..., ; 1, ...,c c
p p pF H P D p np c nc= ⋅ − ∀ = =  (6) 

1, ..., ; 1, ...,c
pT F T p np c nc− ≤ ≤ ∀ = =  (7) 

where Ac  is the node-branch incidence matrix for contingency 
c, c

pF  is the vector of transmission line flows for contingency 
c during demand period p, Hc is the sensitivity matrix for 
contingency c, and nc is the number of contingencies. 

The optimization must respect the limits on the output of 
the generators: 

min max 1, ...,pP P P p np≤ ≤ ∀ =  (8) 
where Pmin  is the vector of minimum nodal generations and 
Pmax  is the vector of maximum nodal generations. 

Since the objective of the optimization is to find the 
optimal thermal capacity of the lines, this variable can take 
any positive value: 

0T ≥  (9) 

C.  Optimum Network Problem 
The optimum network problem is in fact the same with the 

market-based transmission expansion problem. The objective 
of the optimum network problem is to select the new 
transmission lines that should be added to an existing 
transmission network so as to minimize the overall generation 
and transmission cost. 

The solution of the optimum network problem can be found 
by considering an exhaustive list of candidate new 
transmission lines, and determining which trans-mission lines, 
belonging in the exhaustive list of candidate new transmission 
lines, should be added to an existing transmission network so 
as to minimize the overall generation and transmission cost. In 
the process of finding the solution to the optimum network 
problem, the reference network subproblem should be solved 
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for every examined combination of new transmission lines. 
The above presentation shows that the market-based 
transmission expansion problem (optimum network problem) 
is a complex mixed integer non-linear programming problem. 

III.  SOLUTION OF REFERENCE NETWORK SUBPROBLEM 
The reference network subproblem is solved using the 

following iterative algorithm [14]: 
1. Solve the optimal power flow for each demand period. 
2. Study all system conditions using a dc power flow. 
3. Identify the overloaded transmission lines for each 

system and each demand level. 
4. If all transmission line flows are within limits then go 

to step 6, else go to step 5. 
5. Add a constraint to the optimal power flow for each 

overloaded transmission line and then go to step 1. 
6. The optimal capacities of the transmission lines are 

found and the algorithm terminates. 

IV.  ENHANCED DIFFERENTIAL EVOLUTION FOR SOLVING THE 
TRANSMISSION EXPANSION PLANNING PROBLEM 

A.  Simple Differential Evolution 
The procedure of DE is almost the same as that of the 

genetic algorithm (GA) whose main process has mutation, 
crossover, and selection. The main difference between DE and 
GA lies in the mutation process. In GA, mutation is caused by 
the small changes of the genes, whereas in DE, the arithmetic 
combinations of the selected individuals carry out mutation. 
DE maintains a population of constant size that consists of NP 
real-valued vectors , 1, 2, ...,G

i i NP=x , where i indicates the 
index of the individual and G is the generation. 

B.  Enhanced Differential Evolution 
The modifications to the simple DE method that lead to an 

enhanced differential evolution (EDE) algorithm are: 
1. Scaling factor F is randomly varied. 
2. Modified selection scheme. 
3. Enhanced explorative search using an auxiliary set. 
4. Treatment of constraints. 
5. Handling of integer variables. 

C.  Scaling Factor F 
In the simple DE, the scaling factor F is constant during the 

optimization process and F takes values in the range (0, 2]. 
However, no optimal choice of F has been proposed in the 
bibliography of DE. All the studies used an empirically 
derived value, and in most cases F varies from 0.4 to 1. This 
means F is strongly problem-dependent and the user should 
choose F carefully after some trial and error tests. In this 
paper, F is varied randomly within some specified range, as 
follows: 

[0, 1]iF a b rand= + ⋅  (10) 
where a and b are positive and real-valued constants, the sum 
of  a and b is less than 1, and [0,1]irand  denotes a uniformly 
distributed random value in the range  . 

Consequently, F is different for each generation, and the 

computation of F by equation (10) is effective when the 
optimal value of F is difficult to be determined for 
complicated problems like TEP. 

D.  Modified Selection Scheme 

In the simple DE, the trial vector or offspring 1G
i
+u  is 

compared with the target vector G
ix . In the enhanced DE, the 

trial vector is compared with the nearest target vector in the 
sense of Euclidean distance. This comparison scheme is 
employed in the crowding DE algorithm for multimodal 
function optimization [16]. By this scheme, as the 
optimization proceeds, the individuals are scattered and 
gathered around the local optimal points. However, in this 
paper, only global optimization is considered, and if there is 
no improvement of the optimal value during a predefined 
number of generations, then the comparison scheme is 
changed to that of the simple DE. Therefore, in the initial 
period of optimization, the DE algorithm explores to find not 
only global but also local optima, and in the later stage, it 
searches only for the global optima with greedy selection 
scheme. 

E.  Auxiliary Set for Enhanced Explorative Search 
In selection of the next generation individual, if the trial 

vector is worse than the target vector, then the trial vector is 
discarded. To enhance the explorative search and the diversity 
of the population, an auxiliary set is employed. The auxiliary 
set aP  has the same population size NP, and the initialization 
process is the same as that of the main set of the simple DE. 
At each generation, if the trial vector 1G

i
+u  when compared 

with the corresponding target vector in the main set is found to 
be worse than its target vector, then the rejected trial vector is 
compared with the point G

iw  with the same running index i in 

the auxiliary set aP . If ( ) ( )1G G
i if f+ <u w , then 1G

i
+u  replaces 

G
iw . 
To use the solutions in aP , after a predefined number of 

generations, several of the worst solutions in the main set are 
periodically replaced with the best ones in the auxiliary set by 
comparing the objective function value. 

F.  Treatment of Constraints 
Most optimization problems in the real world have 

constraints to be satisfied. One common approach to deal with 
constraints is to penalize constraint violations using an 
appropriate penalty function [17]. In this approach, 
considerable effort is required to tune the penalty coefficients. 
In this paper, three selection criteria are used to handle the 
constraints of the TEP problem: 

1. If two solutions are in the feasible region, then the one 
with the better fitness value is selected. 

2. If one solution is feasible and the other is infeasible, 
then the feasible one is selected. 

3. If both solutions are infeasible, then the one with the 
lowest amount of constraint violation is selected. 
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It should be noted that the final (best) solution provided by 
EDE is accepted only if it is feasible; otherwise the execution 
of EDE algorithm is repeated. 

G.  Handling of Integer Variables 
DE in its initial form is a continuous variables optimization 

algorithm, and was extended to mixed variables problems 
[18]. During the evolution process, the integer variable is 
treated as a real variable, and in evaluating the objective 
function, the real value is transformed to the nearest integer 
value as follows: 

(Y) : Y jf f y= =  (11) 

where: 
, if is integer

INT( ), if is continuous
j j

j
j j

x x
y

x x
⎧⎪⎪=⎨⎪⎪⎩

 (12) 

where INT( )jx  function gives the nearest integer to jx , and 

the solution vector is 1 2[ , , ..., ]Dx x x=x . 

H.  EDE Solution to TEP Problem 
The enhanced differential evolution algorithm is used to 

solve the overall TEP problem, whereas in an inner level, i.e., 
for each individual of this evolution-inspired approach, the 
iterative solution algorithm of Section III is required to solve 
the reference network subproblem. In particular, the proposed 
EDE solution for the market-based TEP problem is composed 
of the following steps: 

1. Given the initial transmission network topology and the 
planned new generators, create an exhaustive list of 
candidate new transmission lines. 

2. Create an initial population of candidate solutions. 
3. While the termination criterion is not met, the 

differential evolution algorithm iterates over the 
following three phases: 
a. Evaluation of the candidate solutions by solving the 

reference network subproblem (Section III). 
b. Mutation (with randomly varied scaling factor F) 

and crossover. 
c. Selection with the use of the auxiliary set concept. 

4. As soon as the termination criterion is met (maximum 
number of generations), the solution proposed by the 
enhanced differential evolution is the one with the 
minimum operating and investment cost, which 
simultaneously satisfies all the constraints. 

V.  RESULTS AND DISCUSSION 
The proposed EDE algorithm has been extensively tested 

on the initial (existing) transmission network of Fig. 1 that is 
based on the IEEE 30 bus system [19] and the results of the 
proposed EDE have been compared with the results of the 
simple DE as well as with the results obtained by the genetic 
algorithm method [8]. Actual cost data of the Hellenic 
transmission system have been used in the computations. As 
can be seen from Fig. 1, the initial (existing) transmission 
network is composed of 32 trans-mission lines and 28 buses. 
Bus 11 is a new power plant to be connected to the network, 
so initially there is no existing transmission line between bus 

11 to any bus in the initial network. Bus 13 also corresponds 
to a new power plant. Table 1 presents the transmission line 
codes of the 32 transmission lines of the initial network of Fig. 
1 together with the exhaustive list of 24 candidate new 
transmission lines that have been considered for the solution 
of the transmission expansion problem for the power system 
of Fig. 1. 

Table 2 presents the comparison of the results obtained 
from the proposed EDE, the simple DE, and the genetic 
algorithm [8]. It can be seen from Table 2 that only the EDE 
manages to find the global optimal solution that corresponds 
to annual generation and transmission investment cost 
(AGTIC) that is 1.2% lower than the AGTIC obtained by the 
GA. The application of EDE leads to significant AGTIC 
savings of 86 million $ in comparison with GA and 61 million 
$ savings in comparison with simple DE. Moreover, both DE 
methods, the simple DE and the EDE, are faster than the GA 
method, as Table 2 shows. Consequently, the proposed EDE is 
very suitable for the solution of the TEP problem. 
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Fig. 1.  Single line diagram of the optimum expanded transmission network 
for the IEEE 30-bus system. 
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TABLE 1  
TRANSMISSION LINES OF THE EXISTING NETWORK OF FIG. 1 (TYPE=I) 

TOGETHER WITH THE EXHAUSTIVE LIST OF CANDIDATE NEW TRANSMISSION 
LINES (TYPE=C) 

 
Code Line Type Code Line Type 

1 1-2 I 29 25-27 I 
2 1-3 I 30 27-28 I 
3 2-4 I 31 27-29 I 
4 2-5 I 32 27-30 I 
5 3-4 I 33 2-6 C 
6 4-6 I 34 6-28 C 
7 4-12 I 35 9-10 C 
8 5-7 I 36 9-11 C 
9 6-7 I 37 10-17 C 

10 6-8 I 38 12-13 C 
11 6-9 I 39 12-15 C 
12 6-10 I 40 23-24 C 
13 8-28 I 41 5-6 C 
14 10-20 I 42 6-11 C 
15 10-21 I 43 10-11 C 
16 10-22 I 44 10-12 C 
17 12-14 I 45 10-16 C 
18 12-16 I 46 10-28 C 
19 14-15 I 47 11-28 C 
20 15-18 I 48 12-18 C 
21 15-23 I 49 13-14 C 
22 16-17 I 50 13-16 C 
23 18-19 I 51 15-16 C 
24 19-20 I 52 16-18 C 
25 21-22 I 53 17-20 C 
26 22-24 I 54 19-24 C 
27 24-25 I 55 20-24 C 
28 25-26 I 56 23-25 C 

 
 

TABLE 2  
COMPARISON OF OPTIMIZATION RESULTS FOR THE SOLUTION OF TEP 

PROBLEM 
 

 Method 

Parameter GA DE EDE 

Annual generation and transmission cost 
(M$) 7129 7104 7043 

Annual generation and transmission cost (% 
of GA) 100.0 99.6 98.8 

CPU time (minutes) 6.3 5.3 5.4 

CPU time (% of GA) 100.0 84.1 85.7 

 
 
By applying the proposed EDE method, it has been found 

that the optimum expanded transmission network has selected 
the 7 out of the 24 candidate new transmission lines of Table 
1. Fig. 1 presents the optimum expanded transmission network 
for the IEEE 30-bus system. As can be seen from Fig. 1, the 
optimum expanded transmission network is composed of 39 
transmission lines and 30 buses. 
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Fig. 2.  Capacity for pure transport in each one of the 39 transmission lines of 
the optimum expanded transmission network (Fig. 1) as a percentage of the 
optimal capacity of the respective transmission line. 
 

Fig. 2 presents the capacity for pure transport in each one 
of the 39 transmission lines of the optimum expanded 
transmission network (Fig. 2) as a percentage of the optimal 
capacity of the respective transmission line, where the optimal 
capacity is the sum of two components: 1) the capacity for 
pure transport, and 2) the capacity for security. For example, 
Fig. 2 shows that the transmission line with code 7, i.e., the 
transmission line between the buses 4 and 12 (Table 1), has 
38% capacity for pure transport, while the rest 62% is its 
capacity for security. It can be concluded from Fig. 2 that, 
except for a small number of transmission lines, capacities for 
pure transport are well below 50% of the optimal capacities 
even during the period of maximum demand. This observation 
confirms the importance of taking security into consideration 
when solving the transmission expansion problem. 

VI.  CONCLUSION 
A general formulation of the transmission expansion 

problem in deregulated market environment is proposed in this 
paper. The main purpose of this formulation is to support 
decisions regarding regulation, investments and pricing. The 
market-based transmission expansion problem is composed of 
two interrelated problems: 1) the optimum network problem, 
and 2) the reference network subproblem that is part of the 
optimum network problem. The market-based TEP problem is 
a complex mixed integer non-linear programming problem. 
This paper proposes an enhanced differential evolution model 
for the solution of the market-based TEP problem. The 
proposed method is applied on the IEEE 30 bus test system 
and the results show that only the proposed EDE is able to 
find the global optimum solution to the TEP problem, while 
the simple DE and the GA converge to suboptimal solutions. 
The EDE results show that, except for a small number of 
transmission lines, capacities for pure transport are well below 
50% of the optimal capacities and this observation confirms 
the importance of taking security into consideration when 
solving the transmission expansion problem. 
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