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Abstract—The unbundling of the electricity industry introduced
new uncertainties and escalated the existing ones in transmission
expansion planning. In this paper, a multi-stage transmission
expansion methodology is presented using a multi-objective
optimization framework with internal scenario analysis. Total
social cost (TSC), maximum regret (robustness criterion), and
maximum adjustment cost (flexibility criterion) are considered
as three optimization objectives. Uncertainties are considered by
defining a number of scenarios. To overcome the difficulties in
solving the nonconvex and mixed integer optimization problem,
the genetic-based Non-dominated Sorting Genetic Algorithm
(NSGA II) is used. Then, fuzzy decision making is applied to
obtain the optimal solution. The planning methodology is applied
to the Iranian 400-kV transmission grid to show feasibility of the
proposed algorithm.

Index Terms—Fuzzy satisfying method, genetic algorithm,
multi-objective optimization, NSGA II, risk management, sce-
nario-based analysis, transmission expansion planning.
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Occurrence degree of scenario .

Congestion cost in scenario .

Curtailed load at bus in scenario .

Active power flow in a branch in the right-of-way
.

Maximum capacity of a branch in the right-of-way
.

Susceptance of a branch in right-of-way .

Cost function of GENCO .

Utility (benefit) function of DISCO .

Amount of power generated by GENCO .

Amount of power consumed by DISCO .

Constants of bid function (incremental cost) of
GENCO .

Number of GENCOs.

Number of DISCOs.

Time steps of classified load duration curve.

Reference level of satisfaction of th objective.

Satisfaction level of the th objective.

Set of scenarios.

Set of existing and new right-of-ways.

Set of load buses.

Node-branch incidence matrix.

Vector of active power flows.

Vector of generated active powers.

Vector of load curtailments.

Vector of predicted loads.

Set of nondominated solutions.

Solution (a combination of new branches to be
added to the network).

I. INTRODUCTION

T HE unbundling of electricity business has raised new chal-
lenges for transmission planners. A sound transmission

expansion planning strategy could handle the following chal-
lenges and requirements:
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• a cost-benefit approach instead of classical least cost ap-
proach [1];

• stakeholders’ requirements with different and mostly con-
flicting goals [2], [3];

• financial and physical uncertainties due to the unbundling
process [3], [4].

There are some mathematical models proposed to handle dif-
ferent objectives and requirements of stakeholders. Almost all
these models are based on multi-objective optimization [2], [5],
[6] or multi-attribute decision making (MADM) [7]. Because
of using a priori approach for solving the multi-objective opti-
mization problem, none of these models can generate the trade-
offs between objectives, mainly between costs and benefits. By
applying a posteriori approach for solving the multi-objective
optimization problem, a new framework was presented in [8]
which could handle different objectives and would enable the
planner to find the optimal plan based on a cost-benefit anal-
ysis. This framework is used and extended in this paper to deal
with uncertainties.

In unbundled power systems, some of the information per-
taining to generation and distribution companies is confidential
and cannot be obtained by transmission planners. Thus, plan-
ners are faced with additional uncertainties which are classified
into two main categories [4], [9]:

• probabilistic or random uncertainties;
• bounded or nonrandom uncertainties.
For instance, the uncertainty of generation expansion plan

has a nonrandom behavior which cannot be modeled by proba-
bility distribution functions. The transmission planning studies
in the literature for dealing with uncertainties can be classi-
fied into three main categories: probabilistic approaches [4],
[10], fuzzy-based approaches [7], [11], and scenario-based ap-
proaches [12], [13]. Each of these approaches has its own ca-
pabilities and shortcomings. In this paper, an internal scenario-
based approach is used to deal with a critical uncertainty in
transmission expansion planning which is represented by the
potential generation expansion plans.

This paper is organized as follows. After an overall review of
the proposed risk management strategy in Section II, the math-
ematical formulation and optimization process are presented in
Section III followed by a case study demonstrating the capabil-
ities of the proposed method in Section IV. Finally, conclusions
are given in Section V.

II. UNCERTAINTIES AND RISK MANAGEMENT STRATEGY

A. Dealing With Uncertainties

Traditionally, transmission planners have had access to all the
information on generation expansion plans. This is not the case
in a deregulated market due to unbundling process. Nowadays,
new combined cycle gas turbine generation plants can be con-
structed within about two years. Moreover, generation compa-
nies may decide about closure of existing nonprofitable units in
a short time period. When considering the fact that generation
expansion plan can dramatically change the load flow pattern
of a transmission grid, one can conclude that the uncertainty in
generation capacity planning is likely to have a more significant

impact on transmission planning than other uncertainties such
as load growth [3].

The type and source of power system uncertainty can impact
the effectiveness of an uncertainty analysis technique. The sce-
nario-based approach is an efficient tool for modeling of non-
random uncertainties [14]. The strength of scenario-based plan-
ning is in addressing large uncertainties which have significant
impacts on the final decision making. A scenario represents a set
of outcomes or the realization of all uncertainties [7]. The idea
is that by studying the different subproblems (corresponding to
different scenarios) and their optimal solutions, one might be
able to eventually come up with a well-hedged solution to the
main problem [15] by, e.g., conducting a risk analysis.

Scenario analysis can be performed after the optimization
process for scenarios (external) or inside the optimization
process [16]. Most of the work on the application of scenario
analysis for transmission expansion planning has used the
external approach [7], [12] and thus, they cannot find the
trade-offs between risk and cost-benefit measures.

In this paper, a multi-objective formulation is presented in
which the risk as an objective is traded off with cost and benefit
functions. In other words, the risk-based transmission expan-
sion planning problem is viewed as a stochastic multi-objective
optimization problem in which some of the objective functions
represent risk functions [17].

B. Risk Indices

Risk is the variation of attributes to which a utility is exposed
because of uncertainties [9]. In any decisions under risk, ex-
pected profit is not the only objective. Management is also con-
cerned about the risks involved. General strategies for dealing
with risks include [16]:

• investing for flexibility so that changes can be made at the
least possible cost;

• investing in projects that are robust.
Both these risk measures are incorporated into our proposed
method. The flexibility criterion is defined as the effort in ad-
justing to different futures (scenarios), and the robustness crite-
rion is formulated based on the concept of regret. The regret of
an alternative in a scenario is its distance to the optimal solution
in that scenario in the objective space.

III. PROPOSED STRATEGY

In this paper, it is assumed that the transmission planning is
managed by a regulated organization whose main interest is to
improve competition among market players or to maximize the
social welfare while maintaining the system reliability. Thus,
the main objective is to minimize investment plus congestion
costs. It can be shown that this objective is equivalent to maxi-
mizing the social welfare [18].

Uncertainties are considered by defining a set of scenarios.
Two risk measures are also considered as other objective func-
tions of the multi-objective optimization problem of transmis-
sion expansion planning. Without the loss of generality, addi-
tional objectives or risk indices can also be incorporated into the
proposed algorithm. A set of nondominated solutions is gener-
ated by the algorithm, demonstrating their trade-offs. This set of
nondominated solutions contains those alternatives which have
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a relatively good performance in all scenarios; thus, the pro-
posed method gives the planner the ability to hedge the risks.
Finally, the best compromise solution is selected by the fuzzy
satisfying method.

In the next section, first, the objectives are formulated and
then, optimization method, fuzzy decision making, and the pro-
posed algorithm will be described.

A. Minimization of Total Social Cost (TSC)

The first objective of the central transmission planners is to
minimize the net present value (NPV) of TSC during the plan-
ning horizon. The TSC is a compromise between long-term in-
vestment costs and short-term congestion costs caused by trans-
mission network limitations. This objective can be formulated
as

(1)

where

By defining a large penalty factor ( ), final nondominated
solutions will have a zero load curtailment in all scenarios. Thus,
final solutions in all scenarios will be adequate. This formulation
can be easily modified to consider a single-contingency
criterion [8].

The objective (1) is subjected to long-term and short-term
constraints. The long-term constraint is as follows [18]:

(2)

The short-term constraints are hourly DC load flow con-
straints:

(3.a)

(3.b)

(3.c)

(3.d)

All variables in (3) are hourly parameters except for the
number of added circuits . For the sake of simplicity, time
indices in (3) are removed.

For calculating annual congestion costs and load curtail-
ments, first, the market operation should be formulated. The
operator (ISO) would minimize the hourly social cost (HSC)
as follows [19]:

(4)

In one-sided markets, the objective is to minimize the produc-
tion cost subject to constraints in (3). The production cost can
be formulated as a function of generation bids. If incremental
costs are used for bidding:

(5)

This optimization is also subjected to the short-term constraints
in (3). The congestion cost is defined as the difference between
social costs under two dispatching strategies with and without
line capacity limits [19]:

(6)

The annual congestion costs and load curtailments should
be calculated hourly. However, for reducing the computation
effort, a simple yet accurate method will be presented in
Appendix A based on the load duration curve (LDC) concept.
For calculating the amount of load curtailment, virtual gener-
ators are modeled at each load bus. Loads will be curtailed if
the re-dispatch of real generators cannot eliminate transmission
overloads.

B. Minimization of Maximum Adjustment Cost
(The Flexibility Criterion)

The congestion cost is a good measure of market efficiency
[4] which can be interpreted as the solution performance. An
arbitrary solution is flexible in a scenario if it needs a relatively
low investment to reach the performance of the optimal solu-
tion in that scenario. This additional investment is referred to as
adjustment cost. Thus, the minimum additional investment cost
that is needed for alternative to reach the performance of the
optimal solution of scenario is the adjustment cost of solution

in scenario . The second objective in the proposed method
is to minimize the maximum adjustment cost of solutions over
all scenarios.

The optimal solution of scenario can be found by the op-
timization (1) considering only scenario . For calculating the
adjustment cost of an arbitrary solution , a new optimization
would be required with the objective of minimizing the addi-
tional total investment in the planning horizon [i.e., first and
third terms of (1) in a single scenario format]. The optimization
is terminated if the total congestion cost of solution reaches
the total congestion cost of optimal solution. The second objec-
tive of the proposed multi-objective model is written as

(7)

where represents the adjustment cost of solution
in scenario . Other formulations of the flexibility criterion can
be found in [20] and [21].

The real adjustment cost of a solution may be different from
that which is calculated by the proposed method. The exact
value of the adjustment cost is determined with a different
strategy, i.e., “wait and see” strategy in short-term planning.
In short-term planning, more accurate data are available for
the near future which would replace most of the long-term
uncertainties. However, the definition of adjustment cost in
the proposed strategy can determine the relative adoptability
of solutions based on the available data in a finite number of
scenarios.
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C. Minimization of Maximum Regret
(The Robustness Criterion)

Different criteria for assessing the robustness of a solution
have been presented in the literature [22]. A comparison be-
tween these criteria and a new combined criterion can be found
in [7]. Here, the min-max regret will be used while other criteria
could be used as well depending on the planner’s preferences.

If represents the total social cost of the optimal
solution of scenario , then regret of an arbitrary solution
in scenario will be

(8)

Thus, the third objective function of the proposed planning
strategy can be written as

(9)

Again note that the optimal solution of scenario can be
found by the optimization (1) considering only the scenario .

D. Optimization Method

Generally, it is impossible to obtain an optimal solution at
which all objectives defined in (1), (7), and (9) are optimized.
Thus, the concept of pareto optimality (also known as non-in-
feriority or nondominancy) is used to characterized solutions to
multi-objective problems. Qualitatively, a nondominated solu-
tion of a multi-objective problem is the one by which any im-
provement of one objective function can be achieved only at the
expense of degrading the others. A set of nondominated solu-
tions composes a region which is called nondominated set or
trade-off region.

There are a range of mathematical and evolutionary algo-
rithms for finding nondominated solutions of a multi-objective
optimization problem. Genetic algorithm, in general, has an in-
herent capability to handle nonlinear, nonconvex, and mixed in-
teger optimization problems effectively [23]. The genetic-based
NSGA II is one of the best efficient tools to solve complex
multi-objective programming problems [24], [25] and is used
in the proposed strategy.

The main idea of NSGA II is to sort a solution population
into a number of nondominated fronts. The first front (level 1)
is a set of nondominated solutions in the entire population, the
second front (level 2) is a set of nondominated solutions in the
population ignoring the first level, and so on, until the entire
population is classified into levels. Then, each solution will
be assigned a fitness based on its level of nondominancy. The
solutions of first front will be assigned the highest fitness and
so on. The diversity of solutions is maintained by degrading the
assigned fitness based on the number of neighboring solutions
and their Euclidian distances.

The reproduction of population is achieved through classical
crossover and mutation process. Detailed description of NSGA
II and a comparative study can be found in [24] and [25].

Fig. 1 shows the codification of solutions used in this study
[26]. In this codification, each solution is represented by a
matrix corresponding to planning stages and right-of-ways

Fig. 1. Codification of solutions.

(existing and new right-of-ways). The matrix values show the
number of new lines added to the corresponding right-of-way.
For example, Fig. 1 shows that two new circuits are added in
right-of-way 1–2 in stage one, and one circuit is also added to
this right-of-way in stage two.

Since the decision on additional branches in each stage de-
pends on the decision made in the previous stage, in this study,
the matrix rows will be joined to form a vector of length
in the reproduction process. This technique was shown to have
a better convergence behavior in several test runs.

E. Final Decision Making

The solution to the multi-objective problem is not unique and
some kind of subjective judgment by the planner as a decision
maker should be added to the quantitative analysis. Because of
similarity of fuzzy decision making to human subjective rea-
soning, the fuzzy satisfying method is used for selecting the final
solution in this study.

In the fuzzy satisfying method, a strictly monotonically de-
creasing and continuous membership function for representing
the satisfaction level is assigned to each objective [27]. The
value of membership function indicates to what extend a so-
lution is satisfying the decision maker about the objective .
The decision maker is fully satisfied with the objective value of

if , and not satisfied at all if .
This membership function can be defined linearly as

(10)

After defining each membership function, the decision maker
is asked to choose the desirable level of achievement (satisfac-
tion level/reference value) of each objective . The final solu-
tion is obtained using a decision analysis technique such as the
distance metric method:

(11)

where . This formulation would minimize the
-norm deviations from satisfaction levels. The trade-off be-

tween objectives derived by NSGA II could help the decision
maker to select reasonable satisfaction levels while this informa-
tion will not be available if a priori method is used for solving
the multi-objective problem. By applying methods like the one
in [7], planners can incorporate stakeholders’ relative impor-
tance and their preferences into the decision-making process.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

MAGHOULI et al.: A SCENARIO-BASED MULTI-OBJECTIVE MODEL FOR MULTI-STAGE TRANSMISSION EXPANSION PLANNING 5

F. Proposed Algorithm

Initially, the optimal solution of each scenario is found by
optimization (1) using a classic genetic algorithm. For each al-
ternative in the population and for each scenario, the NPV of
investment and congestion costs and load curtailment will be
calculated through the planning horizon using a series of stan-
dard quadratic optimizations. The adjustment cost of each alter-
native in each scenario is calculated through a single objective
optimization with a classic genetic algorithm. Based on these
results, the maximum adjustment cost and maximum regret of
each alternative will be calculated.

The NSGA II sorts the solutions, reproduces them using the
best ones, and sends the new population to the next iteration.
The iterative process will be terminated if it reaches the max-
imum number of allowed iterations or it cannot find any new
nondominated solution in a predefined number of successive it-
erations.

Finally, the planner will be asked to determine his/her satis-
faction levels and by applying the fuzzy satisfying method, the
final solution will be obtained.

As it can be seen in the above process, the proposed algo-
rithm searches the solution space by considering the perfor-
mance of solutions in all scenarios simultaneously. Thus, in
contrast to external methods (single scenario-single solution ap-
proaches), here the final nondominated solutions will have a
relative acceptable performance in all scenarios. In single sce-
nario-single solution approaches such as the one presented in
[12], first the optimal solution of each scenario is obtained and
then by conducting a risk analysis externally, the final solution
is selected. Thus, each solution will have a good performance
only in one scenario and the number of alternatives fed into the
risk analysis stage is limited to the number of scenarios. In con-
trast, the proposed scenario-based multi-objective algorithm can
obtain more alternatives (nondominated solutions) which give
the planner/decision maker a wider decision space to reach a
well-hedged solution.

Please note that other objectives such as maximization of con-
sumers or producers surplus [28] or cost of transmission losses
[29] could be easily incorporated into the algorithm. These ob-
jectives could be added as new ones or combined with the first
objective presented in this study.

IV. CASE STUDY

The proposed algorithm was implemented in MATLAB envi-
ronment with the MATPOWER optimal power flow functions.
The planning horizon is assumed to be 15 years divided into
three five-year stages. It is also assumed that GENCOs’ bid
functions (incremental costs) will not change during the plan-
ning horizon (this assumption may not be valid for a practical
network but the issue of bid forecasting is beyond the scope of
this paper).

The proposed method is applied to a simplified Iranian
400-kV transmission grid according to its configuration in
2007. The transmission system is comprised of two voltage
levels: 400 kV and 230 kV. The state-owned TAVANIR Com-
pany is the owner and the planner of EHV grid. The network
is operated by the Iran Grid Management Company (IGMC)

which was established in 2003 as an independent system
operator (ISO). IGMC established the open access system to
ensure the nondiscriminative accessibility to the national grid
for all market participants [30]. IGMC currently manages an
electricity sector with about 40 GW of installed capacity with
36 000 km of interconnected transmission grid [31].

The simplified 400-kV network used in this study is depicted
in Fig. 2. In this figure, solid lines/circles correspond to the
existing 400-kV lines/substations and dashed lines/ circles
represent candidate new right-of-ways/substations. Currently,
the generation sector of Iranian power system is comprised of
thermal, combined cycle, gas turbines, and hydro units. Natural
gas with a regulated price is used by almost all generation
companies as the main fuel.

In the Iranian transmission network, the main uncertainty in
the expansion plan of generation sector arises from the decisions
on locating new power plants. Almost all natural gas resources
are located in the southern part of the country, mainly alongside
the Persian Gulf coast. Thus, locating new power plants in this
area will decrease the cost of gas transmission to these power
plants.

In this study, the future generation expansion plan is pre-
sented by two scenarios. In the first scenario, new power plants
are located over the whole country. In the second scenario,
installation of about 10 000 MW combined cycle power plants
along the southern sea shores is considered (specifically on
buses 31, 37, 39, 41, 42, and 43) and some of expansion plans
in the northern part of the country have been canceled. The
detailed definition of these two scenarios can be found in
Appendix B. As the expansion of generation sector for the first
stage (first five years) can be predicted with high certainty, the
expansion plan at the first stage in all scenarios is the same.
Total generation capacity for each scenario is presented in
Table I. The total load at the end of planning horizon would be
about 70 GW, assuming 5% annual load growth as an average
value.

Since the LDC of the network is unavailable, the LDC of
IEEE 24-bus test system is used [31] with a peak load of 34
GW at the beginning of the planning horizon. It is assumed that
annual discount rate is 10%, the candidate branches can be con-
structed in all right-of-ways, and up to four branches can be in-
stalled (including existing ones) in each corridor. The network
data and investment costs can be found in Appendix B.

Initially, the optimal expansion plan for each scenario has
been found through single objective optimization with (1) as
the objective function in single scenario format. These optimal
plans and their associated objective function values and perfor-
mance (NPV of total congestion cost) are presented in Table II.

Table II shows the corridors of Tehran region were reinforced
in both scenarios because of high electricity demand around
the capital. Besides this, some south to north corridors are re-
inforced in the second scenario for facilitating electricity trans-
mission from new CCGT power plants located in the southern
part to northern part of the grid.

For multi-objective optimization, occurrence degree of the
first and the second scenarios are assumed to be 40% and 60%,
respectively. With the population size of 200 and after 291 iter-
ations, 13 nondominated solutions were found by the proposed
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Fig. 2. Iran 400-kV simplified network.

TABLE I
GENERATION CAPACITY IN EACH SCENARIO AT THE END OF EACH STAGE (GW)

TABLE II
OPTIMAL SOLUTIONS IN EACH SCENARIO (NEW PROPOSED BRANCHES,

OBJECTIVE VALUE, AND CONGESTION COST OF THE OPTIMAL SOLUTION)

multi-objective algorithm. Fig. 3 shows these nondominated so-
lutions which are found by NSGA II algorithm with (1), (7), and
(9) as objective functions. Due to difficulty of effectively dis-
playing a nondominated set in three-dimensional space, three
trade-off graphs were used. Note that the solutions which ap-
pear to be dominated in each of these graphs are indeed non-
dominated when considering the third objective not displayed
in that graph.

The maximum and minimum of each objective among non-
dominated solutions (Fig. 3) are used in (10) to define the mem-
bership function for each objective.

As it can be seen in Fig. 3(c), there are some nondominated
solutions which have relatively low risk indices with respect to
both flexibility and robustness. Fig. 4 shows the trade-off be-
tween the NPV of investment cost and the maximum regret. Ac-
cording to this figure, one can find a more robust solution with
more investment. The trade-off presented in Fig. 4 can be used
as additional information for selecting more reasonable satisfac-
tion levels (reference levels) by the planner. If for example, there
is a budget constraint, the planner can find the maximum satis-
faction level of each risk index based on the available budget.

Assuming that the maximum available budget (present value)
is $300M, then according to Fig. 4, the minimum achievable
value with this budget for maximum regret will be $234M. In
other words, using (10), the maximum expectable satisfaction
level for robustness measure will be (289–234)/(289–195.5) or
59% with this budget constraint.

Assume that the planner selects the following satisfaction
levels (reference values) for each objective:

• for minimization of total social cost;
• for minimization of maximum regret;
• for minimization of maximum adjustment cost.
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Fig. 3. Nondominated solutions. (a) Trade-off between total social cost and
maximum regret. (b) Trade-off between total social cost and maximum adjust-
ment cost. (c) Trade-off between maximum regret and maximum adjustment
cost.

Fig. 4. Trade-off between maximum regret with NPV of investment cost.

With the above reference levels and using the 2-norm method
[ in (11)], the final solution could be obtained by applying
the fuzzy satisfying method. This optimal solution is presented
in Tables III and IV. Comparing the results of Table III with
those of Table II shows that the final overall optimal solution
almost satisfies the requirements of the optimal solution of both

TABLE III
OVERALL OPTIMAL SOLUTION (NEW PROPOSED BRANCHES)

TABLE IV
OVERALL OPTIMAL SOLUTION (OBJECTIVE VALUES IN MILLION $)

scenarios. In addition to the establishment of new substations
connections to the grid, the final solution includes expansion
plans for reinforcing both Tehran region connections to the grid
and reinforcing south to north corridors.

The results of the proposed strategy can be compared with
those of other methods presented in the literature that almost
all are based on the single scenario-single solution approach.
Using these methods (e.g., the one presented in [12]), the
planner should select one of the solutions presented in Table II.
Unfortunately, none of these solutions are adequate in the other
scenario (will encounter load curtailment). In other words, the
optimal solution of each scenario presented in Table II needs a
large adjustment cost in the other scenario and this is a direct
consequence of applying an external scenario analysis method.

Since the occurrence degree of scenarios is uncertain, the
proposed algorithm is formulated in a manner to have a low
sensitivity to these parameters. This could be concluded from
the formulation and checked by simulation. In the proposed ap-
proach, two of the three objectives are independent from sce-
narios occurrence degrees, i.e., minimization of maximum ad-
justment cost and minimization of maximum regret. Only the
second term (expected value of congestion cost) of the first ob-
jective (total social cost) is sensitive to the occurrence degrees
which is usually smaller than the investment cost (the first term
of the first objective). So, it can be concluded that the final so-
lution has a low sensitivity to occurrence degrees of scenarios.
However, In order to study the sensitivity of optimal solution
to the occurrence degrees of scenarios, two other simulations
were done with different values for these occurrence degrees in
the above case study: 35% and 65%, and 45% and 55% instead
of 40% and 60%. Results shows that the final optimal solution is
not changed in these new simulations while their first objective
values differ slightly from the original one. The sensitivity of the
algorithm to the final decision-making process can be easily ad-
just with selecting different values for in (11) or using another
decision analysis technique instead of distance metric method.

V. CONCLUSIONS

In this paper, a new strategy for handling uncertainties based
on internal scenario analysis approach for transmission expan-
sion planning is proposed. In this study, the risk of planning
has been modeled as objectives of a multi-objective optimiza-
tion problem. By applying a posteriori method for solving this
optimization, the proposed strategy can find out trade-offs be-
tween risk measures, benefits, and costs of different solutions. In
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contrast to the methods that use single scenario-single solution
approach, the proposed strategy determines solutions’ perfor-
mance in all scenarios simultaneously and obtains solution with
well characteristics in all scenarios. Also, by presenting a set of
solutions and their trade-offs, the proposed strategy can be used
as a risk management/hedging tool.

Minimization of TSC with two risk indices is used in this
study while other objectives or risk indices can easily be in-
corporated into the method. A specialized genetic algorithm
(NSGA II) was used to solve the mathematical model of the ex-
pansion planning problem followed by a fuzzy decision-making
method for determining the best compromise solution which
suits the planner’s preferences and requirements.

The results obtained for the test system show the excellent
performance of the proposed methodology.

APPENDIX A
CALCULATION OF TOTAL CONGESTION COST (TCC)

For each alternative in each scenario, the total congestion cost
should be calculated using an hourly optimization in the plan-
ning horizon. For a large network with a large number of sce-
narios, a huge computation effort would be required. So, the an-
nual congestion cost and load curtailment is calculated with rea-
sonable accuracy, in place of an hourly optimization, using an
LDC.

In practical cases, congestion and load curtailment would
most likely occur at peak hours. Therefore, we model the
systems at such hours more accurately. The time span of LDC
is classified into a number of time steps :

(12)

The load level of each time step is the average load value
during the time step. For an 8760-hour-long LDC, the number
of time steps will be 22 (assuming equal time steps for last two
ones). Thus, instead of calculating congestion cost and load cur-
tailment in 8760 operational points, they will be calculated only
in 22 operational points. At each load level, a simple merit order
is used for unit commitment [32].

APPENDIX B
IRAN NETWORK DATA

Iranian national power system data including bus peak load
and MW generation, generation expansion plans, and branch
data are available at http://ee.sharif.ir/network.doc. These data
have been extracted from TAVANIR [33] and IGMC [34] reports
and documents. Investment cost of three-bundles and two-bun-
dles 400-kV overhead lines are considered to be 135 and 100
thousands dollars per kilometer, respectively.
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