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Energy efficiency, which consists of using less energy or improve service level to 
energy consumers.  But its increasing pressure on the energy sector to control 
greenhouse gases forced the engineers to consider the emission problem as a 
consequential matter besides the economic problems. This paper presents a modified 
Multi-Objective Optimization algorithm inspired by hunting behavior of Grey 
Wolves (MOGWO). The meta-heuristic GWO algorithm in this paper extended to 
deal with multi-objective optimization problems. The proposed MOGWO is used to 
generate Pareto-optimal solutions for simultaneous reduce the gases emission level 
of harmful pollutants CO2. Moreover, fuzzy decision making process is employed to 
rank and extract the global Pareto-optimal solutions as the best compromise non-
dominated solution. The effectiveness of the proposed methodology on IEEE 30-bus 
standard system have been evaluated. The generation and security constraints are 
incorporate in fitness function as penalty factors to achieve a valid and accurate 
solution, that all OPF variables remain within their permissible limits. The 
comparative study with other techniques demonstrates the superiority of the 
proposed approach and confirms its potential to solve the multiobjective EED 
problem. In addition, the extension of the proposed approach to include more 
objectives is a straightforward process. 
 
Keywords: MOGWO, FACTS Devices, Environmental pollution emissions, 
Economical cost, Fuzzy-based mechanism. 

 
 

1. INTRODUCTION 

In an energy management system (EMS), Economic Dispatch (ED) is used to 
determine each generating level in the system in order to minimize the total generator 
fuel cost or total generator cost and emission of thermal units while still covering load 
demand [1,2]. Optimal Power Flow (OPF) is the important tool used in Energy 
Management System (EMS) for security enhancement. Optimal power flow 
incorporating FACTS devices is one of the most important operational functions of 
the modern day (EMS) [3-5].  



 

-262- 
 

In recent years, due to the impacts of greenhouse gases (GHGs) on the global 
warming, many countries are placing enormous pressure on entire energy industry to 
reduce carbon emissions. The combustion of fossil fuels, including coal, oil, and gas 
is the main source of GHGs. CO2 is the most important one of gases to produce 
greenhouse effects [6,7]. 
 

2. FORMULATION OF OPF PROBLEMS 

 
The Multi Objective Optimal Power Flow (MOOPF) problem is a non-linear, non-

convex optimization problem which determines the optimal control variables for 
minimizing certain objectives subjected to several equality and inequality constraints. 
The general form of MOOPF problem is given as follows:  

Minimize: f(x,u)         (1) 

Subject to: g(x,u) = 0 ;         (2) 

                 h(x,u) ≤ 0                       (3) 

f(x, u): Objective functions to be minimized. 
g(x, u) : Equality constraints representing non-linear load flow equations. 
h(x, u): Inequality constraints representing system functional operating constraints.  
where u: Vector of system state variables; including the slack bus active power PG1 , 
the load bus voltages VL, generator reactive power outputs QG and the apparent power 
flow Sk. As a result, u can be formulated as: 

        (4) 
x: Vector of problem control variable; including the generator active power output 
except at slack bus, generator bus voltage, transformer tap setting and shunt 
compensator capacitor which are explained as follows: 

        (5) 
       (6) 

       (7) 

      (8) 
       (9) 

                                                   (10) 
Where  is the decision vector, Ng is the total number of generation units, and PG is a 
vector that represents the active power outputs of generators in (MW).  is the 
voltage magnitude of generator,  is the tap of transformer,  represents the 
reactive power of compensator capacitor,  is the number of tap transformers,  
number of shunt capacitors and  is the number of parameters (control variables). 

 
2.1 Objective Functions 

 
2.1.1 Minimization of Fuel Cost 

The objective function considering minimization of generation cost can be modeled as 
a quadratic cost curve as given in equation (11). 

                (11) 
 is the total fuel cost function ($/h). The generating cost coefficients are a 

($/hr.MW2), b ($/hr.MW) and c ($/hr). 
Valve point effect and prohibited zones 
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The cost function of generators units with and without the valve point effect indicate 
in Fig.1. The fuel cost function is non differentiable points due to the valve-loading  
effect and change of fuels. 

 
Figure 1. Cost function with and without valve point effect. 

 
To obtain the valve-loading effects of units, sinusoidal term has been added to the 
basic quadratic cost function [8], as follows: 

              (12) 

 
It has been mentioned that practical generators cost curves have prohibited 

operating zone(s) (POZ) due to physical limitations (e.g. faults and vibration in the 
shaft bearing of the machines) [9]. A thermal or hydro generating unit with prohibited 
operating zone has discontinuous input–output characteristics as shown in fig. 2. Due 
to the difficulty testing the actual performance of POZ, so the best economy is 
achieved by avoiding operation in that areas. The mathematic formulation for 
prohibited zones is considered as a set of constraints, as follows: 

                   (13) 

where ,  and  are the lower and upper limits and number of the jth 
prohibited zone of unit , respectively. 
 

 
Figure 2. Cost function with prohibited zones. 

 
2.1.2 Minimization of CO2 Emission Tax 

The carbon emission cost function, is the given carbon tax price, is taken into 
account in the OPF model, the objective function can be represented as: 

                 (14) 
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where  is the given carbon tax price determined by regulations and markets.  is the 
fuel emission factors of CO2 for i thermal generator, and ;  and  are fuel 
consumption coefficients [6,7].  
The coefficients ;  and  are in (t/MW2), (t/MW) and (t) for the coal/oil units, are 
in (m3/MW2), (m3/MW) and (m3) for gas units. 
 

3. OBJECTIVE CONSTRAINTS 

The OPF problem has to satisfy both equality and inequality constraints. The real 
power balance is considered as equality constraint. The operating limits of system 
components are considered as inequality constraints. 
     
   a) equivalent constraints (Power Balance Constraints): These constraints are 
typical load flow equations as follows. 

             (15) 

           (16) 
where nb is the number of buses, QG are the generator reactive power, PD and QD are 
the real and reactive loads respectively, Gij and Bij are the transfer conductance and 
susceptance between bus i and bus j, respectively. 
      
   b) Inequality constraints: These constraints represent the system operating limits as 
follows: 
 
Generation constraints: For stable operation, generator voltages, real power outputs 
and reactive power outputs are restricted by the lower and upper limits as follows: 

                 (17) 
                 (18) 
                                                     (19) 

Transformer constraints: Transformer tap settings are restricted by the minimum and 
maximum limits as follows: 

                (20) 
Security constraints: These incorporate the constraints of voltage magnitudes of load 
buses as well as transmission line loadings as follows: 

                 (21) 
                 (22) 

Shunt capacitors reactive power installation at bus i are limiting as follow: 

 
 

To handle the inequality constraints of state variables, such as slack bus real 
power and generators reactive power, bus voltage magnitudes and transmission line 
loading, they are incorporated into the extended objective function (fitness function) 
as penalty functions to keep the dependent variables within their permissible limits. 
They can be defined as [10,11]: 
Penalty function for slack bus real power: 

                  (23) 
Penalty function for reactive power generation violation:  

                  (24) 
Penalty function for load bus voltage violations: 

                   (25) 
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Penalty function for line flow violations:  
                  (26) 

All security constraint violations are handled as the sum of all penalties which is 
added to each one of the objective function is given by: 

                  
(27) 
where , ,  and  are the corresponding scaling factors for penalty functions. 
 

4. PROPOSED MULTI-OBJECTIVE MODIFIED GREY WOLF 
OPTIMIZATION 

 
4.1 Overview of Grey Wolf Optimization Algorithm 

Grey wolves mostly prefer to live in a pack. Of particular interest is that they have 
a very strict social dominant hierarchy. Grey wolf optimizer proposed in [12], indeed 
simulates the leadership hierarchy and hunting mechanism by four types of grey 
wolves which are alpha, beta, delta and omega. In the GWO algorithm the hunting 
(optimization) is guided by α, β, and δ. The ω wolves follow these three wolves. In 
order to complete the process of GWO, the main steps of hunting are explained as 
follows:. 
Encircling prey: defines a circle-shaped neighborhood around the solutions which can 
be extended to higher dimensions as a hyper-sphere. Grey wolves encircle prey during 
the hunt per the following equations: 

                                                             
(28) 

                                                           (29) 
where t indicates the current iteration, A and C are coefficient vectors, Xp is the 
position vector of the prey, and X indicates the position vector of a grey wolf. Vectors 
A and C are calculated as follows: 

                                                                    (30) 
                                                                         (31) 

where components of (a) are linearly decreased from 2 to 0 over the course of 
iterations and r1, r2 are random vectors in [0, 1]. 
Hunting:  alpha (best candidate solution), beta, and delta have better knowledge about 
the potential location of prey. Therefore, we save the first three best solutions 
obtained so far and oblige the other search agents (including the omegas) to update 
their positions according to the position of the best search agents.  

                          (32) 
                          (33) 

                                                                (34) 

 
4.2 Modified Grey Wolf Optimization Algorithm 

The original version of Grey Wolf Optimization algorithm has been proposed by 
Seyedali et al. 2014, which was previously reported. In the original GWO two vectors 
(r1 and r2) are chosen at random for (A and C) mutation and the base vector (X) is then 
chosen at random within the two. That is to avoid being trapped in a local optima, and 
to search for the global optimum. Also, the original GWO uses a linearly decreased 
value for (a). This has an exploratory effect but it slows down the convergence of 
GWO. The suggested modification is introduced to give an exploration-exploitation 
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balance about the original GW algorithm, that enhances its rate of convergence with a 
better solution quality. In this regard, two control parameters are proposed in this 
work. This maintains the exploratory feature, and in the same time expedites 
convergence. 
 

4.3 Multi-Objective Optimization 

In order to efficiently and effectively obtain the solution, the search for the 
optimal solution is carried out in two steps. Firstly, a set of non-dominated solutions 
are obtained then secondly followed by best compromise solution. 
 

a) Non-dominated solutions based on Pareto strategy  
 

Objectives in multi-objective problems usually conflict with each other and cannot be 
minimized simultaneously. Here exists not a single optimal solution, but a set of 
optimal solutions that is called Pareto-optimal set. Each one of two proposed 
objective functions  and  can have one of the two following possibilities: one 
of them dominates the other or none of them dominates each other. The vector X1 
dominates X2, when the following conditions are met: 

                (35) 
                (36) 

 
b) Fuzzy Decision-Making for best compromise solution 
 

Optimization of the above-formulated objective functions, using MOGWO, yields a 
set of Pareto optimal solutions. However, we need to select one solution, such a 
solution is called best compromise solution. In this work, a simple linear membership 
function was considered for each of the objective functions defined as: 

                (37) 

where  is the value of an original objective function i that is supposed to be 
completely satisfactory, and  is the value of the objective function that is clearly 
unsatisfactory to the decision maker. For each non-dominated solution k, the 
normalized membership function  is calculated as follows: 

                 (38) 

where  is the number of non-dominated solutions, Nobj is the number of the objective 
functions for the ith objective functions. The function  can be represented as a fuzzy 
cardinal priority ranking of the non-dominated solutions. The solution that attains the 
maximum membership  in the fuzzy set can be chosen as the best compromise 
solution or that having the highest cardinal priority ranking.  

 
5. EXPERIMENTAL RESULTS AND DISCUSSIONS 

 
The proposed Modified multi-objective Grey Wolf Optimization algorithm 

MOGWO is evaluated on the IEEE 30-bus test system shown in Fig. 3, which consists 
of six generator-buses 48 branches, and 22 load-buses. These thermal generators 
include 3 coal-fired units (1, 2 and 5), 2 gas-fired units (8 and 11), and 1 oil-fired unit 
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(13). Transformers are located in the lines (6, 9), (6, 10), (4, 12) and (27, 28). The 
transformer tap settings ranged between [0.9, 1.1]. The outputs of shunt capacitors, 
are between 0.0 p.u. and 0.05 p.u. (base of 100 MVA) which are connected at buses 
10, 12, 15, 17, 20, 21, 23, 24 and 29. The total system power demand is 283.4 MW 
and the voltages of all load bus should be in the range of [0.9, 1.1] for security 
consideration. The fuel cost coefficients ,  and , sinusoidal term coefficients  
and  representing the valve point effect, fuel emission factors of CO2, , and fuel 
consumption coefficients  ;  and  are presented in Tables 1 and 2 [6]. As for the 
given carbon tax price , it is set as 0.095 $/kg, according to the actual carbon tax 
applied in [7]. 

 
Figure 3. IEEE 30 Bus power system. 

 
Two cases listed as follows are examined to demonstrate the effectiveness of 

modify MOGWO compared with other evolutionary algorithms on the OPF problem. 
Case 1: minimize the generation cost considering POZs and the valve point effect. 
Case 2: minimize the generation cost considering POZs and the valve point effect 
with CO2 emission tax. 

 
Table 1. Fuel cost coefficients and prohibited operating zones for IEEE-30 bus system. 
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Table 2. Valve point effect and carbon tax coefficients for IEEE-30 bus system. 

 
 

In the first case we solve the proposed problem as single objective, and in the 
second one the proposed problem is solved as multi-objective function. The optimal 
solutions for each case obtained by MOGWO algorithm are illustrated in Table 3. 

 
Table 3. Results obtained by S/MOGWO algorithms for all cases. 

Control variables Limits Case 1 
 

Case 2 
 Lower Upper 

 (MW) 
 (MW) 
 (MW) 
 (MW) 
 (MW) 
 (MW) 

 (p.u.) 
 (p.u.) 
 (p.u.) 
 (p.u.) 
 (p.u.) 
 (p.u.) 
 (p.u.) 
 (p.u.) 
 (p.u.) 
 (p.u.) 

QC10 (p.u.) 
QC12 (p.u.) 
QC15 (p.u.) 
QC17 (p.u.) 
QC20 (p.u.) 
QC21 (p.u.) 
QC23 (p.u.) 
QC24 (p.u.) 
QC29 (p.u.) 

50 
20 
15 
10 
10 
12 

0.95 
0.95 
0.95 
0.95 
0.95 
0.95 
0.90 
0.90 
0.90 
0.90 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

200 
80 
50 
35 
30 
40 

1.10 
1.10 
1.10 
1.10 
1.10 
1.10 
1.10 
1.10 
1.10 
1.10 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 

194.0700   
45.0000 
18.8443    
13.4854    
10.0000 
12.0000 
1.1000 
1.0299 
1.0524     
1.1000     
1.0930     
1.1000     
1.0788     
0.9086     
1.0507     
0.9953 
3.4924     
3.6596     
4.5443     
2.1722     
2.2710     
1.5989     
2.8173     
4.5856 
1.9185   

185.6497 
37.1869 
18.1958 
19.4033 
20.5469 
12.3115 
1.1000 
1.0736 
1.0317 
1.0340 
0.9855 
1.0538 
1.0581 
0.9917 
0.9920 
0.9229 
4.7360 
1.9783 
3.9502 
1.3273 
0.2413 
0.9856 
4.1168 
0.6799 
0.2982 

Generation cost ($/h) 
CO2 emission ($/h) 
Total generation (MW) 

833.7420 
-- 

293.3997 

847.2 
68.96 

293.294 
 
 
Case 1. Minimize the generation cost considering POZs and the valve point effect  

It is economically important to obtain a lower fuel cost for power generation. 
Therefore, in this case 1, only fuel cost has been considered as an objective function.  
To verify the effectiveness of MGWO, it is tested and compared in Table 4 with 
genetic algorithm (GA), simulated annealing (SA), and particle swarm optimization 
(PSO), Shuffle Frog Leaping Algorithm (SFLA) and Hybrid SFLA and SA (Hybrid 
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SFLA-SA) methods [8]. Results show that the proposed MGWO algorithm is superior 
in comparison with other algorithms. The convergence plots of alpha (the best 
positions), beta and delta wolves during generations are shown in Fig 4.  

 
Table 4. Comparison results of proposed algorithm and other algorithms (case 1). 

Method GA PSO SA SFLA SFLA-SA MGWO 

Fuel cost ($/h) 838.17272 835.47858 836.53645 834.81655 834.63394 833.7420 
 
Case 2: Minimize the generation cost considering POZs and the valve point effect 
with CO2 emission tax. 

From Table 3, we can find that if the carbon tax is included in the ED model, the 
generating outputs of all the units will be affected, and the relevant cost will be 
improved, respectively. Part of the load of highly polluted coal fired units (G1–G3) 
is shifted to less polluted gas generators (G4, G5), and oil generator (G6). 

For better depiction of the obtained results by MOGWO, some of the non-
dominated Pareto results are shown in Fig. 5. It is necessary to note that the 
incorporation of the penalty factors into both objective functions succeeded in 
keeping the dependent variables within their permissible limits. 
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Figure 4. Convergence plot for MGWO for fitness function of leader's wolf (case 1). 
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Figure 5. Pareto-optimal front using MOGWO algorithm (case 2) 
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6. CONCLUSION 

This paper developed a novel method for reactive power dispatch (RPD) problem to 
achieve faster and better optimization performance. The modify GWO was successfully 
applied to solve the economic dispatch (ED) problem considering with the POZs, the 
valve point effect. The proposed approach extended to find Pareto-optimal solutions for 
Environmental Economic Dispatch (EED). Embedding carbon tax in the ED problems 
can effectively reduce the GHGs emission. Moreover, a fuzzy ranking based mechanism 
is employed to extract the best compromise solution. The generation and security 
constraints are incorporated in a fitness function as penalty factors to achieve accurate 
solution. Simulation results tested in IEEE 30 bus system. The proposed algorithm turns 
out to be effective since the obtained solutions have some superior characteristics in 
comparison with other approaches. 
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