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Abstract: The economic load and emission dispatch (ELED) of thermal power generation is a multi-objective mathematical
optimization problem consisting of two objective functions. The first objective is to minimize of cost of fuel of generators of a power
system, while another objective is to minimize emission cost. Both objectives functions are subjected to constraints such as power
balance, transmission loss, generation limits constraints. In this paper, integrate strategic game theory based optimal response program
into ELED problem. The game theory based response program evaluates optimal values of incentive for load and emission dispatch.
The ELED and game theoretical algorithm presented through this work minimizes fuel cost and emission cost. It simultaneously
determines optimal incentive values results for maximum relief on the power system. Thedeveloped program is tested on IEEE 30 bus
system and obtainedresults are compared with Lagranges optimization algorithm (lterative Method), indicates practical benefits of the

proposed algorithm.
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Nomenclature

Pgi Power generated in MW by an i generator.
Poi Power demand in MW by an it generator.
Pl Power losses in MW by an i generator.

n No. of players in the game.

F.E,  Fuel cost and emission cost respectively $/Hr.
Sn Strategies of n players.

X Optimizer of an algorithm.

Ch Generator cost in $/Hr.

R-o Set of non-negative real numbers.

Pn Payoff for an ™ player.

1. Introduction

In electrical power systems, the generation largely depends
on thermal power plants. The fossil fuel is more conveniently
used which causes emission of a large amount of
pollutantgas. This inspires researchers to work in minimizing
this environmental effect. After all crude fuel remains a
widely used an element for generating electricity. Therefore,
the significant problems of using crude fuels in electricity
generation systems are to find out optimal strategy to
minimizethe fuel cost and emission of harmful gases as well
[1]. Economic load dispatch (ELD) deals with minimization
of fuelcost with consideration of optimal power generation of
each generating unit of the generation system on the
other hand emission dispatch problem includes minimization
of emission of harmful gases and unsafe particles in an
environment [2].

The desired motto of optimization problems like
minimization of cost of generation, minimization of total
power lossin the system. Determining the active power
(Real) outputs of the generators such that the total cost of
generation in the power system to be minimized is simply
termed as a problem of economic load dispatch (ELD). Most
of the generation systems are of three categories: hydro,
nuclear, and thermal (using input fuel like coal, crude oil,
natural gas). Nuclear plants generally operate at a level of
constant power output. Operating costs of the hydropower
plant do not fluctuate much with the output. The cost of

operation of thermal plants, nevertheless, change notably
with power output. Overall, for any specific load economic
dispatch (ED) finds power output of each generating plant
which can minimize the cost of fuel need to meet the total
demand of system [3], [9].

An economic emission dispatch problem (EED) is put
forward to look into emission control. The recent
consumptionof energy heavily depends on crude or fossil
fuels whichare count for 75-90% of total energy consumed.
Thermal power generation units are accountable for large
atmospheric pollution due to too high concentrations of
pollutants like NO,, CO, CO,, and SO, are contaminated
as discussed in [2]. Due to environmental constraints,
allocation of generationis governed not only by the cost of
generation but also allow- able maximum emission level.
EED, follows the minimum emission operating level of an
electrical power system, an optimization problem. From [4],
EED is a clear approach to find out the optimal values of
generated power output forthermal units of the system
by minimizing generation cost and level of emission
simultaneously.

The strategic approach from [5] is applied to the IEEE
30 bus system along with Nash equilibrium (NE) to analyze
ELD and EED of active power generation of thermal
plants,in this work. Nash equilibrium points for this strategy
is put forth to find out optimal operating points of generators.
The results from the game theoretic approach are compared
with lagrange’s iterative technique for interpreting the
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benefits of strategic response algorithm. Economic dispatch
of the power system is a most common topic of study [6].
The research work like [7], [8] deals with the computation of
NE by using the iterative technique.

In this paper, first contribution leads develop strategic Nash
algorithm for economic load and emission dispatch.
Particularly finding an optimum response of the system for a
given problem statement. Section Il describes formulation
problem with respect to power system. Some concepts are
illustrated in Section Il for understanding pre-requisites
game theory. Then discussed a framework for strategic
game and proposean algorithm in Section IV. Later test this
algorithm on IEEE 30 bus standard test system as a case
study in Section V. Results from the strategic game approach
is compared with Lagrange’s iterative method. Based on
results here reach to a conclusion in Section VI.

2. Mathematical Modeling of ED Problem

An economic dispatch problem generally mentions to
fueling cost minimization and hazardous gases emission as
well as particulates at the same time satisfying total load
demand including equality and inequality constraints. This
section describes the mathematical problem formulation of
EED problem with consideration of equality constraints i.e.
power balance constraints and inequality constraints i.e.
generation limit constraints [1], [2], [6].

a) Objective function

The objective function of the ED is also called a cost
function. The cost function includes the cost of fuel,
initial as well as no load operating costs of power
generation units.

ELD problem usually described as a quadratic function of
cost and represented as,

n
F. (Pgi) = z a;Py2 + biPy + ¢ €Y

i=1
where F. is total fuel cost or generation cost in (Rs/h) and a;,
b;, and c; are fuel cost coefficients of the i generation unit.
In addition to that Pg; stands for active power generation of
i generation unit in MW and n refers the total number of
generation units.

EED is also formulated the same as a quadratic function
and represented as,

n
Fu(PgD = ) diPya+ P+ fi ()
i=1

where E,, is emission measured in (kg/h) and d;, e;j, and
f,are emission coefficients of the it" generation unit. Both
the objectives of ED problem are incommensurable and
contradictory in nature.

b) Constraints

The objective functions equations are subjected to below
network constraints. According to power balance constraints
for each time interval in system network, total generated
power equals to total load demand and total power losses

usually referred to as equality constraints represented as,

n
Zpgizpm‘l'PLi 3)
i=1

For stable power generating operation, the total power of the
generation unit shouldn’t violate the minimum and
maximum limits which referred to as unit capacity or
generation limit or inequality constraints represented as,

P <P. <P (4)

gi, min — " gi — ' gi,max

A practical operation of generation plants is restricted to
operate at specific operating limits due to ramp rate. Hence
they have to operate in certain operation zones. For each
generating unit, the power output with respect to the
ramprate restrictions represented as,

Pyic = Pgie-1y < UR;
Pyit—1) — Pgir < LR, (5)

Above discussed constraints are only about practical
operationbut there are other constraints like demand response
cost, load shedding cost etc. incurred can be included in
further studies.

3. Game Theory for Multi-Player Transactions

Game theory is a subject which used to find out optimal
option. In economics, it is used to analyze different strategies
of players. Nowadays, the application of game theory to
various branches of science is common practice. The
fundamental understanding of game theory was to apply the
logic involved in games to real life mechanisms.

In the domain of game theory, the action of each decision
maker or player depends on other decision maker or player.
Game theory utilizes the fundamentals of economics and
mathematical tools to answer decision making actions. A
game illustrates strategic dealing that consists of the
constraints on actions that the players can perform and the
player’s interests but it does not describe the actions taken by
players. A solution to this is a systematic interpretation of
outcomes that can appear in a game theory family [16]. The
game theory proposes logical solutions for each class of
games and exploretheir properties.

One of the most fundamental concepts of game theory is
Nash equilibrium and it is an extensive method of outcome
prediction of strategies taken by players. At first, A. Cournot
used game theory and Nash equilibrium. By the theory of
Cournot, enterprises decide their production quantities to
enhance their own profit which is interdependent on
other players. According to J. Nash, for finite games, there
always exists an equilibrium point. Stable outcome
depending on the payoffs gest by players at the end of the
game [3]. All participated players select strategies which are
optimum to them with respect to other player’s choices at an
equilibrium point. According to Nash equilibrium, each
player in the gameresponds to the next players with the best
optimal decision.
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Formation of games consists of basic three elements i.e.
players, strategies, and payoffs. For example, consider a
set of players N= 1, 2, 3,..., n which is a finite set and
implicated by k. Let set of pure strategies to each player to
determine their viable strategies be s =(s1, Sy, ..., Sn ) EA
and payoff functions representing preferences of each
player i.e. player receive after game ends are p = (p1, P2
..y Pn ). The bestoptimal response in the game is given

by,

Si € OR (S 6)

V s¢ € A, pi(Sk, S—«) = pi(sk, S—«). The existence of
equilibrium is important as an equilibrium point can be
mixed or pure strategy. When there exist pure equillibrium
point that shows a maximum profit. On the other hand, when
there exist mixed strategy equilibrium point players can
choose enhanced profit with probability. In short, pure
strategy Nash equilibriumpoint in which player unable to get
higher payoff deviating its profile alone [9]

4. Strategic Game Approach for Economic
Load and Emission Dispatch Problem

In [11] and other solution strategies for the distributed
algorithm developed for economic dispatch in [12], [13] and
[14], the generators find the optimizer of ED problem with
cooperation. In cooperative game framework, generators are
ready to share such as cost function, gradient, etc.
Corresponding to other generators in network. Here strategic
game framework, generator units focused to maximize their
individual profit without sharing information to other
participants even to System Operator (SO). Above two
frameworks can accommodated in the architecture of future
grid (Smart Grid) [1]. Recent research work [1], [20] and
[15] provided different cases for strategic framework based
economic dispatch but not given information about the
equilibrium of the resultant game.

The aim of this problem to pursue power generated x € R"
>0 to minimize the total cost induced by each generator to
meet demand y.

minimize x;
N
> ) @
n=1

subject to 3N_, x,, = y,. Here note that x be an optimizer
which is unique cost function and establish efficient Nash
Equilibrium (NE) of game discussed in Section Ill. Here at
first, find existence of efficient NE for the economic dispatch
game. Let ¥ = (%, %, . . , %,,) € R" >0 be the solution of ED
problem in cooperative game framework in (7).

In problem discussed in (7), all cost functions are known to
every generator. In future grid, when generators are strategic
in action the power generation has done by through
optimization which in turns to game theoretic formulation of
ED problem. Particularly for n generator, cost per unit power
will be C,e R>0. Here it represent all costs except n th

generator cost as ¢, = (C1, . . ., Coty Cnst, - - - 4 CN )

Represented all costsare ¢ = (Cy, . . ., cy ) € RN >0
For strategic ED framework problem,
minimize x;

N

PAED) ®)

n=1

subject to Y¥_, x,, = y. The function discussed in (7) is
linear as that of nonlinear and complex in (8). For problem
(8) the generating unit with minimum cost will be able to
provide y units of power. The aim of each generator is to
generate units ¢, > 0 which maximizes payoff function u,: R?
>0 - R

Uy, (Cpy X, 07 (Cp,c_1))= Cp Xy O (CpyC_q) —

fn (xn or (Cnic—l)) (9)

Where x, or (c,,c_1)is optimizer and for n generator
x, or (c,,c_,). For sake of space, denote this as x or
(c,,c_1) and x or (c) as optimizer of (8). Now define pure
nash equilibruim for discussed ED problem. The pure nash
equilibrium of ED problem is generation profile of the group
ce RN >0 to which there is optimizer x or (¢) of function (8)
that subject to following, for each n generator n € {1, . . .,
N} and each cost ¢,, € R 5 for ¢,, # ¢,, and every optimizer x
OR (c,, c_1) of (8) generation profile (c,,, c_1) will write,

Up (Cnrxn or (Can—l)) S Up (Enrxn or (E)) (10)

Nash equilibrium for which the optimizer x of (7) is
optimizer of (8) of the given cost ¢* as well is an Efficient
NE [10] and thus,

Xp = argmaxy>p CpX — fn (x) (11)
for all n generators. At the point of efficient NE, the
production of generating units that they are able to provide to
maximize their profit reflects optimal generation for ED
problem. For the sake of space, the proofs are not given in
detail but you can refer [16], [17], [18], [19]. The simplified
algorithm for the strategic framework is as shown in Fig. 2.
Later, use this algorithm for our illustrative case study in
Section V.

5. Mlustrative Example: IEEE 30 Bus System

a) System Information

In this Section, will study an example of standard IEEE
30 BUS test system in order to check the fitness of the
proposed algorithm as well as to study strategies of all
playersinvolved. Fig. 1 shows a single line diagram of the
IEEE 30 bus, 6 generators test system. Assume all the
generators to be thermal. In the test system shown in Fig.
1, all 6 generating units acts as players, the produced
amount of each generating units are strategies and payoffs
are established at each point.

b) Simulation Results

In this Section, interpretation of the results concerning the
proposed algorithm for IEEE 30 bus system is present. For
themathematical model, certain assumptions are made. The
aim is to obtain optimal values for economic load and
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emission dispatch for IEEE 30 Bus test system.

Table I1: Generator Emission Coefficients

Generator No | P4iMin | PgiMax i Bi 7i
The fuel and emission cost coefficients are taken in the 1 50 200 0.0126 | -1.1000 | 22.983
account from a Table | and Table Il respectively. As 2 20 80 0.0200 | -0.1000 | 25.313
soon as the game begins, all the possibilities of power 3 15 50 0.0270 | -0.0100 | 25.505
generation were determined by generator system parameters 4 10 35 | 0.0291 | -0.0050 | 24.900
shown in Table | and Table Il. After the determination of > 10 30 0.0290 | -0.0040 | 24.700
possibilities of power generation, minimum and maximum 6 12 40 0.0271 | -0.0055 | 25.300
values of powerdelivered are to be considered and step size
for power output linear as that of nonlinear and complex in : For all
(8). For problem (8) interval has chosen. Consider Start + generators
generator connected to bus 1 "
L
29'T 27-{# 28— Cn(1)z 0 k>0 k=1 '
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Figure 1: SLD

of IEEE 30 bus, 6 generators test system
[21].

Figure 2: Proposed algorithm for the strategic game
framework.

Table I11: Generation units in MW for ELD with losses for
a power demand of 300MW

as an example, possible power generation varies between 50
MW and 200 MW with a step size of 0.001MW. For
satisfyingthe total power demand, the optimum value of the
output of each generator is determined. These obtained
optimum values are Nash equilibrium points of the
considered test system. Thesystem optimum response point is
determined by the minimumvalue of the resultant total cost.
The generator output at Nash equilibrium points give the
operational values which define the optimum strategy of
generators.

Table I: Generator Cost Coefficients
Generator No

Generator No |Lagrange lterative Method| Game Theory Method
1 176.98 171.83
2 49.27 47.38
3 20.99 19.87
4 23.87 25.11
5 12.55 13.42
6 12 14.18

Table IV: Generation units in MW for EED with losses for a

P,Min | P,iMax a; b; | ¢c;
1 50 200 0.00375| 2.00| O
2 20 80 0.01750| 1.75| O
3 15 50 0.06250 | 1.00| O
4 10 35 0.00834 | 3.25| 0
5 10 30 0.02500| 3.00| O
6 12 40 0.02500| 3.00| O

power demand of 300MW
Generator No | Lagrange lterative Method| Game Theory Method
1 117.92 114.49
2 57.61 56.39
3 42.86 41.82
4 23.08 23.31
5 28.41 28.12
6 27.66 28.03

At first, calculated generator output Pgi units for considered
test system with the Lagrange method. Later, calculated with
the strategic game approach. In Table 111, the values of Pgi
are calculated by both methods for ELD and in Table 1V, for
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EED.

Table V: Result of ELD for IEEE 30 Bus Test System for
a power demand of 300 MW

Parameter  |Lagrange Iterative Method Game Theory Method
Total Cost ($/hr) 802.63 789.21
Losses in MW 9.623 8.335

Table VI: Result of EED for IEEE 30 Bus Test System for
a power demand of 300 MW

Parameter |Lagrange Iterative Method| Game Theory Method
Total emission
(Ib/hr) 11.930 11.701
Losses in MW 9.553 8.153

The losses, fuel cost and emission cost in $/hour as shown
in Table V and VI. From all results, the best results are
considered in below Table V and VI. In Table V and VI, the
fuel cost and emission cost obtained for game theory method
are more economical compared with Lagrange’s method.

6. Conclusion

This paper shows a strategic game theory based optimal
response for power IEEE 30 bus test system. The two main
objectives in ED optimization problem are to minimize fuel
cost and emission cost. Results obtained in this paper
presents a cost-effective method for dispatch problem in
power system network. Here assumed that the generators are
aware of cost functions and to follow the optimal schedule
by SO.

In this work, two methods, Lagrange’s method, and strategic
game theory method are performed are suitable for dispatch
problem in ON-Line system condition in a power
network. In a given case study of ELD and EED
problems using the two techniques is determined with
respect to constraints discussed with losses. The presented
game theoretic algorithm, the strategic framework gives the
best response of total cost compared with Lagrange’s
method.

On concluding remark, the results found in the case study
of IEEE 30 bus test system represents a strategic game
approach to an optimization problem like ED. For future
work, the game-theoretic framework can be modified for
combined economic load and emission dispatch (CELED).
Also, the proposed algorithm can be analyzed for other
optimization techniques and standard IEEE test systems.

Acknowledgment

The author is thankful Dr. Sushma Wagh, Dr. Navdeep
Singh and Prakash Sapkale, VJTI, Mumbai (India) for useful
discussions and support to carry out presented work

References

[1] W. Tang and R. Jain, Pricing mechanisms for economic
dispatch: a game-theoretic perspective, International
Journal of Electrical Power and Energy Systems, 2015.

[2] N. I. Nwulu and X. Xia, Multi-objective dynamic
economic emission dispatch of electric power generation

integrated with game theory- based demand response
programs, Energy Convers. Manage., vol. 89,pp.
963974, Jan. 2015.

[3] N. Yildira and E. Tacer. ”Game Theory Approach to
Solve Economic Dispatch Problem.” International
Journal of Trade, Economics and Finance 6, no. 4
(2015): 230.

[4] S. P. Shalini and K. Lakshmi, ”Solution to Economic
Emission Dispatch problem using Lagrangian relaxation
method,” International Confer- ence on Green
Computing Communication and Electrical Engineering
(ICGCCEE), Coimbatore, 2014, pp. 1-6.

[5] Jong-Bae Park, B. H. Kim, Jin-Ho Kim, Man-Ho Jung
and Jong-Keun Park, ”A continuous strategy game for
power transactions analysis in competitive electricity
markets,” in IEEE Transactions on Power Systems, vol.
16, no. 4, pp. 847-855, Nov. 2001.

[6] H. Saadat, Optimal dispatch of generation, Power
System Analysis, ch. 7, pp. 257-277, Singapore:
McGraw-Hill, 2004.

[71 G. 1. Bischi, C. Chiarella, M. Kopel, and F.
Szidarovszky, Nonlinear oligopolies: stability and
bifurcations. New York: Springer, 2010.

[8] U. Nadav and G. Piliouras, No regret learning in
oligopolies: Cournot vs bertrand, in Algorithmic Game
Theory (S. Kontogiannis, E. Koutsoupias, and P. G.
Spirakis, eds.), vol. 6386 of Lecture Notes in Computer
Science, pp. 300311, New York: Springer, 2010.

[9] D. Fudenberg and J. Tirole, Game Theory. Cambridge,
MA: MIT Press, 1991.

[10]A. Cherukuri and J. Corts, “Decentralized Nash
equilibrium learning by strategic generators for
economic dispatch,” 2016 American Control Conference
(ACC), Boston, MA, 2016, pp. 1082-1087.

[11] A. Cherukuri and J. Cortes, Initialization-free distributed
coordination for economic dispatch under varying loads
and generator commitment”, Automatica, 2014.

[12]S. Kar and G. Hug, Distributed robust economic
dispatch in power systems: A consensus + innovations
approach, in IEEE Power and Energy Society General
Meeting, (San Diego, CA), July 2012. Electronic
proceedings.

[13]A. D. Dominguez-Garcia, S. T. Cady, and C. N.
Hadjicostis, Decentral- ized optimal dispatch of
distributed energy resources, in IEEE Conf. on Decision
and Control, (Hawaii, USA), pp. 36883693, Dec. 2012.

[14]G. Binetti, A. Davoudi, F. L. Lewis, D. Naso, and B.
Turchiano, Dis- tributed consensus-based economic
dispatch with transmission losses, IEEE Transactions on
Power Systems, vol. 29, no. 4, pp. 17111720, 2014.

[15]S. Bose, D. W. H. Cai, S. Low, and A. Wierman, The
role of a market maker in networked Cournot
competition, in IEEE Conf. on Decision and Control,
(Los Angeles, CA), pp. 44794484, Dec. 2014.

[16]T. L. Turocy and B. V. Stengel. (October 2013). Game
theory. London School of Economics. London, UK

[Online]. Available:
http://www.cdam.lIse.ac.uk/Reports/Files/cdam-2001-
09.pdf

[171Z.-Q. Luo, J.-S. Pang, and D. Ralph, Mathematical
programs with equilibrium constraints. Cambridge, UK
:Cambridge University Press, 1996.

[18]S. Boyd and L. Vandenberghe, Convex Optimization.

Volume 11 Issue 12, December 2022

WWW.ijsr.net
Licensed Under Creative Commons Attribution CC BY

Paper ID: SR211206110019

DOI: 10.21275/SR211206110019 232


http://www.cdam.lse.ac.uk/Reports/Files/cdam-2001-09.pdf
http://www.cdam.lse.ac.uk/Reports/Files/cdam-2001-09.pdf

International Journal of Science and Research (1JSR)
ISSN: 2319-7064
SJIF (2022): 7.942

Cambridge Uni- versity Press, 2004.

[19]G. A. Nasser, Nash equilibrium, International
Encyclopedia of the Social Sciences, pp. 540-542.

[20]P. Frihauf, M. Krstic, and T. Basar, Nash equilibrium
seeking in noncooperative games, IEEE Transactions on
Automatic Control, vol. 57, no. 5, pp. 11921207, 2012.

[21]R Yokoyama, SH Bae, T Morita, and H Sasaki,
”Multiobjective opti- mal generation dispatch based on
probability security criteria”, IEEE Transactions on
Power Systems, 3(1):317324, 1988. 42

Author Profile

Shubham Suryakant Jadhav is Postgraduate (M Tech), Power
System Optimization. He can be  contacted at
shubhamsj.ps[at]gmail.com

Volume 11 Issue 12, December 2022

WWW.ijsr.net
Licensed Under Creative Commons Attribution CC BY

Paper ID: SR211206110019 DOI: 10.21275/SR211206110019 233






