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Abstract This paper proposes a model for the decentralized multiobjective congestion management problem
in the deregulated forward power market by considering conflicting objectives of the maximization of social
welfare and the minimization of emission impacts. An elitist evolutionary multiobjective optimization algo-
rithm called Modified Non-dominated Sorting Genetic Algorithm II (MNSGA-II) with controlled elitism and
a dynamic crowding distance is applied. To validate the model, an IEEE 30-bus test system with three mul-
tilateral transactions is considered. The valve-point effect is included in the social welfare function. Voltage
and reactive power effects are also incorporated. The closeness of the results of multiobjective decentralized
and centralized congestion management demonstrates the validity of the proposed multiobjective decentralized
model. The proposed model provides a set of alternative solutions to the market participants to manage conges-
tion. The effectiveness of the proposed approach is demonstrated by comparing the obtained Pareto front with
a reference Pareto front generated with multiple runs of the Covariance Matrix Adapted Evolution Strategy
algorithm with respect to minimum spacing, diversity and convergence metric performance measures.
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1 Introduction

The deregulation and subsequent restructuring of the electric power industry have introduced a market-based
trade mechanism for electricity. In the deregulated power market, customers can actively participate with an
explicit willingness to purchase power, while suppliers compete with each other to attract customers for profit.
One of the power system operation models in the case of deregulation is the pool system, where all market
participants are required to supply benefit/cost information to an independent system operator (ISO). In this
centralized optimal power flow (COPF) model, the ISO tries to maximize social welfare; that is, the difference
between the total customer benefit and the total supplier cost [1]. The drawback of this model is that market
participants have to disclose sensitive information such as cost and benefit details to the ISO. To overcome this
difficulty, the decentralized optimal power flow (DOPF) model based on optimal resource allocation (ORA)
has been proposed [2], in which each participant maximizes its social welfare within the limits of transmission
line capacities allocated by the ISO. A mathematical proof for the equivalence of COPF and DOPF models
was also given [2].

Although the principal issue driving the deregulated power market is economic benefit, it is necessary to
consider related societal issues because of the scale of the electricity industry and its importance to modern
life. One of these issues is the environmental impact of electricity generation. The environmental issues that
have arisen from pollutant emissions produced by fossil-fuelled electric power plants have become a matter
of concern. With deregulation, many new generating units are introduced into the market and the majority of
new generating units are thermal plants burning natural gas. Therefore, deregulation of the power industry
is increasing the emission of environmentally harmful gases, such as SOx , NOx , and CO2. These factors,
although largely implicit to the market participants, affect the economic performance of the deregulated power
systems. The trade-off among social welfare, environmental impacts and network congestion for the pool
market has been analyzed through fuzzy multiobjective optimization [3].

Even for a vertically integrated power system, emission control is an important objective of electrical util-
ities. An interactive method has been applied to determine generation dispatch schedules that satisfy emission
constraints [4]. The two conflicting objectives of minimum fuel cost and minimum environmental impact have
been solved employing the fuzzy decision method [5]. Environmental and economic dispatch algorithms for
a vertically integrated power system have been well summarized [6]. The evolutionary algorithm (EA) uses
a population of solutions in each iteration, instead of a single solution. Since the population of solutions is
processed in each iteration, the outcome of the EA is also a population of solutions. If an optimization problem
has multiple optimal solutions, the EA can be applied to capture multiple optimal solutions in its final pop-
ulation. The ability of an EA to find multiple optimal solutions in a single simulation run makes it unique in
solving multiobjective optimization problems [7]. Multiobjective evolutionary algorithms for economic and
emission dispatch in the case of a vertically integrated power system have been discussed [8,9]. Nowadays,
the NSGA-II algorithm is widely used to solve multiobjective power-system optimization problems [10]. To
improve the diversity characteristics of NSGA-II, controlled elitism and dynamic crowding distance operators
are included in MNSGA-II.

Conventional COPF and DOPF model-based congestion management does not meet the requirements of
environmental protection as it considers only the maximization of social welfare. Additionally, these methods
provide only one solution that does not provide any choice to the participants to relieve congestion. To include
environmental impacts and provide multiple solutions to the market participants to manage congestion, a new
multiobjective decentralized congestion management model is proposed in this paper. This approach considers
conflicting objectives of the maximization of social welfare and the minimization of environmental impacts of
thermal power generation. Voltage and reactive power constraints are included in the model, which ensures the
stability of the system. To validate the proposed model, the MNSGA-II algorithm is applied to an IEEE 30-bus
test system for COPF and DOPF cases with three multilateral transactions. The results are compared with the
Pareto front generated by the weighted aggregation (WA) of individual objectives using the Covariance Matrix
Adapted Evolution Strategy (CMAES) algorithm in terms of multiobjective performance measures such as
minimum spacing, diversity and the convergence metric.

2 Multiobjective Congestion Management Models

There are two main models for forward market congestion management, namely the COPF and DOPF models.
In the COPF model, there is a lack of transparency for market participants, since the congestion cost is set by
the ISO and not through the market mechanism. As a centralized authority, the ISO has ‘super power’, which
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is inconsistent with the principles of competitive markets. Because of these drawbacks, the DOPF model is
becoming more attractive. In the DOPF model, the ISO does not have access to sensitive information such as
cost/benefit functions. These two models are discussed in the following sections.

2.1 COPF Model

The COPF model focuses on the forward contract market for real power, reactive power and voltage impacts.
The power transfer distribution factor (PTDF) values are available to the market participants (transactions). In
the perfect competitive market, the ISO adjusts the contracts (generation and demand) to maximize the social
welfare and minimize emission and thus achieve efficient operation with all constraints satisfied. The COPF
model equations are Eqs. (1)–(10).

Objective 1 is the maximization of social welfare:

SW (Pk, Dk) = Max
∑

k∈T

∑

j∈E (k)

B(k)
j (D(k)

j ) −
∑

k∈T

∑

i∈G(k)

Ci
(k)

(P(k)
i ). (1)

Objective 2 is the minimization of pollutant emissions:

E(Pk) = Min
∑
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l(m)
k (Pk, Dk) ≤ L(m)
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where
T set of transactions in the market T = {1, 2 . . . K };
k index of each transaction, for all k ∈ T ;
I set of transmission lines involved in congestion management I = {1, 2 . . . M};
m index of transmission lines involved in congestion management, for all m ∈ I ;
G(k) set of generators in transaction k, for all k ∈ T ;
E (k) set of customers in transaction k, for all k ∈ T ;
P(k)

i real power output of generator i of transaction k, and also an element of
the generator output vector Pk of transaction k, for all i ∈ G(k)and k ∈ T ;

Q(k)
i reactive power output of generator i of transaction k;

Q(k)
j reactive power demand of customer j of transaction k;

V (k)
i voltage at generator i of transaction k;

V (k)
j voltage at customer j of transaction k;

D(k)
j real power demand of customer j of transaction k, and also an element

of demand vector Dk of transaction k, for all j ∈ E (k)and k ∈ T ;
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C (k)
i cost function of generator iwith valve-point effect of transaction k, for

all i ∈ G(k)and k ∈ T ;
B(k)

j benefit function of customer jof transaction k, for all j ∈ E (k) and k ∈ T ;
l(m)
k load flow caused by transaction k on line m, in which PTDFs are used,

for all k ∈ T and m ∈ I ;
L(m)

max maximum transfer limit of line m in megawatts, for all m ∈ I ;
a(k)

ei , b(k)
ei , c(k)

ei emission coefficients of generator i of transaction k.

The generator cost function with a valve-point is

∑

k∈T

∑

i∈G(k)

(a(k)
i + b(k)

i P(k)
i + c(k)

i P2(k)
i +

∣∣∣d(k)
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i × (P(k)
i − P(k)

i,min))
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The customer benefit function is
∑

k∈T

∑

j∈E (k)

(a(k)
d j + b(k)

d j D(k)
j + c(k)

d j D2(k)
j ), (12)

where

a(k)
i , b(k)

i , c(k)
i cost coefficients of generator i of transaction k;

d(k)
i , e(k)

i coefficients of generator i of transaction k reflecting the valve-point effect;
ad j , bd j , cd j benefit coefficients of customer j of transaction k.

2.2 DOPF Model

The COPF model (Eqs. (1)–(10)) can be decomposed into K independent sub-optimal power flow problems
corresponding to K transactions under the fixed resource-allocation weighting matrix α assigned by the ISO.
The objective and constraint equations are Eqs. (13)–(16).

Objective 1 is the maximization of individual-transaction social welfare:

SW (Pk, Dk) = Max
∑

j∈E (k)

B(k)
j (D(k)

j ) −
∑

i∈G(k)

C (k)
i (P(k)

i ) (k ∈ T ). (13)

Objective 2 is the minimization of the individual-transaction pollutant emission:

E(Pk) = Min
∑

i∈G(k)

(a(k)
ei + b(k)

ei P(k)
i + c(k)

ei P2(k)
i ) (k ∈ T ). (14)

The objectives are subject to local constraints (3)–(9) of individual transactions, which are not interactive
among transactions. In the method based on resource allocation, the ISO attempts to optimally allocate the
capacity resource of M lines to K transactions. The resource-allocation weighting matrix α, an M × K matrix
with element α

(m)
k in the mth row and kth column denoting the proportion of the capacity of line m allocated

to transaction k. Equation (10) can then be written as a global constraint that is interactive among transactions:

l(m)
k (Pk, Dk) ≤ α

(m)
k L(m)

max (m ∈ I ) (k ∈ T ), (15)

∑

k∈T

α
(m)
k = 1 (m ∈ I ). (16)

The ISO allocates the capacity of the transmission line to the individual transactions on the basis of Eq. (16).
The index α

(m)
k can be negative because of counter flow.
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3 Modified NSGA-II Algorithm

Although the NSGA-II algorithm encompasses advanced concepts such as elitism, fast non-dominated sorting
and diversity maintenance along the Pareto-optimal front, it falls short in maintaining lateral diversity and
maintaining a uniform distribution of non-dominated solutions. Emphasis on lateral diversity is necessary to
evade too much exploitation relative to exploration and hence for the search algorithm to better converge. A
uniform distribution of non-dominated solutions is necessary to cover the entire Pareto front. To overcome
the shortcomings of NSGA-II, Deb et al. [11] proposed the concept of controlled elitism, which maintains the
diversity of the non-dominated front laterally, and Luo et al. [12] proposed the dynamic crowding distance
to improve the distribution of non-dominated solutions. Hence, this paper incorporates controlled elitism and
the dynamic crowding distance into NSGA-II, with the resultant algorithm being referred to as the modified
NSGA-II (MNSGA-II).

4 Posterior Evaluation of the Pareto-Optimal Solution

Once solutions lying in the estimated Pareto-optimal set are found, it is usually required to choose one of them
for implementation. Moreover, the choice of one solution over another entails additional knowledge; e.g., an
expert’s preferences. From a decision maker’s perspective, the choice of a solution from all Pareto-optimal
solutions is an a posteriori approach and it requires a higher-level decision-making approach, which is to deter-
mine the best solution amongst a finite set of Pareto-optimal solutions with respect to all relevant attributes.
Multiple-attribute decision-making (MADM) techniques are generally employed in a posterior evaluation of
Pareto-optimal solutions to choose the best amongst them.

Many methods have been developed to solve multiple-attribute or multiple-criteria problems [13,14]. In
this paper, the concept of TOPSIS is that in the absence of a natural course of action to obtain an overall
summary measure and ranking, the most preferred alternative should not only be closest to the positive ideal
solution but also farthest from the negative ideal solution.

Almost all MADM methods require predetermined information on the relative importance of the attributes
(or objectives), which is usually given by a set of normalized weights. The concept of Shannon’s entropy is
used for the choice of weights. The entropy method is based on information theory, which assigns a small
weight to an attribute if it has similar attribute values across alternatives, because the consideration of such an
attribute does not help in differentiating alternatives.

To determine objective weights with the entropy measure, the decision matrix in Eq. (22) needs to be
normalized for each objective A j ( j = 1, 2. . .m, where m is the number of objectives) as

pi j = Ri j∑n
p=1 Rpj

, (17)

where i = 1, 2, . . . n for n Pareto-optimal solutions.
As a consequence, a normalized decision matrix representing the relative performance of the alternatives

is

P =
⎡

⎢⎣

p11 p12 . . . p1m
p21 p22 . . . p2m
. . . . . . . . . . . .
pn1 pn2 . . . pnm

⎤

⎥⎦ . (18)

The amount of decision information contained in Eq. (18) and provided by each attribute A j ( j = 1, 2, . . . , m)
is thus measured by the entropy value:

e j = −1

ln n

n∑

i=1

pi j ln pi j . (19)

The degree of divergence (d j ) of the average intrinsic information contained by each attribute A j ( j =
1, 2, . . . , m) can be calculated as

d j = 1 − e j . (20)
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The objective weight for each attribute A j ( j = 1, 2, . . . , m) is thus

w j = d j∑m
k=1 dk

. (21)

The weighted normalized value vi j is calculated as

vi j = wi pi j . (22)

After determining the performance ratings of the alternatives and objective weights of the attributes, the
next step is to aggregate them to produce an overall performance index for each alternative. This aggregation
process is based on the positive ideal solution (A+) and the negative ideal solution (A−), which are defined,
respectively, as

A+ = (max (vi1) max (vi2) . . . max (vim)) = (
v+

1 , v+
2 , . . . v+

m

)
,

A− = (min (vi1) min (vi2) . . . min (vim)) = (
v−

1 , v−
2 , . . . v−

m

)
.

(23)

The separation (distance) between alternatives can be measured according to the n-dimensional Euclidean
distance. The separation of each alternative from the ideal solution is

d+
j =

{
m∑

i=1

(
v j i − v+

i

)2

} 1
2

, j = 1, 2, . . . n. (24)

Similarly, the distance from the negative ideal solution is

d−
j =

{
m∑

i=1

(
v j i − v−

i

)2

} 1
2

, j = 1, 2, . . . n. (25)

The relative closeness to the ideal solution of alternative X j with respect to A+ is defined as

C j = d−
j

d+
j − d−

j

, j = 1, 2, . . . n. (26)

Since d−
j ≥ 0 and d+

j ≥ 0, clearly C j ∈ [0, 1].
We choose an alternative with maximum C j or rank alternatives according to C j in descending order. It

is clear that an alternative X j is closer to A+ than to A− as C j approaches 1. The proposed approach has the
following steps.

4.1 Select Pareto-optimal solutions according to the definition of multiobjective optimization.
4.2 Identify the selection attributes according to type (benefit).
4.3 List all possible Pareto-optimal solutions.
4.4 Calculate the relative importance of attributes using Eq. (20).
4.5 Construct the normalized rating and weighted normalized rating of the decision matrix.
4.6 Calculate positive ideal solutions and negative ideal solutions.
4.7 Order or rank the Pareto-optimal solutions according to the overall ranking values and select the alternative

with the maximum overall ranking as the best solution.

5 Implementation of Multiobjective Decentralized Congestion Management

Figure 1 is a schematic diagram of the proposed multiobjective decentralized congestion management. The
general scheme for multiobjective decentralized congestion management based on resource allocation for the
forward market is discussed in this section.

On the basis of the initial contracts of all transactions, congested transmission lines and load flow resulting
from each transaction along the congested lines are determined by the ISO using PTDF values. Here, PTDF
values are calculated employing the Newton–Raphson load flow method [15]. From the load flow results,
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Fig. 1 Schematic diagram of multiobjective decentralized congestion management

Table 1 Generator fuel and emission function coefficients

Function Coefficients Transaction 1 Transaction 2 Transaction 3
Bus 5 Bus 13 Bus 8

Cost a ($/h) 0 0 0
b ($/MW h) 45 48 40
c ($/MW2 h) 0.01 0.01 0.01
d ($/h) 12 12 10
e (rad/MW h) 0.15 0.18 0.20
Pmin (MW) 15 11 10
Pmax (MW) 50 40 35

Emission ae (ton/h) 4.258 × 10−2 6.131 × 10−2 5.426 × 10−2

be (ton/MW h) −5.094 × 10−2 −5.555 × 10−2 −3.550 × 10−2

ce (ton/MW2 h) 4.586 × 10−2 5.151 × 10−2 3.380 × 10−2

the ISO determines the resource allocation signal α
(m)
k such that

∑
k∈T α

(m)
k = 1 and the same signal is sent

to each transaction. After receiving α
(m)
1 from the ISO, the first transaction generates a Pareto front with a

set of non-dominated generation and demand values using the MNSGA-II algorithm. From the set of non-
compromising solutions, one solution is selected applying the TOPSIS concept. The selected generation and
demand details of the first transaction are updated in the base-case test system data. For the next transaction,
an optimization procedure is applied with α

(m)
2 and updated generation and demand in the same way. This

process continues until all transactions complete their optimization procedure. For an n-transaction system,
the MNSGA-II algorithm is applied n times sequentially using α

(m)
k and the updated generation and demand

of (n − 1) transactions. From the set of Pareto-optimal solutions, one best solution is obtained applying the
TOPSIS concept.

6 Simulation Results and Discussions

The IEEE 30-bus test system is used to test the multiobjective COPF and DOPF models. The coding is devel-
oped using MATLAB 7.3 software and simulated on a Pentium IV personal computer operating at 2.93 GHz.
In the test system considered, there are three multilateral transactions (1, 2, and 3) and each has four partic-
ipants of one generator and three customers. Transactions 1, 2 and 3 have total initial demands of 32.8, 28.4
and 22.8 MW respectively. The cost and emission coefficients of generators [8] are listed in Table 1. Table 2
gives the customer benefit function coefficients of the three transactions. Transmission line 28–27 is involved
in the congestion management. Reducing the capacity of line 28–27 from 65 to 8 MW creates congestion.
Multiobjective DOPF model simulation is done on a single computer with series computation.

For MNSGA-II, the population size and maximum number of function evaluations are fixed at 300 and
50,000 respectively. Crossover probability and mutation probability are taken as 0.8 and the inverse of the
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Table 2 Customer benefit function coefficients

Coefficients Transaction 1 Transaction 2 Transaction 3

Bus 3 Bus 4 Bus 7 Bus 12 Bus 15 Bus 17 Bus 24 Bus 26 Bus 30

ad ($/h) 0 0 0 0 0 0 0 0 0
bd ($/MW h) 47.8 47.8 47.8 49 48.5 49.7 49 48.8 48.8
cd ($/MW2 h) 0.03 0.05 0.02 0.04 0.02 0.02 0.03 0.04 0.02

Table 3 Solutions for social welfare and emission optimized individually

Transactions Variables in MW Social welfare maximization Emission minimization

1 P1 49.92 18.00
D1 4.60 1.00
D2 8.02 3.00
D3 37.30 14.00

2 P2 29.44 11.99
D4 7.81 5.51
D5 2.16 2.98
D6 19.47 3.50

3 P3 28.53 10.00
D7 19.94 2.00
D8 4.59 4.00
D9 4.00 4.00

Total social welfare in $/h 326.24 82.12
Total emission in ton/h 181.40 23.85
Bold values indicate the extreme solutions of the non-dominated Pareto front

number of variables respectively. Crossover and the mutation index are fixed at 2 and 10 respectively. The
controlled elitism parameter is set at 0.55. Minimum spacing, diversity and convergence metric performance
measures are calculated by comparing the obtained and reference Pareto fronts [10].

6.1 Generation of the Reference Pareto Front

For demonstration of the validity of the Pareto front obtained using the proposed multiobjective optimization
algorithm, the reference Pareto front is generated in multiple runs of the WA of objectives. Since the CMAES
algorithm gives consistent optimal solutions, it is employed to find the Pareto-optimal solutions for COPF and
DOPF models using combined objectives as given in Eq. (27).

Fcombined = w SW1(Pk, Dk) + (1 − w) E1(Pk), (27)

where SW1 is the normalized value of social welfare, E1 is the normalized value of emission and w is a weight-
ing factor indicating the relative importance of its associated objective during the optimization. By varying
w using the uniform random number generator available in MATLAB, a reference Pareto front with 40 non-
dominated points is obtained. This reference Pareto front also includes two extreme points corresponding to
w = 0 and w = 1. For the CMAES algorithm, population size and maximum function evaluations are fixed
at 100 and 20,000 respectively. Tolerance values for objectives (TolFun) and coordinates (TolX) are assumed
as 1 × 10−5 and 1 × 10−5 respectively.

6.2 Simulation Results for the COPF Model

First, the social welfare and emission optimization problems are solved individually (w = 0 and w = 1)
using the CMAES algorithm, and the results are given in Table 3. For the multiobjective centralized conges-
tion management model, 10 independent trials are conducted using the MNSGA-II algorithm and the results
corresponding to the least minimum spacing are tabulated. Extreme non-dominated solutions are given in
Table 4. From Tables 3 and 4, it is clear that the extreme points obtained using the MNSGA-II algorithm are
close to the results obtained using the CMAES algorithm. To validate the consistency of MNSGA-II, statistical
performance measures are obtained by comparing the reference Pareto front with Pareto fronts obtained in 10
independent trials. The best, worst and mean values of minimum spacing, diversity, and convergence metric

123



Arab J Sci Eng (2011) 36:827–840 835

Table 4 Extreme solutions of social welfare and emission obtained using MNSGA-II

Transactions Variables in MW Maximum social welfare Minimum emission

1 P1 49.84 17.9
D1 4.60 0.90
D2 7.93 3.00
D3 37.31 14.00

2 P2 29.32 12.12
D4 7.81 5.62
D5 2.09 3.00
D6 19.42 3.50

3 P3 28.53 10.43
D7 19.93 2.21
D8 4.60 4.12
D9 4.00 4.10

Total social welfare in $/h 325.52 83.34
Total emission in ton/h 180.98 24.23
Bold values indicate the extreme solutions of the non-dominated Pareto front

Table 5 Statistical results of performance measures

Performance measures Best Worst Mean

Minimum spacing 0.121 0.145 0.138
Diversity 0.688 0.542 0.611
Convergence metric 1.515 1.745 1.586

Fig. 2 Comparison of obtained and reference Pareto fronts (COPF)

measures are given in Table 5. The reference Pareto front and obtained Pareto front corresponding to least
minimum spacing are shown in Fig. 2.

Table 5 and Fig. 2 show that the obtained Pareto front is very close to the reference Pareto front and has
good diversity characteristics. The run time of the single objective WA approach using the CMAES algorithm
to produce 40 non-dominated solutions is approximately 280 min while that of the MNSGA-II algorithm to
produce a set of 40 non-dominated solutions is approximately 22 min. This demonstrates that the proposed
approach is much faster than the classical technique. Multiple non-compromising solutions provided by this
approach can be effectively used by transactions to manage congestion.
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Table 6 Optimal solution of social welfare and emission optimized individually

Transactions Variables in MW Social welfare maximized Emission minimized

1 P1 49.97 18.84
D1 4.87 1.31
D2 9.29 3.34
D3 35.81 14.19

2 P2 29.69 11.05
D4 9.81 5.26
D5 2.08 2.55
D6 17.80 3.24

3 P3 28.29 10.85
D7 19.81 3.47
D8 4.60 1.86
D9 3.88 5.52

Table 7 Social welfare and emission optimized individually

Transactions Social welfare maximized Emission minimized

1 Social welfare in $/h 74.12 38.14
Emission in ton/h 109.02 12.01

2 Social welfare in $/h 24.81 21.11
Emission in ton/h 37.01 6.39

3 Social welfare in $/h 227.15 22.03
Emission in ton/h 35.12 3.67

Total social welfare in $/h 326.08 81.28
Total emission in ton/h 181.15 22.07
Bold values indicate the extreme solutions of the non-dominated Pareto front

Table 8 Extreme optimal solutions obtained using MNSGA-II

Transactions Variables in MW Maximum social welfare Minimum emission

1 P1 49.87 18.90
D1 4.82 1.36
D2 9.24 3.29
D3 35.81 14.25

2 P2 28.69 11.15
D4 9.31 5.21
D5 1.58 2.56
D6 17.80 3.38

3 P3 28.20 11.00
D7 19.97 3.51
D8 4.41 1.90
D9 3.82 5.59

6.3 Simulation Results for the DOPF Model

In the DOPF model, each transaction optimizes its objectives separately (series computation) within the limits
of transmission line capacities allocated by the ISO. The social welfare and emission optimization problems
are solved individually (w = 0 and w = 1) using the CMAES algorithm for each transaction separately, and
corresponding results are given in Tables 6 and 7.

For the proposed multiobjective decentralized congestion management model, 10 independent trials are
conducted for each transaction using the MNSGA-II algorithm, and the results corresponding to the least min-
imum spacing are tabulated. For simplicity, one solution is selected randomly from the set of non-dominated
solutions obtained in each transaction for subsequent transactions. However, in practical cases, the solution is
selected on the basis of demand requirements. The optimum variables corresponding to the extreme non-dom-
inated solution of social welfare and emission obtained using the MNSGA-II algorithm are given in Table 8.

Extreme solutions of the individual-transaction social welfare and emission are given in Table 9. From
Tables 7 and 9, it is clear that the extreme solutions for an individual transaction obtained using the MNSGA-II
algorithm are close to the results obtained using the CMAES algorithm. Tables 4 and 9 show that the total social
welfare and emissions obtained with the multiobjective DOPF model are close to those obtained with the mul-
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Table 9 Extreme solutions of social welfare and emission obtained using MNSGA-II

Transactions Maximum social welfare Minimum emission

1 Social welfare in $/h 74.03 38.16
Emission in ton/h 108.12 12.52

2 Social welfare in $/h 24.80 21.92
Emission in ton/h 36.21 6.90

3 Social welfare in $/h 226.58 23.12
Emission in ton/h 35.02 3.76

Total social welfare in $/h 325.41 83.20
Total emission in ton/h 179.35 23.18
Bold values indicate the extreme solutions of the non-dominated Pareto front

Table 10 Statistical results of performance measures

Performance measures Transaction 1 Transaction 2 Transaction 3

Best Worst Mean Best Worst Mean Best Worst Mean

Minimum spacing 0.072 0.084 0.078 0.076 0.079 0.077 0.069 0.072 0.071
Diversity 0.717 0.682 0.701 0.724 0.676 0.706 0.740 0.701 0.720
Convergence metric 0.605 0.616 0.611 0.185 0.215 0.201 0.513 0.586 0.551

Fig. 3 Comparison of obtained and reference Pareto fronts (DOPF Transaction 1)

tiobjective COPF model. This demonstrates the validity of the proposed decentralized congestion management
model.

To validate the consistency of MNSGA-II, statistical performance measures are obtained by comparing the
reference Pareto front of each transaction with Pareto fronts of each transaction obtained in 10 independent
trials. The best, worst and mean values of performance measures are given in Table 10. The reference Pareto
front and obtained Pareto front of transactions 1, 2 and 3 corresponding to least minimum spacing are shown
in Figs. 3, 4 and 5 respectively.

Table 10 and Figs. 3, 4, 5 show that the obtained Pareto front of each transaction is close to its reference
Pareto front and has good diversity characteristics. The run time of the single-objective WA approach using
the CMAES algorithm to produce 30 non-dominated solutions for one transaction is approximately 210 min,
while that of the proposed approach to produce a set of 30 non-dominated solutions for one transaction is
approximately 22 min. This demonstrates that the proposed approach is much faster than the classical tech-
nique. Multiple non-compromising solutions of each transaction provided by this approach can be effectively
used by individual transactions to manage congestion.
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Fig. 4 Comparison of obtained and reference Pareto fronts (DOPF Transaction 2)

Fig. 5 Comparison of obtained and reference Pareto fronts (DOPF Transaction 3)

Table 11 shows that the results of single-objective and multiobjective optimization are almost identical. The
close agreement of the results demonstrates the capability of the proposed approach to handle multiobjective
optimization problems as the best solution of each objective with a manageable set of non-dominated solutions
obtained in a single run. Table 12 gives the best solution among the set of obtained Pareto-optimal solutions
for COPF and DOPF applying the TOPSIS concept in a posteriori evaluation.
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Table 11 Extreme solution of social welfare and emission

# of objective COPF DOPF

Social welfare Emission Transaction 1 Transaction 2 Transaction 3

in $/h in ton/h Social welfare Emission Social welfare Emission Social welfare Emission
in $/h in ton/h in $/h in ton/h in $/h in ton/h

Single 326.24 23.85 74.12 12.01 24.81 6.39 227.15 3.67
Two 325.52 24.23 74.03 12.52 24.80 6.90 226.58 3.76

Table 12 A posteriori evaluation of the obtained Pareto-optimal solution

# of objective COPF DOPF

Social welfare Emission Transaction 1 Transaction 2 Transaction 3

in $/h in ton/h Social welfare Emission Social welfare Emission Social Emission
in $/h in ton/h in $/h in ton/h welfare in $/h in ton/h

Two 99.14 23.32 38.12 12.31 21.32 6.51 42.11 4.45

7 Conclusion

This paper proposed a multiobjective decentralized congestion management model for the forward market.
The problem is formulated as a multiobjective optimization problem with competing objectives of the max-
imization of social welfare and the minimization of the environmental impact. An IEEE 30-bus test system
with three multilateral transactions is considered for the simulation. The evolutionary multiobjective solution
to the proposed model using the modified NSGA-II algorithm is presented for COPF and DOPF models. The
reference Pareto front obtained with multiple runs of the CMAES algorithm is used for validation. The results
show that the proposed MNSGA-II method is quick and efficient in solving multiobjective optimization, where
multiple Pareto-optimal solutions are obtained in one simulation run. Results indicate that the obtained non-
dominated solutions are well distributed and have good diversity characteristics. The set of non-dominated
solutions provide many choices for each transaction to relieve congestion. The total social welfare and emis-
sion obtained using the multiobjective DOPF model are close to those obtained using the multiobjective COPF
model, which demonstrates the validity of the proposed decentralized model.

References

1. Schewppe, F.C.; Caramanis, M.C.; Tabors, R.D.; Bohn, R.E.: Spot Pricing of Electricity. Kluwer, Boston (1988)
2. Liu, K.; Ni, Y.; Wu, F.F.; Bi, T.S.: Decentralized congestion management for multilateral transactions based on optimal

resource allocation. IEEE Trans. Power Syst. 22, 1835–1842 (2007)
3. Niimura, T.; Nakashima, T.: Multi-objective trade-off analysis of deregulated electricity transactions. Electr. Power Energy

Syst. 25, 179–185 (2003)
4. Spens, WY.; Lee, FN.: Interactive search approach to emission constrained dispatch. IEEE Trans. Power Syst. 12, 811–817

(1997)
5. Huang, C.; Yang, H.; Huang, C.: Bi-objective power dispatch using fuzzy satisfaction-maximizing decision approach. IEEE

Trans. Power Syst. 12, 1715–1721 (1997)
6. Talaq, JH.; El-Hawary, ME.: A summary of environmental/economic dispatch algorithms. IEEE Trans. Power Syst.

9, 1508–1516 (1994)
7. Murugan, P.; Kannan,S.; Baskar, S.: NSGA II algorithm for multi-objective generation expansion planning problem. Electr.

Power Syst. Res. 79, 622–628 (2009)
8. Abido, M.A.: Environmental/economic power dispatch using multi-objective evolutionary algorithms. IEEE Trans. Power

Syst. 18, 1529–1537 (2003)
9. Abido, M.A.: A novel multi-objective evolutionary algorithm for environmental/economic power dispatch. Electr. Power

Syst. Res. 65, 71–81 (2003)
10. Kannan, S.; Baskar, S.; McCalley, J.D.; Murugan, P.: Application of NSGA-II algorithm to generation expansion planning.

IEEE Trans. Power Syst. 24, 454–461 (2009)
11. Deb, K.; Pratap, A., Agarwal, S., Meyarivan, T.: A fast elitist multi-objective genetic algorithm: NSGA-II. IEEE Trans.

Evol. Comput. 6, 182–197 (2002)
12. Luo, B.; Zheng, J.; Xie, J.; Wu, J.: Dynamic crowding distance—a new diversity maintenance strategy for MOEAs. Proc.

IEEE Int. Conf. Nat. Comput. 1, 580–585 (2008)
13. Chunshan, L.; Zhang, X.; Zhang, S.; Suzuki, K.: Environmentally conscious design of chemical processes and products:

multi-optimization method. Chem. Eng. Res. Des. 8, 233–243 (2009)

123



840 Arab J Sci Eng (2011) 36:827–840

14. Xuebin, L.: Study of multi-objective optimization and multi-attribute decision-making for economic and environmental
power dispatch. Electr. Power Syst. Res. 79, 789–795 (2009)

15. Venkatesh, P.; Gnanadass, R.; Padhy, N.P.: Available transfer capability determination in a competitive electricity market
using power transfer distribution factors. Int. J. Emerg. Electr. Power Syst. 1, 1–14 (2004)

123


	Multiobjective Decentralized Congestion Management Using Modified NSGA-II
	Abstract
	1 Introduction
	2 Multiobjective Congestion Management Models
	2.1 COPF Model
	2.2 DOPF Model

	3 Modified NSGA-II Algorithm
	4 Posterior Evaluation of the Pareto-Optimal Solution
	5 Implementation of Multiobjective Decentralized Congestion Management
	6 Simulation Results and Discussions
	6.1 Generation of the Reference Pareto Front
	6.2 Simulation Results for the COPF Model
	6.3 Simulation Results for the DOPF Model

	7 Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


