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Abstract

The economic operation of electric energy generating systems is one of predominant problems in energy systems. In this work one 

evolutionary optimization method, based on the meta-inference behavior called the Firefly Algorithm (FFA) is applied to solve such as the 

multipurpose optimum power flow (OPF) and emission index (EI) problems. Our main goal is to improve the objective function necessary 

to achieve the best balance between production and its energy consumption, which is presented as a non-linear function, taking into 

account some constraints of equality and inequality. The goal is to reduce the total cost of generations, active losses, and emission index.

The FFA approach was examined and tested on a standard IEEE-30 bus system. The validations of obtained results were compared 

with some well-known and recently published references. The efficiency and credibility of the proposed method has been proven 

by the obtained results.

Keywords

emission index, firefly algorithm, power networks, optimal power flow

1 Introduction
Power plants Coal-fired contribute a large quantity of 
polluting gases to the atmosphere, as they produce large 
amounts of Carbon oxides CO2 , and some toxic and dan-
gerous gases such as Sulfur oxides SOx , and Nitrogen 
oxides, NOx [1].

Since Carpenter first discussed the OPF problem in 
1962, and then formulated it by Dummel and Tenney in 
1968 [2], the OPF problem has a long history in its devel-
opment of more than 60 years. The major reason of an OPF 
is to determine the optimal working state of a power sys-
tem and the equivalent settings for economic operation of 
control variables [3]. 

In the past, various deterministic optimization meth-
ods have been applied, and some of them are implemented 
into practice to solve the OPF and EI problems such as 
Quadratic programming method (QP)  [4], Newton and 
Qassi-newton methods [5, 6], Linear and non-linear pro-
gramming methods  [7–9], and nonlinear internal point 
methods (IPM) [10]. 

Several approaches of optimization have been for-
mulated in the last two decades for solving the OPF 
and EI problems such as Incremental and improved 

artificial bee colony (IABC)  [11–13], Bacterial forag-
ing algorithms (BFA)  [14], Artificial neutral networks 
(ANN)  [15], Harmony search (HS)  [16], Cuckoo search 
algorithm (CSA) [17], Evolution programming (EP)  [18], 
Differential evaluation (DE)  [19], Genetic algorithms 
(GA) [20, 21], Gravitational search algorithms (GSA) [22], 
Particle swarm optimization (PSO)  [23], Hybrid PSO 
GSA [24, 25], Moth Swarm Algorithm (MSA) [26], Wind 
driven optimization method (WDO)  [27], Crow Search 
Algorithm  [28], Teaching-learning-studying-based opti-
mization (TLBO)  [29, 30], Firefly Algorithm (FFA)  [31], 
Sine-cosine algorithm (SCA)  [32], Modified imperialist 
competitive algorithm (MICA)  [33], Electromagnetism-
like mechanism method (ELM)  [34], and more recently 
Grey wolf optimizer (GWO) [35–38].

The key contributions of this paper are as follows: 
•	 This work proposes an already developed FFA algo-

rithm to find the OPF and EI problems.
•	 An expanded set of variables is used in the suggested 

OPF formulations.
•	 To show the efficiency of the proposed method Four 

single-objective functions such as total generations 
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cost optimization without and with valve point effect, 
active power losses optimization, and the gas emis-
sion optimization, two bi-objective functions and 
one of triple objective functions problems are con-
sidered in this article considering optimum results of 
OPF and EI problems. 

•	 The proposed FFA approach is tested and illustrated by 
numerical examples based on IEEE 30 bus test system.

•	 Results of the FFA algorithm are compared with 
simulated results of various and current literature 
research. So, these compressions prove supremacy of 
the FFA algorithm in terms of convergence ratio and 
optimal results based on select OPF and EI problems.

•	 Analysis statistical showed that FFA algorithm is 
a robust and reliable optimization method to solve 
OPF and emission index problems.

2 Problem formulation
The OPF and EI are nonlinear optimization problems, rep-
resented by a predefined objective function f, subject to a 
set of equality and inequality constraints. Generally, the 
OPF problems can be expressed as follows [39].

Min f x u,� � 	 (1)

Subject to 

h x u,� � � 0 	 (2)

g x u,� � � 0 	 (3)

x x x u u u
min max min max

≤ ≤ ≤ ≤and ,	 (4)

where f(x,  u) is the objective function. The h(x,  u) and 
g(x, u) are, respectively, the equality and inequality con-
straints. The x and u are the state and control variables 
respectively. Hence, x can be expressed by Eq. (5):

x P V V Q Q S St
G L L G G nnL ng br

� � � �� �
1 1 1 1
, , , , , , , , , ,	 (5)

where PG , QG , VL and SK are the generating active power 
at slack bus, reactive power generated by all generators, 
magnitude voltage of all load buses and apparent power 
flow in all branches, respectively. The ng , nL and nbr are, 
respectively, the number total of generators, the num-
ber total of load buses and the number total of branches. 
The set control parameters are represented in terms of the 
decision vector u in Eq. (6):

ut G G G G n ntP P V V Q Q T T
ng ng com com

�� �� � � �
2 1 1 1
, , , , , , , ,, , , , (6)

where PG are the active power generation excluding the 
slack generator, VG are the generators magnitudes volt-
ages, T is tap settings transformers, and Qcom are the reac-
tive power compensation by shunt compensators, ncom and 
nt are the number total of compensators and the number 
total of transformers, respectively.

P P P
Q Q Q Q
Gk k dk

gk comk k dk

� �
� � �

�
�
�

��
	 (7)

Where PGk and QGk are the scheduled active and reac-
tive power generations at bus k, respectively. Pk , Qk are the 
active and reactive power injections at bus k, Pdk and Qdk 
are the active and reactive power loads and the reactive 
power compensation at bus k. The inequality constraints 
g(x, u) are represented by the system operational and secu-
rity limits, listed in Eqs. (8)–(14):

P P P k ngk gk gk g
min max

, ,� � � �where 1 	 (8)

Q Q Q k ngk gk gk g
min max

, ,� � � �where 1 	 (9)

V V V k nk k k b
min max

, ,� � � �where 1 	 (10)

� � �k gk gk bk nmin max
, ,� � � �where 1 	 (11)

T T TP k nk k k T
min max

, ,� � � �where 1 	 (12)

Q Q Q k ncomk comk gk com
min max

, ,� � � �where 1 	 (13)

S S k nki ki b� � �max
, ,where 1 .	 (14)

Where, T, Qcom , nT , ncom and Ski
max  are the transformers 

tap settings, the reactive power compensation, the number 
total of transformers, the number total of compensator and 
the maximum apparent power between buses k and j. 

2.1 Cost optimization
2.1.1 Cost without valve point effect
The cost function of quadratic cost equation for all gener-
ators as given in Eq. (15):

f C P a b P c Pgk
k

n

k k gk k gk
k

ng g

1

1

2

1

� � � � � �
� �
� �min min 	 (15)

PGk and nG are the active power output generated by the ith 
generator and the total number of generators. The ak , bk 
and ck are the coefficients of cost of generator k.

2.1.2 Cost with valve point effect
Typically, when the valve point effect (VPE) is considered, 
the function is represented in Eq. (16):
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f a b P c P d e P Pk k gk k gk
k

n

k k gk gk

g

2

2

1

� � ��� �� � �� �� �
�
�min sin

min ,	

(16)
where dk and ek are the cost coefficients of unit with valve-
point effect. 

2.2 Active power loss optimization
The active power loss function f3 in MW can be expressed 
by Eq. (17):

f G V V V Vkj k j k j kh
k

nb

3

2 2

1

2� � ��� ��
�
� cos� ,	 (17)

where Vk and Vj are the amplitudes voltages at buses k and 
j, respectively, Gki and θki are the conductance of line kj 
and the angles voltages between buses k and j. 

2.3 Gas emission optimization
The emission function is the sum of exponential and qua-
dratic functions of real power generating. Using a quadratic 
equation, emission is calculated in ton/h as given in Eq. (18):

f P P Pk k gk k gk k k gk
k

ng

4

2 2

1

10� � �� � � � ��

�
�min exp� � � � � ,	 (18)

where f4 is the emission function in ton/h, αk , βk , γk , ζk and 
λk are the coefficients of emission of the generator k. 

3 Firefly algorithm
The Firefly Algorithm (FFA) is a meta-heuristic algorithm 
was inspired by the flashing light of fireflies and developed 
by Xin-She Yang [40]. All the fireflies are considered uni-
sexual, and their attraction is directly proportional to the 
intensity of their flash. Therefore, if a firefly particle had 
the choice of moving toward either of two fireflies, it will 
be more attracted toward the firefly with higher brightness 
and moves in that direction. If there are no fireflies nearby, 
the firefly will move in a random direction [41, 42]. 

A firefly is set of control variables of the problem con-
sidered. Brightness of the firefly is calculated by evaluat-
ing the objective function to be optimized [43]. The bright-
ness of flash is associated with the fitness function. As a 
firefly's attractiveness is proportional to the light intensity 
seen by adjacent fireflies, the attractiveness β of a firefly 
can be defined as a function of the Cartesian distance r 
between the fireflies [43–46]:

� � �� �� �
0

2
exp r ,	 (19)

where β0 is the attractiveness at r = 0 and the absorption 
coefficient γ is taken as 0.9. The movement of a firefly i is 

attracted to another more attractive (brighter) firefly j is 
determined by Eq. (20): 

X X r X Xi
t

i
t

ij j
t

i
t�� � � � �� � �� � �1

0

2� � �exp �� .	 (20)

The randomization coefficient α is ranges from 0 
to 1 and ε is the vector of random numbers taken from 
Gaussian distribution ranges from 0 to 0.5 [47]. At the end 
of all generations, the firefly with the highest brightness, 
i.e., the best fitness value is concluded as the optimal solu-
tion to the problem [48]. The Cartesian distance is used to 
calculate the distance between fireflies i and j as given in 
Eq. (21) [49–51]. 

r X X X Xij i j i
k

j
k

k

d

� � � �� �
�
�

2

1

	 (21)

Fireflies moves randomly and try to attract towards 
brighter firefly. FFA improves problems solution iteration 
by iteration and the iteration has to be stopped either the 
problem is converged, or iteration reached its maximum 
value. Stopping of iteration is important to provide solu-
tion for time complexity.

4 Results and discussion
The five generators system, IEEE-30 bus is used during this 
work. This system consists, 30  buses, 6  generators units 
and 41  branches, 37 of them are the transmissions lines 
and 4 are the tap changing transformers. The bus 1 is cho-
sen like as a slack bus, the buses containing generators are 
taken the PV buses, the remaining buses are the PQ buses 
or loads buses. It is assumed that 9 capacitors compensa-
tion is available at buses 10, 12, 15, 17, 20, 21, 23, 24 and 29. 
The network data, the coefficients of cost and emission of 
five generators are referred in [52]. The single line diagram 
test system IEEE 30 bus is shown in Fig. 1. The total loads 

Fig. 1 Single line diagram of IEEE-30 bus system
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of active and reactive powers are, respectively, 283.4 MW 
and 126.2  MVAr, with 24  control variables. The basis 
apparent power used in this paper is 100 MVA.

The simulation results of load flow problem are summa-
rized in Table 1. In this work, the minimum and maximum 
magnitudes voltages are, respectively, set to 0.95 and 1.1. 
The attractiveness and Randomizing coefficients are taken 
as 0.9 and 0.4, respectively.

4.1 Case 1: Cost optimization
4.1.1 Cost without valve point effect
In this case, the cost is resulted in 802.49  $/h, which is 
5.918% less than the initial case (load flow). 

4.1.2 Cost with valve point effect
In this case, the cost is resulted in 835.57  $/h, which is 
careful 4.421% less than the initial case. The convergence 
algorithm of case 1 is introduced in Fig. 2. The optimal 
control variables of case  1 are presented summarizes 
in Table 1.

4.2 Case 2: Active power loss optimization
The control variables of case 2 are introduced in Table 1. 
Fig.  3 shows the trend for convergence characteristics 
of active losses. The power loss is significantly reduced 
in 4.723 MW which is 73.103% less than the initial case. 

4.3 Case 3: Gas emission optimization
In this case, the emission reduction yielded 0.218  ton/h 
which is 98.747% less than the initial case. The optimal con-
trol variables for case 3 are detailed in Table 2. Fig. 4 shows 
the convergence algorithm of emission obtained in case 3. 

Table 1 Single objective results of test system

Control variables

Optimal values

Basis
Case 1

Case 2
w/o valve with valve

PG2 (MW) 40.000 48.467 25.821 44.481

PG5 (MW) 0.000 21.482 15.285 50.000

PG8 (MW) 0.000 22.901 11.790 34.802

PG11 (MW) 0.000 12.427 17.513 21.263

PG13 (MW) 0.000 12.041 12.000 39.997

V1 (pu) 1.060 1.071 1.071 1.004

V2 (pu) 1.045 1.051 1.044 0.993

V5 (pu) 1.050 1.011 1.009 0.969

V8 (pu) 1.070 1.019 1.001 0.975

V11 (pu) 1.090 1.030 0.993 1.029

V13 (pu) 1.090 1.054 1.053 1.031

Qcom10 (MVAr) 0.000 4.674 2.680 0.767

Qcom12 (MVAr) 0.000 0.432 4.428 1.123

Qcom15 (MVAr) 0.000 3.133 4.133 2.304

Qcom17 (MVAr) 0.000 0.043 3.114 0.454

Qcom20 (MVAr) 0.000 1.656 2.725 2.944

Qcom21 (MVAr) 0.000 3.127 1.047 1.952

Qcom23 (MVAr) 0.000 0.047 0.054 1.904

Qcom24 (MVAr) 0.000 1.746 4.039 4.647

Qcom29 (MVAr) 0.000 2.729 1.825 3.123

T6-9 0.978 0.923 1.003 1.030

T6-10 0.969 0.930 0.952 0.926

T4-12 0.966 1.079 0.916 0.923

T27-28 0.9320 0.9895 0.945 0.973

Cost ($/h) 874.22 802.49 951.8 907.87

Losses (MW) 17.560 9.432 12.094 4.723

Emission (ton/h) 4.100 - - -

Slack (MW) 260.96 175.51 213.08 97.57

CPU time (s) 19.820 78.67 93.99 81.94

Fig. 2 Convergences of algorithm for case 1

Fig. 3 Convergences of algorithm for case 2
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4.4 Case 4: Cost and active loss optimization
The control variables of case  4 are clarifier detailed in 
Table 2. The cost has resulted in 822.23 $/h and 824.53 $/h 
without and with VPE, respectively, which is 5.947% and 
5.684% less than the initial case. The power losses are 
reduced in 6.279  MW and 7.117  MW without and with 
VPE, respectively, which is careful 64.242% and 59.47% 
less than the initial case. The convergence algorithm of 
case 4 is shown in Fig. 5.

4.5. Case 5: Cost and gas emission optimization
The control variables of case  5 are presented in detail 
in Table  3. The cost has resulted in 801.59  $/h and 
837.97 $/h, without and with VPE, respectively, which is 
8.312% and 4.147% inferior to the initial case. The emis-
sion is reduced in 0.312  ton/h and 0.448  ton/h without 
and with VPE, respectively, which is careful 92.39% and 
89.073% less than the initial case. Fig. 6 shows the con-
vergence of case 5.

4.6. Case 6: Cost, active loss and gas emission
The control variables of case 6 are presented in detail 
in  Table  3. The costs are resulted in 826.49  $/h and 
862.29 $/h without and with VPE, respectively, which is 
considered 8.312% and 4.147% lower than the initial case. 
The power losses are reduced in 6.159 MW and 7.117 MW 
without and with VPE, respectively, which is careful 
8.312% and 4.147% lower than the initial case. The emis-
sion is reduced in 0.206  ton/h and 0.254  ton/h without 
and with VPE, respectively, which is careful 93.804% 
and 94.975% lower than the initial case. The convergence 
algorithm of case 6 is shown in Fig. 7.

For the test system, IEEE 30 bus, there are 24 control 
variables (5 generators excluding slack bus, 6 generators 

Table 2 Results of cases 3 and 4

Control variables

Optimal values

Case 3
Case 4

w/o valve with valve

PG2 (MW) 71.475 55.219 69.186

PG5 (MW) 46.922 32.335 29.976

PG8 (MW) 34.054 30.103 17.552

PG11 (MW) 24.683 21.129 17.088

PG13 (MW) 33.415 19.273 21.805

V1 (pu) 1.022 1.062 1.0752

V2 (pu) 1.011 1.048 1.060

V5 (pu) 1.032 1.019 1.027

V8 (pu) 0.973 1.029 1.038

V11 (pu) 0.999 1.051 0.996

V13 (pu) 1.070 1.071 1.080

Qcom10 (MVAr) 0.316 0.886 4.525

Qcom12 (MVAr) 1.251 3.873 0.008

Qcom15 (MVAr) 2.316 3.994 1.054

Qcom17 (MVAr) 2.070 0.541 0.154

Qcom20 (MVAr) 4.628 0.764 4.439

Qcom21 (MVAr) 3.480 4.864 4.388

Qcom23 (MVAr) 3.096 2.650 0.035

Qcom24 (MVAr) 2.884 3.043 0.268

Qcom29 (MVAr) 4.583 0.928 0.525

T6-9 1.068 1.000 1.029

T6-10 0.918 0.934 0.936

T4-12 0.984 0.997 1.026

T27-28 0.917 0.958 0.987

Cost ($/h) 0.220 822.930 824.53

Losses (MW) 5.3674 6.279 7.1175

Emission (ton/h) 0.2189 - -

Slack (MW) 78.215 - -

CPU time (s) 86.859 131.618 134.908

Fig. 4 Convergence of algorithm for case 3 Fig. 5 Convergence of algorithm for case 4
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magnitude voltages, 4  transformers taps and 9  reactive 
powers compensators) were optimized. 

Tables  4, 5 and  6 show a comparison between the 
obtained and literature results for cases 3, 4, 5 and 6.

5 Conclusions
In this paper, the FFA approach is implemented and applied 
successfully for solving the multi-objective optimal power 

flow. In terms of solution excellence, this algorithm is 
highly efficient in dealing with the multimodal global opti-
mization problems and the comparison results confirm the 
advantage of the proposed approach over some of other 
methods used to solve the optimal power flow. Thus, the 
FFA may be recommended as a promising approach for 
solving some more complex engineering problems.

The versatility of optimization is illustrated by different 
tests systems by changing the parameters of FFA approach 
such as number of population size, randomization parame-
ter and absorption coefficient. The robustness of proposed 
FFA algorithm is examined in terms of best, average, and 
worse function. The results of simulation demonstrated 
the efficiency and robustness of proposed method.

Fig. 6 Convergence of algorithm for case 5

Fig. 7 Convergence of algorithm for case 6

Table 3 Multi-objective results of test system

Control variables

Optimal values

Case 5 Case 6

w/o valve w/ valve w/o valve w/ valve

PG2 (MW) 48.476 41.679 51.311 48.360

PG5 (MW) 21.156 17.980 30.525 29.251

PG8 (MW) 19.541 18.115 35.000 34.156

PG11 (MW) 12.815 11.818 21.348 24.549

PG13 (MW) 12.636 12.000 24.170 18.250

V1 (pu) 1.088 1.100 1.067 1.088

V2 (pu) 1.066 1.082 1.053 1.073

V5 (pu) 1.029 1.064 1.023 1.048

V8 (pu) 1.036 1.047 1.036 1.056

V11 (pu) 1.066 1.082 0.986 1.068

V13 (pu) 1.033 1.057 1.039 1.034

Qcom10 (MVAr) 2.540 3.341 1.718 2.799

Qcom12 (MVAr) 0.914 0.175 1.000 2.997

Qcom15 (MVAr) 4.814 0.018 0.478 1.119

Qcom17 (MVAr) 4.006 0.178 3.543 1.005

Qcom20 (MVAr) 1.633 1.984 1.030 4.527

Qcom21 (MVAr) 1.957 2.180 0.386 3.868

Qcom23 (MVAr) 0.801 4.171 2.456 3.127

Qcom24 (MVAr) 2.848 4.238 1.033 3.480

Qcom29 (MVAr) 0.024 4.713 4.315 4.949

T6-9 1.018 0.927 0.963 1.047

T6-10 0.929 0.947 1.054 0.985

T4-12 0.976 0.939 1.077 0.992

T27-28 0.927 0.982 0.998 1.001

Objective function 801.59 837.97 946.59 980.75

Cost ($/h) 801.59 837.97 826.49 862.29

loss (MW) 9.292 11.339 6.159 6.073

Emission (ton/h) 0.312 0.448 0.206 0.254

Slack (MW) 173.28 191.86 127.20 134.90

CPU time (s) 80.72 107.28 80.46 87.66
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Table 4 Comparison of obtained results for cases 3 and 4

Methods Ref. Cost ($/h) Losses (MW) Emission (ton/h)

Case 3

Proposed - 954.3807 5.1640 0.2189

GA [35] 936.6200 9.7000 0.2117

MSA [26] 944.5003 3.2858 0.2048

MPSO [26] 879.9464 7.0467 0.2324

PSGWO [33] 944.5120 3.2358 0.2048

MDE [26] 927.8066 4.8539 0.2092

MFO [26] 945.4553 3.4295 0.2048

FPA [26] 948.9490 4.4920 0.2052

ABC [12] 944.4391 3.2470 0.2048

IABC [13] - - 0.1943

MOGWO [25] 945.3785 3.5519 0.2049

CSA [28] 950.9308 3.5708 0.2010

Case 4

Proposed - 822.93 6.279 -

MSA [26] 859.191 4.540 -

PSO [23] 878.873 7.810 -

DE [21] 828.5900 5.6900 -

MICA [33] 848.054 4.560 -

GWO [35] 820.850 6.130 -

EGA [21] 822.8700 5.6130 -

TLBO [30] 828.5300 5.2883 -

IABC [12] 854.9136 4.9820 0.2280

MPSO [25] 859.5841 4.5409 0.2287

PSOGSA [24] 822.4063 5.4681 -

MDE [26] 868.7138 4.3891 0.2252

MFO [26] 858.5812 4.5772 0.2294

FPA [26] 855.2706 4.7981 0.2295

MOGW [36] 847.9695 4.5886 0.2229

Table 5 Comparison of obtained results for case 5

Methods Ref. Cost ($/h) Losses (MW) Emission (ton/h)

Case 5

Proposed - 801.590 9.292 0.312

GA [20] 820.166 - 0.271

MICA [33] 865.066 - 0.222

ABC [24] 820.1666 6.7244 0.2712

PSO [23] 822.0920 - 0.2680

MOGWO [35] 866.9852 5.3740 0.2229

Table 6 Comparison of obtained results for case 6

Methods Ref. Cost ($/h) Losses (MW) Emission (ton/h)

Case 6

Proposed - 826.490 6.159 0.227

GA [20] 793.605 8.450 0.187

IABC [12] 851.611 4.873 0.223

ABC [12] 854.916 4.982 0.228

DE [19] 867.980 5.563 0.266
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