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Abstract

The electric power network has long been subject to monopolization, encompassing production, transportation, and distribution
sectors. However, recent liberalization efforts have introduced competition into the electricity market. To understand and manage
this competition, game theory, a prominent tool in economics, is frequently employed. Specifically, competition within the
electricity market has been analyzed through various game-theoretical models, including Bertrand's atomicity, Cournot's
homogeneity, and Nash's research competition. These models aim to achieve the Cournot-Nash equilibrium, where each
participant in the market makes optimal decisions given the strategies of others. To effectively allocate production and ensure a
balance between supply and demand, as well as to maintain the stability of the interconnected network, one has adopted a method
that combines Load Flow techniques with game theory principles. This hybrid approach enables a strategic distribution of power
production, taking into account the competitive dynamics of the market. By integrating these methodologies, one can address the
complexities of competition while ensuring efficient and stable operation of the power grid. This innovative approach not only
enhances the management of electricity production and distribution but also fosters a more competitive and resilient power
network. Moreover, the application of game theory in this context allows for a deeper understanding of strategic interactions
among market participants. It helps in predicting behaviors, formulating strategies, and anticipating market changes, thus
providing a robust framework for decision-making. This is particularly crucial in a liberalized market where multiple entities vie
for market share and profitability. By employing game-theoretical insights, one can simulate various market scenarios, optimize
resource allocation, and enhance overall market efficiency. Furthermore, this approach supports the integration of renewable
energy sources by ensuring that their variable nature is accommodated within the grid's operational dynamics. In summary, the
intersection of game theory and load flow methods offers a comprehensive solution to the challenges posed by a competitive
electricity market, paving the way for a sustainable and efficient energy future.
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The 1980s to 1990s led to decisions to open electric power
grids to competition by Americans and Europeans. After a
few years, some African countries are concerned with
liberalizing the electricity market because the companies in
possession of the monopoly find themselves in difficulty
because of the soaring price of fuel for thermal power stations
and the gradual increase in energy consumers.

Following the liberalization of the electricity market, power
plants of foreign companies are connected to the network to
increase the power requested in order to ensure user
satisfaction and limit the occurrence of tense situations.

The management of competition plays an important role
because competitive behavior during the liberalization
process is still poorly understood.

1.1. Operating Models of the Electricity Market

The restructuring of electricity markets means, as the term
implies, a change in the very structure of the industry,
generally aimed at introducing increased competition in the
production of electricity. [1, 14]

To this end, and unlike the options present in other
economic sectors, several market models can be put in place:

1. A vertically integrated monopoly;

2. Competition in the wholesale market;

3. Competition in the retail market;

4. Competition through an electricity exchange.
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Figure 1. Model of an integrated monopoly and Model of
competition on the wholesale market (P: producer, T: transport, D:
distributor, C: consumer).

For this study, one chooses the model of competition on the
wholesale market: the technical and economic parameters are
defined for competition in oligopoly of the electricity market.

1.2. Rules for Electricity Markets Open to
Competition

Competition needs to be pure and perfect to allow
equilibrium in all markets under very specific sufficient
conditions. So the competition must fulfill the following
points [2]:
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1. Atomicity: no agent is capable of “weighing in” and a
fortiori of setting the price alone;

2. Product homogeneity: all firms deliver products that
buyers consider to be identical, homogeneous or
substitutable;

3. Free entry and exit on the market: no opposition to the
arrival or departure of the firms that make up the
industry, which also means that returns to scale are
assumed to be non-increasing;

4. The free circulation of factors of production: capital and
labor are perfectly mobile and can move from one
industry to another;

5. Transparency  of  information: absence  of
over-the-counter exchange and, on the contrary, the
existence of an overall mechanism.

As everything is not perfect, the electricity market faces its
own specific difficulties. In the theoretical study, the price of
electricity balances supply and demand, whatever the hazard.
On the other hand, in practice, taking into account the physical
characteristics of the electricity and the transaction costs, the
price becomes lower than the highest contingent supply costs.
In summary, the presence of the inelasticity of demand in the
short term and the absence of equilibrium prices in extreme
peak situations attack the electricity market from the inside.

The following figure illustrates, in normal times, the level
of consumption sufficient to calculate an equilibrium price p0:

Price 4

Price pl ?

Price p2 ?

Consumption in I

normal period

consumption in an

extreme situation
Real-time supply

Price p0 I

I curve

I Forecast of excess
.

»
»

Load heeding
Quantities

Figure 2. Principle of supply and demand in the event of an extreme
peak situation [3].

2. Economic Modeling of the Electricity
Market and Competition Study

By knowing the structure and the forms/reforms of the
electricity market, let us model this market on the economic plan
by taking into account its principles according to its actors.

Through the details of the possible strategies on the
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opening of a market, one identifies what corresponds to the
electricity market with planning models.

2.1. Principle of the Electricity Market

A market evolves towards its equilibrium for the following
reasons [13]:

(1) Prices regulate buying and selling intentions;

(2) When buying and selling intentions do not match, the
price adjusts.

The equilibrium price is the only relevant price because the
amount of desired supply is equal to the amount of desired
demand at that price.

The competitive equilibrium must be at the point where the
supply and demand curves intersect. [4]

Courbe d’offre (S)

Courbe de
demande (D)

q*
Figure 3. Balance of supply and demand.

It is at price p<p*, demand is qp and supply is gs: not all
demand is satisfied hence there is excess demand.
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Figure 4. Excess demand and price adjustment.

Then at the price p>p*, the demand is gp and the supply is
gs: all the production is not sold and there is excess supply.

Prix d'une
glace €

Offre
3,00

SurEIus

2,50

2,00

1,50

1,00

v

0 1234567 8910 11 12

\ Demande

Quantité
de glace

0,50

Figure 5. Excess supply and price adjustment.

2.2. Discrete Version of the Model for
Investment Planning and Production of
Interconnected Networks

One assumes that the objective of cooperation between
players is the minimization of discounted total costs. Considering
afinite date T of the game and keeping the cooperating networks
face the following optimization problem [12]:

min Y- pt {Zi[CL(Ki, q)) + CHK, 1) + CL(ks, )]}

One will define a cooperative game with n people in
characteristic form as follows.

Let be the set of networks and denote by a coalition of s
players. One minimizes the sum of discounted costs for all
possible coalitions and defines the characteristic function v as
follows:

v({ih =0
v(8) = C(S) — Lies C(iD)

3. Distribution of Production Based on
the Principle of Hybridizing Methods

For a simplistic model of a competitive electricity market,
taking into account [7, 11]:

1. Atomicity: a competitive price with the Bertrand model;

2. The homogeneity of the products: consider the active
power produced with the Cournot model,;

3. Free entry and exit on the market: rational producers
with a Nash equilibrium;

4. Free movement of factors of production: no restrictions
on exchanges with the Cournot-Nash equilibrium;

5. Transparency of information: production investment
planning with the uncertainties of several producers.

3.1. Network Status Analysis

The power distribution calculation consists of determining
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all the power flows and voltages in the network for a given
load case. Four quantities are associated with each node of the
system: the active and reactive powers as well as the modulus

and the phase of the voltage. Only two of these four variables
are known in a node, the other two being determined during
the calculation.

Saisie des données des lignes et des
noeuds

Calcul des admittances par branches : Y’-/

ety
Calcul de ¥; etY;;

Formation de la matrice
d'admittance [Y]

Initialisation de Uf”

k = k+1 < Max_iter

Calcul de P et Q¥
Calcul de AR et A0 Y
,‘(I)

Calculdu courant

Formation de la matrice Jacobienne

Calcul de A8 et AU

Remplacer 8 par 6 + A8

etUparU + AU

Max (A8, /)< ¢

Calcul de Ia répartition de puissances

oui

Figure 6. Newton-Raphson flowchart.

3.2. Optimal Production Distribution

The location of the power stations and the loads, as well as
the connections of a network being known for the next time
slot, the problem consists in determining at a given moment
the distribution of the productions between these power
stations, so as to satisfy the consumption given in minimizing
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a function representing the total production cost. [5, 6]

This distribution and this cost may include reactive powers
or be limited to active powers only.

Moreover, to be realistic, it is necessary to take into account
certain constraints of inequality reflecting physical or
contractual limitations.

The cost of starting up the units will have been taken into
account beforehand in an optimum management study for the
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reservoirs, also providing the daily operating plan for the hydraulic
storage power stations, or their equivalent marginal cost.

Therefore, one has on the one hand power plants whose
active power production is imposed, on the other hand power
plants characterized by an hourly production cost depending
on their regime.

If the characteristics of a unit i are known, you can deduce
its hourly cost:

Ci = f(P,Q;,Up)

The physical limits of the generators and the limits of static
stability force us to impose limits on the active and reactive
powers produced P;, Q;.

Pmin < P, < Pmax
Qimin < Q; < Q;max

The necessary conditions for an extremum are obtained by
constructing the function:

d(x,u) = C(x,u) + W) (g(x, u))

Consider a system of algebraic equations, in general
nonlinear. The elements of the vector (L) are called Lagrange
multipliers. They can be attributed an economic significance.

The last matrix equation is that of the load-flow.

By associating a Lagrange multiplier Ai to each function Ci,
you can see the association of our objective with the
Lagrangian.

L(A,P) = C(P) + 5=y A[S P, + pertes — X P

= Y CiP;; + A[Y P, + pertes — Y P;]

3.3. Results of the Application of the Methods

One chooses the case of the interconnected network of
Antananarivo also called RIA, since that is where the doctoral
school is located, so it is easier to have the data necessary for
the study to be done for this theme.

The RIA has during our study 50 nodes, including 16 lines
and cables then 59 transformers.

With a network with N nodes, you have 2N data and 2N
unknowns.

For the balance node, you impose U and © then you obtain
Pand Q.

For consumer-nodes or PQ-nodes, you impose P and Q then
you obtain U and ©.

Finally for the node-producer or node-PV, you impose P
and U then you obtain Q and ©.

For this RIA, N=50: so you have 100 unknowns with 100
equations to find them.

This  balance sheet node is node
(Ambohimanambola) with a voltage of 63kV.

n<: PIA
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4 T 13 13 13 13 13 13 13 13
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Figure 7. The voltage on each node of the RIA.

After the distribution, variations in voltage were observed
at each node in order to detect undervoltage and overvoltage
conditions. The furthest undervoltage was found at node 9
with (-0.16) pu, likely due to high load or demand in the
vicinity of the affected node. The overvoltage at node 38 with
3.5 pu is attributed to high electrical energy production at this
node, referred to as "Voltage Peak."

Equilibre de la quantité et du prix

70
60
50
40
30

20
0
5 10 15 20 25
Quantité produite [MW]

Recette marginal

>

Coiits [Milliard Ariary]

Quantité produite  =====Colt marginale

Figure 8. Price-production balance.

The marginal cost of this electrical energy is crucial for
assessing the profitability of production and determining the
equilibrium price that allows for maximum profit. This analysis
is based on the price-production equilibrium curve established
from data provided by Jirama and ORE, in collaboration with
the Ecole Supérieure Polytechnique d’ Antananarivo.

According to the previous figure, point A corresponds to
the intersection where revenues equal costs, thus marking a
minimum breakeven point where the company realizes neither
profit nor loss.

To achieve maximum profit, when costs exceed revenues
(Cost > Revenue), it is imperative that our production
surpasses point A. In the context of the studied interconnected
network, the principle of Nash equilibrium, according to game
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theory, is reached if and only if this production exceeds 18.75
MW. This ensures optimal profitability of this electrical
production activity.

3.4. Cournot-Nash Equilibrium on the RIA

At time t, after calculating the distribution of loads in an
interconnected network, you define: [8, 9]

1. The overall state of the power to be ensured APE;

2. The production of each incumbent operator with the

installed initial capacity Py ;;

3. The maximum allowed capacity for an operator at each

Site Ppgyx.i-

For a player, one will set their new capacity to be installed
on the network at time t, where it is for existing players pf
and for new operators p}.

One considers n firms competing in a market. Each producer i:

maxm = ), 1;q;

With:

r;: Cost price for a producer i; which is equal to (revenue -
costs) [Ariary/MW].

q;: Quantity produced by a producer i [MW].

Subject to the following constraints:

1) Sum of the powers to be distributed

2. q; = beq

2) Inequality:

With:

a;: Common expenses for producer i [Ariary].

b;: Selling price / Quantity of producer i [Ariary/MW].
k: Correlation coefficient with Supply-Demand equilibrium.

dam;

dq;

The condition provides the best response from producer i,
with quantities of other firms j fixed:

la=b¥;q; ]
af" (q) = 1=

The equilibrium is obtained by substitution:

x _ [a+Yg=ick—ncil
qi (n+1)b

The power distribution will be done according to the Load
Flow result; after obtaining negative active powers, you can
find the Cournot-Nash equilibrium to stabilize the
interconnected network under study.

/

A

Data: beq, a, b, n

/

v

Formulate the objective function
coming from (3.86) and (3.87)

Figure 9. Operating principle of the model.
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During this study, the interconnected network has 50 nodes,
including 16 lines and cables, and 59 transformers.

The voltage levels on the HT and MT sides are: 138 kV, 63
kV, 35 kV, and 20 kV. After the Load Flow analysis of the
interconnected network, one is able to determine the power to
be shared among the producers: 102.833 MW.

It should be noted that profits are also dependent on the
production shares for each chosen scenario. Taking into
account the marginal cost and the number of selected
producers 7, one is able to derive the following scenarios [10,
15]:

Table 1. Private producers' shares on the RIA with their profits.

For n=5 For n=10

Profits [Milliard Power produced Profits [Milliard

ariary] [MW] ariary]
20,056 26,737 0,709
0,684 0,912 0,684
0,921 1,228 0,921
54,767 73,012 16,581
0,709 0,945 0,732
0,626
0,716
0,706
0,695
54,767

The results show remarkable stability in total production,
maintained at 120.833 MW regardless of the number of
producers.

Profit strongly depends on the quantity of electricity
produced. Increasing the number of producers leads to a more
uniform distribution of power, which could have significant
implications for the economic and organizational aspects of
the system.

For n=20

Power produced Profits [Milliard Power produced

[MW] ariary] [MW]
0,945 0,709 0,945
0,912 0,684 0,912
1,228 0,921 1,228
22,105 0,837 1,116
0,976 0,732 0,976
0,834 54,759 73,012
0,954 0,716 0,954
0,941 0,706 0,941
0,927 0,695 0,927
73,012 0,686 0,914
0,675 0,900
0,665 0,873
0,655 0,945
0,709 0,912
0,684 0,900
9,385 12,513
0,837 1,116
0,732 0,976
0,626 0,834
0,716 0,954

3.5. Interpretation of the Results

To distribute power on an interconnected network,
technical and economic parameters must be combined.
Therefore, hybridizing Newton-Raphson Load Flow and
game theory in the electricity market with Cournot-Nash
equilibrium improves competition in electricity production.

By observing the distribution of active powers alone and
considering the objective function.
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Figure 10. Distribution of powers at Cournot-Nash equilibrium with 72=5.

Observation reveals a distribution of power among 5 nodes,
in accordance with the prior constraint of power distribution
among 5 producers, where underlying tensions are present.
Disparities in generated powers stem from each producer's
fixed and variable production costs, thus inducing distinct
levels of production and profit. This diversity reflects the

Cournot-Nash equilibrium, where each producer seeks to
maximize their profit while considering the minimum selling
price, within an oligopolistic competitive context.
Next, still considering active power
Cournot-Nash equilibrium with n=10, one has:

only after

Repartition des puissances en equilibre avec n=10
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Figure 11. Power distribution after equilibrium with 7=10.
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According to the previous figure, it is noted that, despite the
variation in the number of producers, the maximum power
remains constant at 73.012 MW, in line with one of the
pre-existing constraints. Furthermore, the next maximum
power is reduced to 22.105 MW compared to its previous
value of 26.737 MW when the number of producers is
increased to 5. This observation indicates a redistribution of

power among market producers.
Thus, the constraint of maximum power remains stable, but
a decrease in the next maximum power is observed with an
increase in the number of producers, suggesting adjustments
in the competitive dynamics of the interconnected network.
Finally, still considering active power only after
Cournot-Nash equilibrium with n=20, one has:

Repartition des puissances en equilibre avec n=20
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Figure 12. Power distribution after equilibrium with 7=20.

The previous observations highlight the persistence of a
constant maximum power, stabilizing successively at 73.102
MW and then at 12.513 MW. This consistency in maximum
power values indicates a notable regularity in the behavior of
the studied electrical network.

Furthermore, it is pertinent to note that this power
distribution appears to be closely associated with substantial
voltage differences across the network. Divergent voltages in
different segments of the electrical network can influence the
distribution of generated power. This observation is consistent
with the principles of electrical network theory, where voltage
differences can lead to power flows along preferred paths.

By analyzing the distribution of maximum power more
closely as a function of the number of producers (n), revealing
trends emerge. For n=5, the maximum power is localized at
node 05. When the number of producers increases to n=10,
the maximum power concentrates at node 10. Finally, for
n=20, the maximum power is observed at node 39.

60

These observations indicate a direct correlation between the
location of maximum power and fluctuations in the number of
producers in the network. This relationship between network
topology and the distribution of maximum power highlights
the crucial importance of voltage management and network
configuration in the dynamics of electricity production and
distribution.

Thus, the analysis of power distribution in the electrical
network through game theory according to Cournot-Nash
reveals a complex and interdependent dynamics. The
observations highlight how electricity producers adjust their
production based on the strategy adopted by other market
players, thus influencing the location of maximum power.
This approach provides a valuable framework for
understanding competitive interactions in the electricity
sector and underscores the importance of cooperation and
coordination to ensure efficient operation of the electrical
network.
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Figure 13. The highest voltage variations between nodes.

4. Conclusions

The electric power network has experienced
monopolization in production, transportation, and even
distribution. However, it has been liberalized for some time
now, leading to the existence of competition.

Game theory, commonly used in economics, has been
introduced to address this competition in the electricity
market. Nash equilibrium implements a game with n players
with repetition, and one has solved our market, considered as
an oligopoly, using a dynamic game algorithm.

Planning production through the hybridization of Load
Flow methods and game theory was the choice to effectively
allocate the powers that need to be produced for a balance of
supply and demand, as well as to manage competition and the
stability of the interconnected network.

Distribution based on Cournot-Nash equilibrium establishes
a competitive framework for the interconnected network. By
setting the objective function and constraints to minimize
production costs and maximize profits for each producer.

Author Contributions

Onja Voalintsoa: Conceptualization, Data curation,
Formal Analysis, Funding acquisition, Investigation,
Methodology, Resources, Software, Visualization, Writing —
original draft, Writing — review & editing

Andry August Randriamitantsoa: Project administration,
Supervision, Validation

Solofo Hery Rakotoniaina: Supervision, Validation

Conflicts of Interest

The authors declare no conflicts of interest.

References
[1] J. Caron, <L a libéralisation des marchés de 1’électricité au
Québec et en France: Perspectives croisées>» [The
Liberalization of Electricity Markets in Quebec and France:
Comparative Perspectives], Ecole Nationale d’ Administration,
Master en Administration Publique, 2011.

Abbreviations [2] T. Penard, <Concurrence et ¢€onomie industrielle>>
. [Competition and Industrial Economics], cours d’Economie,

HT Haute Tension Universitéde Rennes 1, 2008.

Jirama Jiro sy Rano Malagasy

MT Moyenne Tension [3] J. P. Bouttes, J. M. Trochet, «ta conception des régles des

ORE Office de Régulation de I’Electricité marchés de 1’électricitéouverts ala concurrence>[The Design

PIA Poste d’Interconnexion d’ Antananarivo of Rules for Electricity Markets Open to Competition], revue

RIA Réseaux Interconnecté d’ Antananarivo de I'Institut d’Economie Publique, n°14 — 2004/1.

61


http://www.sciencepg.com/journal/ijepe

International Journal of Energy and Power Engineering

http://www.sciencepg.com/journal/ijepe

[4]

[5]

(6]

[7]

(8]

(9]

E. Tovar, <. e modéde offre/demande en concurrence pure et
parfaite>> [The supply and demand model in perfect
competition], Université Paris Nanterre, UMR EconomiX
2013.

J. N. Druckman, «Political preference formation: competition,
deliberation, and the relevance of framing effects>y The
University of Minnesota, Department of Political Science, july
2003, Meeting.

J. Andreoni, «¥Marm-glow versus cold-prickle: The effects of
positive and negative framing on cooperation in experiments>;
Stor, The Quarterly Journal of Economics, febroary 1995, Vol.
110, Article de recherche.

A. Hammoudi, <Application de la théorie des jeux a
I’économie publique et industrielle» [Application of game
theory to public and industrial economics], Université&Paris |,
Economie et Sciences Sociales, Thése soutenue le 16 avril
1993, HAL 2010.

A. Matsumoto, F. Szidarovszky, <«Game Theory and Its
Applications>; Springer, IERCU, 2016.

G. Zaccour, «Thérie des jeux et marchés éergetiques: marché

62

[10]

[11]

[12]

[13]

(14]

[15]

européen du gaz naturel et échanges d’électricité>» [Game
Theory and Energy Markets: The European Natural Gas
Market and Electricity Trading], Ecole des Hautes éudes
commerciales, Aot 1987.

J. V. Outrata, <Generalized mathematical program with
equilibrium constraints>y SIAM J. Control Optim. 38, 2000,
1623-1638.

D. Fudenberg and J. Tirole, «Game Theory>y 5th ed.
Cambridge, MAMIT Press, 1996.

J. P. Aubin, «Mathematical Methods of Game and Economic
Theory>; Amsterdam, The Netherlands: Elsevier, 1980.

L. D. Muu, <On the Counot-Nash oligopolistic market
equilibrium models with concave cost fuction>; J. Glob. Optim.
41, 2007, 351-364.

C. Day, <Oligopolistic competition in power networks: A
conjectured supply function approach>; IEEE Transactions on
Power Systems 17, 2002, 597-607.

J. Zhang, <Analysis of nonlinear duopoly game with
heterogeneous players>» Econ. Model., 2007, 24, 138-148.


http://www.sciencepg.com/journal/ijepe

