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Abstract: This paper present a simulated annealing (SA) algorithm for solving the combined economic
emission dispatch (CEED) problem in power systems considering the power limits. The CEED is to minimize
both the operating fuel cost and emission level simultaneously while satisfying the load demand and operational
constraints. The philosophy involves the introduction of a new decision variable through a prudent
mathematical transformation of the relation between the decision variable and the optimal generations. A novel
best mechanism algorithm based on global optimization approaches is inspired by annealing process of
thermodynamics. Numerical results for the standard IEEE 30-bus 6-generator test system have been presented
to illustrate the performance and applicability of the proposed approach. The results obtained are compared to
those reported in the recent literature. Those results show that the proposed algorithm provides effective and
robust high-quality solution of the CEED problem.
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I.  Introduction

The principal objective of the economic dispatch (ED) problem is to find a set of active power
delivered by the committed generators to satisfy the required demand subject to the unit technical limits at the
lowest production cost. Therefore, it is very important to solve the problem as quickly and precisely as possible
[1, 2]. Therefore, recently most of the researchers made studies for finding the most suitable power values
produced by the generators depending on fuel costs. In these studies, they produced successful results by using
various optimization algorithms [3-5]. Despite the fact that the traditional ED can optimize generator fuel costs,
it still cannot produce a solution for environmental pollution due to the excessive emission of fossil fuels.

Currently, a large part of energy production is done with thermal sources. Thermal power plant is one
of the most important sources of carbon dioxide (CO,), sulfur dioxide (SO,) and nitrogen oxides (NOy) which
create atmospheric pollution [6]. Emission control has received increasing attention owing to increased concern
over environmental pollution caused by fossil based generating units and the enforcement of environmental
regulations in recent years. Numerous studies have emphasized the importance of controlling pollution in
electrical power systems [7].

Combined economic and emission dispatch (CEED) has been proposed in the field of power generation
dispatch, which simultaneously minimizes both fuel cost and pollutant emissions. When the emission is
minimized the fuel cost may be unacceptably high or when the fuel cost is minimized the emission may be high.
A number of methods have been presented to solve CEED problems such as genetic algorithm [8], artificial bee
colony algorithm [9, 10], analytical solution [11, 12], particle swarm optimization [13, 14], and biogeography
based optimization [15].

This paper proposes a SA algorithm to solve the CEED problem. The performance of the proposed
algorithm is tested on the standard IEEE 30-bus 6-generator test system. Numerical results obtained by the
proposed approach were compared with other optimization results reported in the recent literature.

Il.  Problem Formulations
The economic emission dispatch (EED) problem targets to find the optimal combination of load
dispatch of generating units and minimizes both fuel cost and emission while satisfying the total power demand.
Therefore, EED consists of two objective functions, which are economic and emission dispatches. Then these
two functions are combined to solve the problem. The EED problem can be formulated as follows [8]:

F; = Min f(FC,EC) ©)
where Fr is the total generation cost of the system, FC is the total fuel cost of generators and EC is the total
emission of generators.
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2.1  Economic Dispatch (ED)

The ED problem targets to find the optimal combination of power generation by minimizing the total
fuel cost of all generator units while satisfying the total demand. The ED problem can be formulated in a
quadratic form as follows:

N
F. =Y (@P?+bP +c) ()
i=1
where P; is the power generation of the ith unit; a;, b;, and c; are fuel cost coefficients of the i th generating unit
and N is the number of generating units.

2.2 Emission Dispatch (ED)

The classical ED problem can be obtained by the amount of active power to be generated by the
generating units at minimum fuel cost, but it is not considered as the amount of emissions released from the
burning of fossil fuels. Total amount of emissions such as SO2 or NOx depends on the amount of power
generated by until and it can be defined as the sum of a quadratic function as follows:

EC=Y (P’ + AR +7) ®

where ¢; £ and y; are emission coefficients of the ith generating unit.

2.3  Combined Economic Emission Dispatch (CEED)

CEED is a multi-objective problem, which is a combination of both economic and environmental
dispatches that individually make up different single problems. At this point, this multi-objective problem needs
to be converted into single-objective form in order to fulfill optimization. The conversion process can be done
by using the price penalty factor. However, the single-objective EED can be formulated as shown in equation
(4) [8, 10]:

N
Min F; =Y ((a,P? +b,P +c )+h(a,P? + P +7)) $/h) (4)
i=1
where h; is the price penalty factor, and is formulated as follows:

h = aP: +bP.__ +cC

= i i max i" i max (5)
AP + B +7,

where P; max IS the maximum power generation of the ith unit in MW.

2.4 Problem Constraints

There are two constraints in the EED problem which are power balance constraint and maximum and
minimum limits of power generation output constraint.
Power balance constraint:

ZN:PizPD+PL (6)

i=1

P :iiBinPj (7)

Generating capacity constraint:

I:)irrin < PI < Plrrax (8)
where:
Po = Total demand of the system (MW)
PL = Total power loss (MW)
Pimin = Minimum generation of unit i (MW)
Pimax = Maximum generation of unit i (MW)
Bij = Coefficients of transmission losses.

The conditions for optimality can be obtained by using Lagrangian multipliers method and Kuhn
Tucker conditions as follows [1]:

N
Min L:FT—[ZR—PD—PLOSSJ, i=12,...,N 9)

Equation coordination of these functions can be obtained as
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dL(R)
dp
The above equation can be solved iteratively to EED impose on the boundary of the generation and

power balance equation as a constraint.

= Z(ai +he, )Pu +(bi ‘*’hiﬂi):/1 (10)

I11.  Simulated Annealing Algorithm
3.1. Overview

Simulated annealing is an optimization technique that simulates the physical annealing process in the
field of combinatorial optimization. Annealing is the physical process of heating up a solid until it melts,
followed by slow cooling it down by decreasing the temperature of the environment in steps. At each step, the
temperature is maintained constant for a period of time sufficient for the solid to reach thermal equilibrium. At
any temperature T, the thermal equilibrium state is characterized by the Boltzmann distribution. This distribution
gives the probability of the solid being in a state i with energy E; at temperature T as

R(T)=kexp(-E /T) (11)
where k is a constant.

Metropolis et al. [16] proposed a Monte Carlo method to simulate the process of reaching thermal
equilibrium at a fixed value of the temperature T. In this method, a randomly generated perturbation of the
current configuration of the solid is applied so that a trial configuration is obtained. Let E; and E; denote the
energy level of the current and trial configurations, respectively. If E, < E_; then a lower energy level has been

reached, and the trial configuration is accepted and becomes the current configuration. On the other hand, if
E, > E, the trial configuration is accepted as current configuration with probability proportional to exp (AE/T),

AE = E¢E.. The process continues until the thermal equilibrium is achieved after a large number of
perturbations, where the probability of a configuration approaches Boltzmann distribution [17, 18].

By gradually decreasing the temperature T and repeating Metropolis simulation, new lower energy
levels become achievable. As T approaches zero least energy configurations will have a positive probability of
occurring. The general algorithm of SA can be described in steps as follows:

Step 1:  Set the initial value of C, and randomly generate an initial solution Xinisa and calculate its objective
function. Set this solution as the current solution as well as the best solution, i.e. Xinitiat = Xcurrent = Xbest

Step2:  Randomly generate an n, of trial solutions in the neighborhood of the current solution.

Step 3:  Check the acceptance criterion of these trial solutions and calculate the acceptance ratio. If acceptance
ratio is close to 1 go to Step 4; else set Cpo = 0..Cyo; 00> 1; and go back to Step 2.

Step 4:  Set the chain counter k = 0.

Step 5:  Generate a trial solution Xgis. If Xyia Satisfies the acceptance criterion set Xeurrent = Xtriat, J(Xeurrent) =
J(Xyia)) @nd go to Step 6; else go to Step 6.

Step 6:  Check the equilibrium condition. If it is satisfied go to Step 7; else go to Step 5.

Step 7:  Check the stopping criteria. If one of them is satisfied then stop; else set k =k + 1 and C, = u.Cy; u <
1; and go back to Step 5.

3.2.  Proposed SA

In all the existing SA algorithm based approaches for solving ELD problems, the real power generation
of all generating units are considered as the decision variables that makes the size of the problem vary large,
slow down the speed of these algorithms and hence not suitable for systems having larger number of generating
units. In the proposed approach, the penalty factor A of the classical A - iteration is considered as the only
decision variable irrespective of the number of generating units. The real power of all the generating plants are
considered as the problem dependant variables and expressed as a function of A. The real power generations are
computed using (10) for each A value obtained during the SA iterations.

The lower and upper limits of the decision variable-A depend on the minimum and maximum power
demands that the system can supply. The first step in obtaining these values is to compute the lower and upper
incremental cost values by substituting the respective to real power limits in (10) for all the plants as

ICimin =2(a; + hiai)Pinin +(b +h3)

IC™ =2(a; +hio )P™ + (b, + 1, 3)

The next step is choosing the lowest and highest incremental cost value, obtained from (12), as the limits for A.
A" = min (IC™, 1™, .., 1C0") 13)

A =max(IC™, 1C™, ..., IC™)

The SA searches for the optimal solution by minimizing a cost function. In the proposed formulation,

the net fuel cost of all the generating plant is considered as the cost function. However, a penalty term is

(12)
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included in the cost function to handle the explicit power balance constraint. The penalty term increases the cost
function for infeasible solutions. The cost function is therefore built as a blend of fuel cost function and the
power balance constraint through the use of a penalty factor as

N N
Minimize F; =>'F (P)+ z{z P-P, - PLOSS} (14)
i=1 i=1
The number of decision variables in this formulation is always one, whereas the existing SA based

approaches require the generation of all the plants as the variables. This reduction in decision variables will
reduce the overall computational burden and improves the convergence rate. The algorithm of the proposed SA
for solving the CEED problem is outlined.
1. Read the input data of the CEED problem
2. Setk=0
3. Choose initial temperature T,, cooling coefficient o, number of iterations for each temperature N, and

maximum number of iterations Npay.
4. Choose a random start point Ao within the specified range
5. Repeat the following:

a. Select a random point Ay from the neighbourhood of Ay within the specified range

b. Solve (10) for P; while imposing the limits given by (8)

c. Calculate FTk using (14)
d. If FTk < FT0 then accept the trial solution by setting 4, = A,

Else select a random number R in the range [0, 1]
If P(T)>N, then 4, =4, , otherwise discard the trial point

e. Check convergence by comparing the number of iterations k with Np.x
If converged, stop and print the CEED corresponding to the Aq. Otherwise, setk =k + 1
6. Reduce the temperature by the factor a and go to step 5.

IV.  Simulation Results And Discussion
In the study of experiment, SA algorithm is tested over standard IEEE 30-bus 6-generator test system
as shown in Figure 1. The parameters of all thermal units are presented in Table I, followed by B-loss coefficient
[8, 10, 12].

29

13 12 /

Figure 1 Single-line diagram of IEEE 30-bus test system [10]
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The proposed technique is applied for CEED problem with load demands 500 MW, 700 MW, and 900
MW, respectively and it is compared with FCGA and NSGA-II [19]. Minimum fuel cost solution for CEED
problem with all load demands are considered respectively in Table 11, Table I1l, and Table V. Minimum NOy
emission effect solution for CEED problem with all load demands are considered respectively in Table V, Table
VI, and Table VII. The best compromise solution for CEED problem with all load demands are considered
respectively in Table VIII, Table IX, and Table X.

Table I Generator capacity limits, fuel cost and emission coefficients for IEEE 30-bus test system

Unit Pimn Plrrax aj R bi Ci o , Bi Vi
M | w ($IMW?) ($/MW) ®) ($IMW?) ($IMW) 6
1 10 125 0.15240 38.53973 756.79886 0.00419 0.32767 13.85932
2 10 150 0.10587 46.15916 451.32513 0.00419 0.32767 13.85932
3 |35 225 0.02803 40.39655 1049.9977 0.00683 -0.54551 40.26690
4 |35 210 0.03546 38.30553 12435311 0.00683 -0.54551 40.26690
5 130 325 0.02111 36.32782 1658.5596 0.00461 -0.51116 42.89553
6 | 125 315 0.01799 38.27041 1356.6592 0.00461 -0.51116 42.89553
0.002022 -0.000286 -0.000534 -0.000565 - 0.000454 -0.000103
-0.000286 0.003243 0.000016 -0.000307 -0.000422 -0.000147
-0.000534 0.000016 0.002085 0.000831 0.000023 -0.000270
Y 1-0.000565 -0.000307 0.000831 0.001129 0.000113 - 0.000295
-0.000454 -0.000422 0.000023 0.000113 0.000460 -0.000153
| -0.000103 -0.000147 -0.000270 -0.000295 - 0.000153 0.000898 |
Table 11 Best fuel cost for 6-generator system (Pp = 500 MW)
Unit Output FCGA NSGA-II SA
P1 (MW) 49.47 50.836 52.1024
P2 (MW) 29.40 31.806 29.0471
P3 (MW) 35.31 35.12 40.0000
P4 (MW) 70.42 73.44 68.0901
P5 (MW) 199.03 191.988 191.4150
P6 (MW) 135.22 135.019 136.4637
Fuel cost ($/h) 28150.80 28150.834 28086.9456
Emission (kg/h) 314.53 309.04 306.3324
Power losses (MW) 18.86 18.208 17.1183
Total Capacity (MW) 518.86 518.208 517.1183
Table 111 Best fuel cost for 6-generator system (Pp = 700 MW)
Unit Output FCGA NSGA-II SA
P1 (MW) 72.14 76.179 76.0897
P2 (MW) 50.02 51.81 49.0586
P3 (MW) 46.47 49.82 45.3525
P4 (MW) 99.33 103.407 102.7347
P5 (MW) 264.60 267.984 266.3914
P6 (MW) 203.58 184.734 191.3422
Fuel cost ($/h) 38384.09 | 38370.746 38207.5910
Emission (kg/h) 543.48 534.924 532.6970
Power losses (MW) 36.15 33.934 30.9692
Total Capacity (MW) 736.14 733.934 730.9692
Table 1V Best fuel cost for 6-generator system (Pp = 900 MW)
Unit Output FCGA NSGA-II SA
P1 (MW) 101.11 102.963 103.4811
P2 (MW) 67.64 74.235 70.1005
P3 (MW) 50.39 66.003 60.6818
P4 (MW) 158.80 140.316 139.5618
P5 (MW) 324.08 324.888 325.0000
P6 (MW) 256.56 248.416 251.7912
Fuel cost ($/h) 49655.40 | 49620.824 49297.9331
Emission (kg/h) 877.61 849.326 845.6922
Power losses (MW) 58.58 56.822 50.6162
Total Capacity (MW) 958.57 956.822 950.662
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Table V Best emission effects for 6-generator system (Pp = 500 MW)

Unit Output FCGA NSGA-II SA
P1 (MW) 81.08 56.931 58.064
P2 (MW) 13.93 41.542 43.721
P3 (MW) 66.37 73.896 75.725
P4 (MW) 85.58 84.931 83.975
P5 (MW) 141.70 136.502 133.454
P6 (MW) 135.93 131.328 128.777
Fuel cost ($/h) 28756.71 28641.078 28626.520
Emission (kg/h) 286.59 275.544 274.254
Power losses (MW) 24.61 25.129 23.717
Total Capacity (MW) 524,61 525.129 523.717

Table VI Best emission effects for 6-generator system (P, = 700 MW)

Unit Output FCGA NSGA-II SA
P1 (MW) 120.16 103.078 105.329
P2 (MW) 21.36 73.505 76.408
P3 (MW) 62.09 91.556 92.920
P4 (MW) 128.05 110.787 109.834
P5 (MW) 209.65 187.869 183.192
P6 (MW) 201.12 174.289 170.013
Fuel cost ($/h) 39455.00 39473.433 39433.477
Emission (kg/h) 516.55 467.388 462.716
Power losses (MW) 42.44 41.083 37.699
Total Capacity (MW) 742.44 741.083 737.699

Table VII Best emission effects for 6-generator system (P, = 900 MW)

Unit Output FCGA NSGA-II SA
P1 (MW) 133.31 124.998 124.989
P2 (MW) 110.00 109.893 88.322
P3 (MW) 100.38 111.081 123.954
P4 (MW) 119.27 141.961 134.833
P5 (MW) 250.79 254.36 274.647
P6 (MW) 251.25 226.578 215.480
Fuel cost ($/h) 53299.64 51254.195 50517.633
Emission (kg/h) 785.64 760.052 751.274
Power losses (MW) 65.00 68.87 62.226
Total Capacity (MW) 965.00 968.87 962.226

Table VIII Best compromise solution for 6-generator system (Pp = 500 MW)

Unit Output FCGA NSGA-II SA
P1 (MW) 65.23 54.048 54.720
P2 (MW) 24.29 34.250 32.597
P3 (MW) 40.44 54.497 49.227
P4 (MW) 74.22 80.413 77.730
P5 (MW) 187.75 161.874 166.342
P6 (MW) 125.48 135.426 137.214
Fuel cost ($/h) 28231.06 28291.119 28164.743
Emission (kg/h) 304.90 284.362 282.402
Power losses (MW) 17.41 20.508 17.142
Total Capacity (MW) 517.41 520.508 517.142

Table 1X Best compromise solution for 6-generator system (Pp = 700 MW)

Unit Output FCGA NSGA-II SA
P1 (MW) 80.16 86.286 84.150
P2 (MW) 53.71 60.288 55.655
P3 (MW) 40.93 73.064 66.005
P4 (MW) 116.23 109.036 107.266
P5 (MW) 251.20 223.448 230.931
P6 (MW) 190.62 184.111 187.647
Fuel cost ($/h) 38408.82 38671.813 38371.892
Emission (kg/h) 527.46 484.931 476.537
Power losses (MW) 32.85 36.234 31.656
Total Capacity (MW) 732.85 736.234 731.656
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Table X Best compromise solution for 6-generator system (Pp = 900 MW)

Unit Output FCGA NSGA-II SA
P1 (MW) 111.40 120.052 115.276
P2 (MW) 69.33 85.203 78.809
P3 (MW) 59.43 89.565 81.388
P4 (MW) 143.26 140.278 137.345
P5 (MW) 319.40 288.614 298.677
P6 (MW) 252.11 233.687 238.178
Fuel cost ($/h) 49674.28 50126.059 49553.835
Emission (kg/h) 850.29 784.696 772.456
Power losses (MW) 54.92 57.405 49.676
Total Capacity (MW) 954.92 957.405 949.676

Summary of the results in Table Il to Table X for the best completion of SA method compared with

NSGA-II in order to reduce fuel costs, emissions, and power losses are shown in Table XI. After comparing the
simulation results with the others method, it is obviously seen that proposed SA algorithm give more powerful
results than other algorithms.

Table XI Summary of SA VS NSGA-II for 6-generator system

LOAD (MW)
500 700 900

Best fuel cost

Fuel cost ($/h) 63.888 163.155 322.890
Emission (kg/h) 2.707 2.227 3.633
Power losses (MW) 1.089 2.964 6.205
Best emission

Fuel cost ($/h) 14.557 39.955 736.561
Emission (kg/h) 1.289 4.671 8.777
Power losses (MW) 1411 3.384 6.644
Best compromise

Fuel cost ($/h) 126.376 299.920 572.223
Emission (kg/h) 1.959 8.393 12.239
Power losses (MW) 3.365 4.577 7.728

V.  Conclusion
In this paper, a SA algorithm has been proposed and successfully applied to solve the CEED problem.

Simulation results show that the SA approach provides effective and robust high-quality solution. Moreover, the
results obtained using SA are either better or comparable to those obtained using other techniques reported in
the literature.
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