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RESUMQO

O Brasil é um pais com elevado potencial solar é@tude de possuir amplas areas com
disponibilidade de radiacdo solar gracas a locatizee nas proximidades da linha do
Equador. Com uma configuracao simples, baixososudé manutencédo, apelo sustentavel e
com uma fonte inesgotavel de energia, as usinasestém se transformado em polos de
investimento no setor de energia. A regido NordekieBrasil apresenta as melhores
condi¢des climéaticas para instalagdo de usinasriebit de geragdo solar. O presente
trabalho possui como objetivo apresentar o usoeataia dos jogos como método inovador
no processo decisorio de investimento entre dugsesas de geracdo de energia solar no
nordeste brasileiro. A metodologia utilizada pastaanalise foi 0 método de Cournot para
concluir se esta prevalecendo no mercado a confaetiti a cooperacdo entre os agentes
envolvidos.
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1. INTRODUCTION

The Game Theory has the objective of analyzing
situations where the results of individual actioos
institutions rely substantially on the actions other
individuals, that is, deals with situations wheteaharacter
can conveniently make decisions without taking axtoount
the possible decisions of others. (FIGUEIREDO, 1994

A game can be exposed mathematically in different
ways, according to its properties and goals. Thstetailed
way to present a game is in its most extensive farmhich
its description is concentrated on its sequent@lement. In
this format, decisions are made one after anotfe
strategy concept taken as the complete descripfitiow a
person participating in a game can act under any
circumstances, The concept of strategy taken asotinplete
description of how a person participating in a ganagy act
under any circumstances, or any course of actianafgent
in a game in the extensive manner, allows us tméefnd
express the game in a manner more simple and olgeand
therefore of greater theoretical importance, caledmal
form or strategic form. (FIGUEIREDO, 1994).

There are two other points that should be highéight
during a modeling in the strategic form is the fdatt each
player can ignore the decision of the other attihmee he
makes his decision and not worry about the timer&fte
decision making, ie, players only consider the irdiag

consequences during the decision. These two aspects

characterize a simultaneous game.

The application of Game Theory in the national
electrical scenario should be an alternative decisiaking.
During the restructuring of the sector, which begarbe
decentralized, a competition is promoted betweerwriggors
and distributors of electrical power. In the mixeudel,
which includes state-owned and private companibs, t
implementation of offer bids for the determinataftihe spot
price is under discussion, as is already the caseveral
countries.

In this context, companies constitute a new
environment, competing for the quantity of elecéergy to
be available in the market and the prices, botloutin
bilateral contracts and in the spot market, as aglthrough
new ventures. This competition is not simple, sitice
actions of a market agent depend on the actionsthadr
agents. What we have is a game of cross-intetiestghich
each agent seeks to maximize its benefits, whiehnat
simply about market share, but about corporateitprafhe
Game Theory finds direct application in this caotfliof
interest and can be used under two different paihtgew
in electric energy markets: that of the agent dnad of the
regulator agency. The first aims to maximize itefjprand
the second to ensure the proper functioning ofiheket.

The considerations presented motivated the obgofiv
this article for the presentation of the analysige behavior
of two agents in the market of solar electric egergthe
Northeast of Brazil, using Game Theory. For thise t

Cournot Model was used with two companies andsbigght
to conclude whether competition or cooperation agnibre
agents involved prevails in the market.

2. LITERATURE REVIEW

2.1 A brief history of Game Theory

In 1838, the mathematician, philosopher and
economist from France, Antoine Cournot (1801-1877),
published the Cournot Model, which consists of aalysis
of the behavior of two industrial companies whigtided to
simultaneously plan their production, creating the
introduction of a duopoly.

In 1928, another mathematician, Jon von Neumann
created what is known as the Minimax Theorem. Neuma
showed interest in economy and along with the ecuosto
Oscar Morgenstern, published the classi©¢ Theory of
Games and Economics Behavior 1944, and, with this, the
Game Theory invaded the field of applied econonaind
mathematics.

In 1950, the American mathematician John Forbes
Nash Jr, published four important articles for f&ame
Theory. In ‘Equilibrium Points in n-Person Ganieand
“Non-cooperative Gam&sNash proved the existence of a
mixed strategy equilibrium for non-cooperative game
called Nash equilibrium, and suggested an apprdach
cooperative game studies, from its reduction to -non
cooperative form.

2.2 The market power

Market power is the ability of an economic agent to
keep its prices above the competitive level ornprove
market penetration in order to maximize its prdfiysgetting
more clients or more profitable customers.

What could be observed in England, and partly in
Brazil, in the creation of the electric power mdrkeas the
breakdown of the vertical integrated monopoly, tirepa
horizontal market and reducing market power (LANZQT
2002). Even so, a degree of power remains, whidh wi
depend on how the market was subdivided. Transomssi
constraints, in turn, tend to divide the marked istitbmarkets
and may lead to high degrees of concentration aketa
power in these submarkets. In addition, companies i
strategic locations can clog flows in these intar@zxtors to
create scarcity in submarkets and raise prices.

2.3 Game Theory applied to oligopolistic models

The Game Theory can be used in two different
perspectives in an electricity market. The firsubdobe from
the point of view of the regulatory body, whichtahgh the
application of oligopoly models to the respectivarket,
could supervise how its agents are behaving, whette
predominant has been cooperation or competitiondst
agents, as this directly influences market prices.

The second perspective would be the vision of &irer
agent whose objective is to choose a strategyhabits
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performance in the market maximize its profit. Tm ttis,
this agent would use Game Theory as a tool to prede
strategies of its competitors, based on informaitohas
about the market and strategies used by its cotopein the
past. Then, with the set of expectations for thatsgies of
their opponents at hand, this agent would solve an

optimization problem, potentializing its benefit

In this context, the most useful model for market
regulators would be the Cournot Model, which ishivitthe
concept of Nash Equilibrium. In this case, the tegi
variables are the quantities offered, and pricegatablished
according to the total quantity produced in thekagrwhich
are defined based on the aggregate demand ofdtue.SEhis
one-stage game model does not take repeated aatimns
account. Through the Cournot Model, the marketrasfithe
price and quantity of electricity offered in bilea&contracts.

2.4 The Cournot model or simultaneous determinatiomf
guantities (with two companies)

The Cournot model derives its name from the French
mathematician, philosopher and economist Antoine
Augustin Cournot (1801-1877), who published in 1&38
analysis about the behavior of two companies which
simultaneously decided their production yield. (RIA
2015).

This model represents the market analysis of a few
companies, that is, oligopolies. This article wilmonstrate
the game with two players: Solar 1 and Solar 2. fine
companies produce solar energy to supply the ration
electricity market. Electricity is a homogeneousdurct, that
is, consumers will not perceive the differencehia guality
of the same and, therefore, base their decisionwttoh
product to acquire considering only the price, peledent of

the generator

As a behavioral hypothesis, it will be admittedt sach
company seeks to maximize its profit. A companyipis
the difference between its revenue and its cogtss |
necessary to define the revenue and cost of eatpary,
S0 as to construct a reward function for each dribem.

Revenue is the product of the market price by the
guantity sold by each company. Assuming that theketa
price is given by a linear demand function, asiafollowing
Equation 1:

pla) = A-bla, +a,) (1)

Where p(q) is the market price as a function of
quantity,q is the total quantity produced and sold on the
market,4 andb are constants(), is the quantity produced

by Solar 1 andd, is the quantity produced by Solar 2.
Therefore, by Equation 2,

q=0,+q, (2)

The total quantity produced and sold on the market,
and b total revenueRT, and Solar 2'sRT, are given,
respectively, by the Equations 3 and 4:

RT, = pla)g, = Aq —bg? —baa, 3)

RT, = p(g)d, = Ag, —bg,q, —bg @)

To define the reward function of each company, it
subtracts from the revenues the costs in ordebtaim the
profits of each company. To simplify, it will be @uted that

the cost functions of the two compani€ andC, are
identical and given by the Equations 5 and 6:

C,=cq (5)

C,=cq, (6)

Wherec is a constant strictly higher than zero. In the
sequence, one can observe the reward function df ea

company, that is, the profitg, and7i, as being:
7, = Ag, - bgy ~ba,d, —cgy Y]

7, = Ag, —bg,q, —ba; —cq, ®)

Then, the first derivative of each of the Equati@rad
8 is made in relation t@);, and, respectively, and equals
zero, according to the first-order condition forximaization:

%:A—qul—qu—czo 9)
G

9 - A—bg, —2bg, —c=0 (10)
aq, G b

Putting g, and {, in evidence in the Equations 9 and
10, respectively, two new equations are created

A-bg; —-c
= B > 11
G b (11)
A-bg; -c
=~ 12
a, b (12)

Equations 11 and 12 describe how much each of the
companies will produce to maximize their profityegi the
expected output of their competitor. The fact thatquantity
produced is as expected is indicated by the supetsc

The expected production is used because each cgmpan
makes its decision on how much to produce withootkng
the decision of the other company, since it iswu#ianeous
game. The two equations provide the reaction fonetiof
the Solar 1 and Solar 2 companies respectively.ahheunt
that the company will produce will be its best @sge to the
decision that it expects its competitor to take.
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3. RESULTS AND DISCUSSIONS energy that each company produces, we have thalrtiié of
Solar 1 is represented by the Equation 20, baséiokeoBquation

18:

3.1 Application of Cournot’s model with two companes

Nowadays, there are several possibilities of apfibes of 74 = Pq - (0"' 3q1)
the Theory of Games in the commercialization ofie energy
by an agent of the sector, among which we can menti
competitive  bargaining, Nash's  cooperative bargair);1 = ql(p _3) (21)
oligopolistic models, among others. Each of them loa used
for a specific purpose, such as expansion in géoara
participation in electric power auctions, prepamatf auctions

(20)

By factoring the terms, one obtains:

Replacing the Equation 13 in the Equation 21, wesha

to purchase equipment, among other applicationsvy as 5 — q (90—Q—3) (22)
market regulations are determined. The applicatibrihese ! *
concepts, for the purpose of maximizing the puffa particular Substituting the Equation 19 into the Equation 22,
company, are usually not published for strategisoas. have:

In time, it will be presented a hypothetical exdenyf two n = q1(90— (ql + Qz) _3) (23)

companies (duopoly), Solar 1 and Solar 2, thathseCournot
method to exemplify the maximization of the prafit both,
using the model for the two companies. These corapato not
cooperate, and have the same marginal cost, iesdmnee
production technology and access to energy. Givan the

demand function of the companies’ marlkétis given by:

Developing:
7, =870, —0; ~ 0., (24)

Finding the maximum point of Equation 24, that is,

P=90-Q (13)  deriving from theq, and equaling to zero, we have:
Considering the marginal cost€, and C, in the on, _ 3

Equation 14, it has: aq, =87-20,-q,=0 (25)

¢ =¢C, =3 (14)

Organizing and isolating the terms, we have thetiea
And, in this case, fixed costs are equal to zeist,Fve  function of Solar 1:

o, . o .
must adopt—- =0 and, from this rule, it is possible to _ 87-0,
aQi 1 2
determine how much energy each company will prodice
maximize profit. Starting with Solar 1, it is assenthat profit
is:

(26)

Taking into account that Solar 2, by analogy, sniital
to Solar 1 because they produce the same prodiatirie
m=R,-C, (15) energy through solar energy, and have the samel_mahcr:psts,

it can be assumed that the Solar 2 reaction fumetit be:

R, =Pq (16) 87-q
a, :—2 L (27)
Cu=CrtCyy a7)

Where, R, andC,, are total revenue and cost of Solar 1, ~ Replacing the Equation 27 in the Equation 26, yaueh

respectively,C.; and R, are the fixed and variable costs of 87—(87_ qu
=29

Solar 1, respectively. Therefore, replacing thedfigms 16 and 2 o8
17 in the Equation 15, we have: L = 5 (28)
= qu - (CFl + Cv1) (18)

It should be noted that the value g@f represents the

According to Equation 13, it is possible that tieenénd amount of energy that Solar 1 can produce to maiitss profit
can be considered by the quantity that the compzaButar 1 and given its dependency on Solar 2. To find the vaha Solar 2
Solar 2 will produce, this can be represented byBtuation 19: should produce, the value qf must be substituted in the

Equation 27:
Q=q,+q, (19)

_87-q, _87-29_
Given that the fixed cost is equal to zero, andvimgable g, = 2 - 2 -
cost is equal to the marginal cost multiplied bg #mount of

29 (29)
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After finding the amounts of energy that each comypaTable 1 — Summary of the results of the companiesofr 1
must produce, one must find the price that willtdbe unit of and Solar 2.

energy. This is obtained by the Equations 19 and 13 Iltem Solar 1 Solar 2
Q=g,+q, =29+29=58 (30) Fixed costs (R$) R$ 0,00 R$ 0,00
Marginal costs(R$/kW) R$ 3,00 R$ 3,00
P=90-Q=90-58=32 3L ,(Akmo)unt of energy produced 290 290
4 W ’ )

Through the above data, it is possible to calculseprofit Sale_s price (R$/kW) R$32,00 R$32,00
of each company. The same is given by the Equétion Profit (R$/kW) R$ 841,00 RS 841,00
n, =g, x(P-3)=29x(32-3)=841 (32)

From the Equations 26 and 27, it is possible tcwdate
the respective amounts of energy of each companyable 2,

I|3y Cournot's Theorem, the profit of each company isjs possible to visualize the amounts of enenpydpced.
equal:
Table 2 — Summary of energy produced by Solar 1 anSlolar

m =1, =841 (33) 2.
In Table 1, it is possible to visualize the summafyhe q1 (kW) q2 (kW) q1(KW) q2 (kW)
results found in the development of this work: 0,C 87.C 0,C 43¢
23,% 40,C 40,( 23,%
29,0 29,0 29,0 29,0
43,5 0,C 87,C 0,C

Figure 1 shows the graphical representation of the
Reaction Functions of Solar 1 and Solar 2.

Fungdes de Reagbes Solar 1 e 2 (KW)

100,0
90,0
80,0
70,0
60,0
50,0 ——SOLAR 1
40,0 SOLAR 2
30,0
20,0
10,0
0,0
0,0 20,0 40,0 60,0 80,0 100,0

Figure 1 — Reaction Functions of Solar 1 and Sold.

At the moment that the companies produce the same
amount of electric energy, the Cournot-Nash equilih is T FINAL CONSIDERATIONS
shown, at this point, both use the functions ottiea of better
response to the market. The competition betweearSoklnd The Game Theory can be used in two distinct
Solar 2, that is to say, a duopoly, makes the amolianergy perspectives in an electric power market. The wisised in the
offered exceeds in the market in relation to theasion of a present study was of two agents that have the shieetive of
monopoly, that is, only a company producing endogysupply. maximizing its profits.
The energy price exceeds the marginal cost, bsiidgwer than
in the situation of a monopoly.

In the hypothetical situation presented, the Gaimeoty
was applied to predict the strategies of two coriggrsolar 1



JCEC - ISSN 2527-1075.

and Solar 2, based on information they have ablmuntarket.
The model used was that of Cournot, which is withenconcept
of Nash equilibrium. Through this model it was pbks to

define the price and quantity of electric energypéooffered to
consumers.

The use of the Cournot model, in this hypothetizale,
has shown that the market is in balance, as thganims Solar
1 and Solar 2 have chosen to maximize their reseptofits,
taking into consideration that none will change theply
behavior in the market. It has been proven thatdhepoly
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