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Abstract. For economic and efficient operation of power system optimal sche-
duling of generators in order to minimize fuel cost of generating units and its
emission is a major consideration. This paper presents hybrid approach of using
Artificial Bee Colony (ABC) and Simulated Annealing (SA) algorithm to solve
highly constrained non-linear multi—objective Combined Economic and Emis-
sion Dispatch (CEED) having conflicting economic and emission objective.
The mathematical formulation of multi objective CEED problem with valve
point is formulated and then converted into single objective problem using price
penalty factor approach. Performance of proposed hybrid algorithm is validated
with IEEE 30 bus six generator systems and a 10 generating unit system.
Programming is developed using MATLAB. The results obtained and computa-
tional time of proposed method is compared with ABC and SA algorithm. Nu-
merical results indicates proposed algorithm is able to provide better solution
with reasonable computational time.

Keywords: Economic Dispatch, Emission Dispatch, Power Loss, Multi objec-
tive Optimization.

1 Introduction

The Economic Dispatch problem can be stated as determining the least cost power
generation schedule from a set of online generating units to satisfy the load demand at
a given point of time [1]. Though the core objective of the problem is to minimize the
operating cost satisfying the load demand, several types of physical and operational
constraints make ED highly nonlinear constrained optimization problem, especially
for larger systems [2]. In recent years, environmental considerations have regained
considerable attention in the power system industry due to the significant amount of
emissions like sulphur dioxide (SO,) and nitrogen oxides (NOx).So along with eco-
nomic dispatch environmental dispatch must also be carried out. Since economic and
emission objectives are conflicting in nature, a combined approach is the best to
achieve an optimal solution [3].

Power plants commonly have multiple valves that are used to control the power
output of the units. When steam admission valves in thermal units are first opened, a
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sudden increase in losses is registered which results in ripples in the cost function.
This effect is known as a valve point loading. Typically, the valve-point results in as
each steam valve starts to open, the ripples like in to take account for the valve-point
effects, sinusoidal functions are added to the quadratic cost function[4].This type of
problem is extremely difficult to solve with conventional gradient based techniques
due to the abrupt changes and discontinuities present in the incremental cost function.
The CEED problem with valve point effect is a Multi-objective problem which can be
solved by Multi-objective Optimization [5].

Traditional methods such as lambda iteration, base point participation factor, gra-
dient method and Newton method may not converge to feasible solutions for complex
problems whose objective function is not continuously differentiable and has a dis-
continuous nature. This method fails for non-convex problem except dynamic pro-
gramming in which no restriction is imposed on the shape of cost curves, also this
method suffer from dimensionality problem and excessive computation effort.

The multi-objective optimization problem is formulated using Combined Econom-
ic Emission Dispatch (CEED) approach which merges the cost and emission objec-
tives into one optimization function such that equal importance is assigned to both
objectives [6]. Several classical methods were proposed to solve economic dispatch
problem such as lambda iteration method, Gradient method, base point and participa-
tion factor method [7]. Heuristic method for solving economic dispatch is presented
in [8-20]. The formulation of multi objective CEED problem by weighting function
method and priority ranking method using hybrid ABC-PSO method is presented
in [21].

In this paper the CEED problem is first solved by ABC method and the optimal
schedules are obtained. This schedule is given as starting point for Simulated Anneal-
ing and the optimal schedules are obtained. This approach combines the advantages of
faster convergence of ABC method and robustness of SA method to find the global
solution of highly non linear CEED problem with valve point effect.

The proposed method converts the multi —objective problem into a single objective
problem by using a penalty factor approach. Methods which convert multi objective
into single objective using weights generate the non dominated solution by varying
the weights, thus requiring multiple runs to generate the desired Pareto set of solution.
Various other approaches given in [23],[24] and [25] solves the conflicting objective
functions simultaneously using multi objective evolutionary search strategies and find
out compromise solution.

2 Formulation of Combined Economic and Emission Dispatch
(CEED)

The multi-objective CEED problem is formulated by combining the economic dis-
patch problem and emission dispatch problem into a single objective using price
penalty factor method.
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2.1  Formulation of Multi Objective CEED problem

The objective of the multi-objective CEED problem which has two conflicting objec-
tives as economic and emission objective is to find the optimal schedules of the
thermal generating units which minimizes the total fuel cost and emission from the
thermal units subject to power balance equality constraint and bounds. The mathemat-
ical formulation of the multi objective CEED problem is given below

min [Fry, Er] (1)

subject power balance equation given in (2) and bounds given in (3)

PP —P,—P, =0 (2)
Pi,min < Pi < Pi,max 3)
where
Fry Total fuel cost of Ng generating units with valve point effect

Fry = %08 F(P) = %02 aP? +biP; +c¢; + d; * sin (ei(Pi,min - Pi)) $/h “)
Er Total emission cost Ng generating units

p; K
Er =30 E(P) = %1% aiP? + BiP +v; + ngeifi g/h (%)

a;, i, vi,Ni, 6; Emission coefficients of thermal unit i
a;, b;, ¢; Fuel cost coefficients of thermal unit i
e, fi Coefficients to model the effect of valve point of thermal unit §

Ng Total number of thermal generating units

nb  Number of buses

P;  Power generation of thermal unit i

Pp  Total demand of the system

P, Real Power transmission loss in the system

P; 1nin Minimum generation limit of thermal unit i

P; naxMaximum generation limit of thermal unit i

In the above formulation the transmission loss in the system is calculated using
B matrix coefficients calculated from load flow solution as given in [14] and incorpo-
rated into power balance equality constraint. These loss coefficients are independent
of slack bus. The transmission loss in the system is expressed using B matrix coeffi-
cients as

P = ?:blzz'lglpiBiij +Z?=b1Bi0 P; + By (6)

The above multi objective problem can be combined into a single objective prob-
lem using price penalty factor approach. The price penalty factor approach to combine
this multi objective problem in to a single objective is given in the next section.
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2.2  Penalty Factor Approach

As mentioned earlier Multi-objective CEED is converted into a single objective prob-
lem using penalty factor approach. The sequential steps involved in calculating penal-
ty factor are listed below

e Evaluate the maximum cost of each generator at its maximum output.

F(Pi,max) = aiPiZ,max + biPi,max + (4] + e; * sin (fi(Pi,min - Pi,max)) $/h (7)

e Evaluate the maximum emission of each generator at its maximum output.

N P, K
E(Pi,max) = Zi:gl aiPiZ,max + BiPi,max + Yi + nie51P1,max g/h (8)
e Divide the maximum cost of each generator by its maximum emission

— F(Pi,max) (9)

i E(Pi,max)

e Arrange h; in ascending order. Add P; 4, 0f each unit one at a time starting from
the smallest h; unit until it meets the total demand Py,
o At this stage, h; associated with the last unit in the process is the price penalty

factor hin $/ Kg for the given load.

2.3  Conversion of Multi Objective CEED to Single Objective Formulation

The multi objective CEED is converted into single objective optimization using price
penalty factor and the respective formulation is given below

min$ Frv(P) + h X% E(P) (10)
subject to power balance equality constraint and bounds given below

2 Pi—Pp—P, =0 (1)
Pimin < Pi < Pimax (12)

In (10) the Fry(P;) can also be replaced by Fy(P;) if the valve point effect has to be neg-
lected. Fp = Z?/:gl F(P,) = Z?/:gl a;P? + b;P; + ¢; . In this paper the above formulation
is solved using hybrid ABC-SA method. A Brief algorithm of ABC and SA is presented in the
next section

3 Artificial Bee Colony Algorithm

ABC algorithm is one of the most promising methods for solving complex non-
smooth optimization problems in power systems. It simulates the behavior of real
bees for solving optimization problems. The colony of artificial bees consists of three
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groups of bees: employed bees, onlookers and scouts. The first half of the colony
consists of the employed artificial bees and the second half includes the onlookers.
The number of employed bees is equal to the number of food sources around the hive.
The employed bee whose food source has been exhausted by the bees becomes a
scout. Communication among bees related to the quality of food sources takes place
in the dancing area. This dance is called a waggle dance. The four control parameters
of ABC algorithm are

e NP — The number of colony size(employee bee+ onlookers)
e Food number = % The number of food sources equals the half of the colony

size.

e Limit — A food source which could not be improved through limit trials is aban-
doned by its employee bee.

e Max cycle —The number of cycles for foraging (a stopping criterion).

4 Simulated Annealing

Simulated Annealing (SA) is a stochastic optimization technique and it can be used to
solve our CEED problem since our objective is to find an optimal solution. Simulated
Annealing is a random search technique which exploits an analogy between the way
in which a metal cools and freezes into a minimum energy perfect crystalline structure
with minimum defects (the annealing process) and the search for a minimum
in a more general system. There are four control parameters that are directly asso-
ciated with its convergence (to an optimized solution) and its efficiency. They are
Initial temperature, Final temperature, Rate of temperature decrement, Iteration at
each temperature.

5 Hybrid ABC-SA Algorithm

In this paper, a hybrid ABC-SA algorithm is proposed for solving CEED problem.
The proposed ABC-SA is a method of combining the advantages of faster computa-
tion of Artificial Bee colony Algorithm with robustness of Simulated Annealing (SA)
so as to increase the global search capability. The ABC algorithm starts with a set of
solutions and based upon the survival of fittest principle, only the best solution moves
from one phase to another. This process is repeated until the any of the convergence
criteria is met. At the end of the iterations the optimal solution is the one with the
minimum total cost out of the set of solutions. The time of convergence of ABC de-
pends upon the values of the randomly set control parameters. SA algorithm starts
with an initial operating solution and every iteration improves the solution until the
convergence criteria is met. The optimal solution obtained from SA algorithm de-
pends upon the quality of the initial solution provided. In this paper the initial solution
provided to SA is the optimal solution obtained from ABC algorithm. Since a best
initial solution is given to SA algorithm the optimal solution obtained from this Hybr-
id approach is better than the solution obtained from ABC or SA algorithms.
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The sequential steps involved in the proposed algorithm ABC-SA algorithm is
given below

1. The cost data, emission data and valve point data of each generating unit are read
and system load is also specified.

2. The minimum and maximum operating limits of the generating units are speci-
fied.

3. The penalty factor to combine the multi objective problem into a single objective
problem is obtained from the algorithm given in section 2.2.

4. Using this penalty factor a lossless dispatch is carried out using ABC algorithm
for the formulation given by equation (10) to (12) with P, = 0.

5. With the solution obtained an AC power flow is carried out and the B-loss coeffi-
cients are obtained [14]. These coefficients are used for calculation of real power
loss in the subsequent iterations.

6. The various control parameters of the ABC algorithm are initialized. Formulation
given by equation (10) to (12) is solved using the ABC algorithm developed in
MATLAB.

7. ABC runs till its stopping criterion (the maximum number of iterations) is met,

8. In order to obtain the optimal control parameters, the steps 7 to 10 is run many
times with one control parameter fixed and all other control parameters are varied.
This step is repeated to find the best control parameter for ABC algorithm.

9. With the best control parameters set, the ABC algorithm is carried and the optimal
solution is obtained. With this optimal schedule an AC load flow is carried out
and using the solutions of AC load flow the new B Coefficients are obtained and
considered for the subsequent iteration.

10. The optimal solution of ABC is given as the starting point (Initial guess vector) to
the SA algorithm and the control parameters of SA are set.

11. Then, the SA algorithm starts its search process and it is run until its stopping cri-
terion is met.

12. With this optimal solution the total fuel cost of the thermal generating units and
its emission cost are calculated.

6 CASE STUDY - IEEE 30 Bus System

In order to validate the proposed algorithm a case study with IEEE 30 bus test system
consisting of 6 generating units and 41 transmission lines is carried out. The valve
point effect is not considered. The load demand of this test system is 500 MW. The
total load in the IEEE 30 bus system is 283.4MW . Each of the real power demand is
scaled to increase the total demand to 500 MW. The fuel cost coefficients and emis-
sion function coefficients to minimize sulphur oxides(SOx) and Nitrogen
oxides(NOx) caused by thermal plant along with generator capacity limits of each
generator are given in appendix table Al. With the schedules obtained from lossless
dispatch a load flow is carried out and the B-co-efficient matrix computed from the
load flow analysis is given in appendix table A2. The penalty factor to combine the
multi objective problem into single objective problem is calculated as given in section
2.2 and is found to be h = 43.15 $/kg
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For this system the optimal dispatch is obtained using ABC, SA and Hybrid ABC-
SA algorithm and are compared in the subsequent sections

6.1 Solution of CEED Problem Using ABC Method

Since evolutionary algorithm is used to solve CEED, certain parameters of the algo-
rithm have to be randomly adjusted. The optimal control parameters for ABC algo-
rithm are found by varying each parameter and setting one parameter constant at a
time and this process is repeated to find the optimal control parameters. The optimal
control parameter for this test system is found as NP = 30, limit = 300,
maxcycle = 500. With these parameters ABC algorithm is run for twenty times and
the schedules are shown in table 1. The optimal schedules from the ABC algorithm is
shown in bold in table 1.

Table 1. Optimal Schedules of CEED problem obtained using ABC algorithm

RUNS P1 P2 P3 P4 PS5 P6 LOSS Fuel Emission Total TIME
MW) MW) MW) (MW) (MW) (MW) (MW) COST (kg/hr) COST (sec)
($/hr) ($/hr)

1 10.02 23.96 94.56 119.11 134.22 127.99 9.89 27671 27391 39491 5.50
2 10.01 18.40 108.26 99.22 131.72 141.52 9.17 27583 271.90 39316 5.9
3 10.00 12.13 109.93 89.08 130.91 157.46 9.53 27556 276.34 39480 5.90
4 10.03 10.00 96.851 104.87 161.80 125.71 9.27 27499 277.11 39457 5.65
5 10.06 11.85 94.82 72.35 194.52 125.79 9.41 27485 291.81 40076 5.63
6 10.00 10.67 125.98 84.97 138.11 138.17 7.93 27519 279.03 39559 3.49
7 10.01 11.62 91,69 78.40 191.13 126.76 9.63 27484 288.68 39941 3.43
8 10.01 10.07 118.68 108.28 130.46 130.64 8.17 27552 277.58 39530 3.51
9 10.03 10.46 116.08 65.82 171.25 134.61 8.27 27473 286.37 39830 3.43
10 10.02 10.00 120.56 74.49 163.23 129.56 7.88 27471 282.72 39670 3.49
11 10.02 10.30 93.12 59.36 202.65 134.30 9.77 27502 301.87 40528 3.47
12 10.00 10.03 111.93 102,75 147.25 126.35 8.33 27504 275.67 39400 3.42
13 10.02 11.70 122.89 35.00 186.99 141.78 8.39 27563 313.29 41082 3.46
14 10.15 10.13 108.59 106.17 140.35 133.37 8.79 27525 274.78 39382 3.42
15 10.04 10.02 40.08 88.23 200.25 167.03 15.68 27728 312.28 41592 3.45
16 10.06 10.99 143.16 77.66 138.85 126.19 6.93 27553 289.35 40039 3.46
17 10.00 10.41 123.95 95.43 130.03 138.23 8.08 27541 277.93 39534 3.43
18 10.13 35.81 88.20 90.35 158.36 127.65 10.53 27704 270.87 39392 3.50
19 10.02 14.65 97.57 121.73 140.04 125.40 9.44 27598 277.23 39560 3.45
20 10.00 10.07 115.74 76.17 158.14 138.24 8.37 27474 279.73 39545 3.48

At the end of several trial runs the best optimal fuel cost is found to be 27583 $/hr
and the emission is found to be 271.90 kg/hr. The total cost of the system is obtained
as 39316 $/kg. These results are obtained within a computation time of 5.65 seconds.
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6.2  Solution of CEED Problem Using SA Method

Similar to ABC method, the parameters of SA method is also tuned to certain trial
values like (i.e. cool schedule=0.5T and 0.8T, Temp (T) =200 and 300, Max
tries=8000 and 10000). Among the several results the best optimal solution is obtained
with cool schedule=0.8T, T=100 and Max tries=8000 and is shown in table 2.

At the end of several trial runs the best optimal fuel cost is found to be 27498 $/hr and
the emission is found to be 275.60 kg/hr. The total cost of the system is obtained as
39391 $/kg. These results are obtained within a computation time of 58.44 seconds.

6.3  Solution of CEED Problem Using Hybrid ABC-SA Method

In this method the best schedule obtained in ABC method is given as initial start to
SA algorithm and the parameters of the SA are set as T= 100, cool schedule= 0.8T
and Max tries= 5000. The optimal schedule obtained from the hybrid method is
shown in table 2.The optimal fuel cost is found to be 27588 $/hr and the emission is
found to be 271.71 kg/hr. The total cost of the system is obtained as 39313 $/kg
which is better than the ABC method and the SA method as shown by the comparison
table 2. These results are obtained within a computation time of 18.57 seconds. The
computational time is more than ABC method but the optimal cost is further reduced
than the ABC method. The results are better than the hybrid approach used in [22]
and this is mainly due to the computation of loss using B loss coefficients obtained
from lossless dispatch in hybrid ABC-SA method which is very reasonable when
compared to the B loss matrix used in [22].

Table 2. Comparison of the optimal schedules obtained by ABC, SA and Hybrid ABC-SA
method and Hybrid ABC-PSO method used in [22]

Optimal Schedules ABC SA ABC-SA Ref [22]
P1(MW) 10.01 10.00 10.90 54.6
P2(MW) 18.40 10.00 18.37 32.484
P3(MW) 108.26 94.53 108.41 48.548
P4(MW) 99.22 93.12 99.29 77.517
P5(MW) 131.72 155.81 131.68 167.28
P6(MW) 141.52 146.49 140.62 137.29
LOSS(MW) 9.17 9.97 9.31 17.718
FUEL OST($/hr) 27583 27498 27588 28157
EMISSION (Ib/hr) 27190 27560 271.71 288.01
TOTAL COST ($/hr) 39316 39391 39313 40584.6
TIME (sec) 5.9 58.44 18.57 -

6.4  Case Study on 10 Generating Units with Valve Point Effect

This case study consists of a standard test system with 10 generating units. The valve
point effect is considered. The complexity to the solution process has significantly
increased. In as much as this is a larger system with higher non-linearity, it has more
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local minima and thus it is difficult to attain the global solution. The load demand of
this test system is 2000 MW. The fuel cost coefficients with valve point co-efficient
and emission function coefficients to minimize sulphur oxides(SOx) and Nitrogen
oxides(NOx) caused by thermal plant along with generator capacity limits of each
generator are given in appendix table A3& table A4. Here the losses in the system
are also considered. The B matrix of the test system is tabulated in appendix table AS.
As mentioned earlier economic and emission objectives are combined using Penalty
factor approach. The penalty factor obtained from the procedure described in section
2.2.is h=5199%/kg

In this method the best optimal schedule obtained in ABC method is given as ini-
tial start to SA algorithm and the SA method. The best optimal is obtained at T= 100,
cool schedule= 0.8T and Max tries= 8000. The optimal power schedule of the 10
generating units and the loss of the system is tabulated in table 3. At the end of sever-
al trial runs the best optimal fuel cost is found to be 113510 $/hr and the emission is
found to be 4169 kg/hr. The total cost of the system is obtained as 330210 $/kg. These
results are obtained with a computation time of 22.35 seconds.

Table 3. Optimal Schedules obtained using Hybrid ABC-SA Method

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 LOSS
MW) MW) MW) MW) (MW) (MW) (MW) (MW) (MW) (MW) (MW)
55.00 70.32 81.18 96.47 159.72 155.92 229.31 337.57 431.34 467.57 84.45

7 Conclusion

This paper has implemented a hybrid ABC and SA algorithm for solving the com-
bined economic and emission dispatch problem including valve point effect. Results
obtained from the proposed method are compared with ABC, SA and Hybrid ABC-
PSO method. From the case studies carried out on the test systems and the results
obtained indicate the proposed algorithm is able to find better optimal schedules in a
reasonable computational time.
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8 0.02803 40.3965 1049.99 30 0.0128
9 0.02111 36.3278 1658.56 60 0.0136
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Table A4. Emission Coefficients of 10 Generating Units
o p (Ib/MWhr) vy eta Lambda Prax Phrin
(Ib/MW)? hr Ib/hr 1b/hr UMW) uw) MW
0.04702 -3.9864 360.0012  0.25475 0.01234 55 10
0.04652 -3.9524 350.0012  0.25473 0.01234 80 20
0.04652 -3.9023 330.0056  0.25163 0.01215 120 47
0.04652 -3.9023 330.0056  0.25163 0.01215 130 20
0.0042 0.3277 13.8593 0.2497  0.012 160 50
0.0042 0.3277 13.8593 0.2497  0.012 240 70
0.0068 -0.5455 40.2699 0.248 0.0129 300 60
0.0068 -0.5455 40.2699 0.2499  0.01203 340 70
0.0046 -0.5112 42.8955 0.2547  0.01234 470 135
0.0046 -0.5112 42.8955 0.2547  0.01234 470 150
Table AS. B Loss Coefficeints of 10 Generating Units

0.000049  0.000014  0.000015 0.000016  0.000016 0.000016 0.000016 0.000016  0.000016  0.000016
0.000014  0.000045  0.000016 0.000016 ~ 0.000017 0.000015 0.000015 0.000016  0.000018  0.000018
0.000015 0.000016  0.000039 0.00001  0.000012 0.000012 0.000014 0.000014  0.000016  0.000016
0.000015 0.000016 ~ 0.00001  0.00004  0.000014 0.00001  0.000011 0.000012  0.000014  0.000015
0.000016  0.000017  0.000012 0.000014  0.000035 0.000011 0.000013  0.000013  0.000015  0.000016
0.000017  0.000015  0.000012 0.00001  0.000011 0.000036 0.000012 0.000012  0.000014  0.000015
0.000017  0.000015  0.000014 0.000011  0.000013 0.000012 0.000038 0.000016  0.000016  0.000018
0.000018  0.000016  0.000014 0.000012  0.000013  0.000012 0.000016  0.00004 0.000015  0.000016
0.000019  0.000018  0.000016 0.000014  0.000015 0.000014 0.000016 0.000015  0.000042  0.000019
0.00002  0.000018  0.000016 0.000015  0.000016 0.000015 0.000018 0.000016  0.000019  0.000044
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