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Abstract--This paper is dedicated to the task of energy supply planning in the market environment. The possibilities of forming coalitions between companies are considered In this case, for justifying the decisions and distributing the gains a cooperative game theory is used. Methods of forming a coalition and distributing additional gains are described in this paper. The example of distribution system planning  shows the rationality and efficiency of using the considered approach.

I.   Introduction

Aspiration of the global community towards increased power supply efficiency and reducing the influence of power generation on the environment motivated power systems restructuring process, intended for ensuring market conditions and free competition within generation and sales of energy [1]. 

As a result of restructuring, the monopolies that ensure power supply are replaced by a number of independent (more or less) companies striving to increase their gain and competing, in general case, with each other. As a result of the restructuring and creations of regulated energy market with participation of independent companies, the task of power system development planning changes substantially. 

Power supply planning  problems are formulated in the form of revenue maximization problems or cost minimization problems, more specifically, investment minimization problems. In this paper suppose that the revenues or costs of the companies can be calculated, and let us concentrate on the task of choosing the best of the possible decisions. Considering market environment, all companies that are operating within the system under consideration must solve the task of energy supply system planning with objective to maximize their revenues. In this process, it has to be taken into account that decisions regarding the choice of the structure and parameters of the elements of the power supply system that are taken by companies influence the effectiveness of the decisions taken by other companies. Since, in the general case, decisions taken by each of the companies are of confidential nature, it becomes necessary to introduce into the problem optimization of the variables that have an uncertain nature. In order to avoid difficulties that might arise in this process, the scenario approach [2] is used, according to which the possible strategies (plans) of each company considering all the possible combinations of the strategies of the other companies are searched for. With this approach the variables describing the strategies lose their uncertain nature. However, this simplification is achieved due to the fact that the final decision-making process becomes more complicated [3], [4]. As a result of scenario approach a set of decisions corresponding to all the combinations of possible scenarios is obtained. Usually, the scenario approach is used for variables that describe the players’ actions and the status of the power system in the distant future (prices on fuel and energy, level of consumption, etc.). 

The final decision is made based on the methods and criteria of the decision and game theory [4], [5], [6]: (Min-Max, Minimal Risk, Hurwitz, Laplace). The choice of criteria and methods depend on the nature of available information. When planning power systems, two basic (the most realistic) cases are possible: 

·  Absence of information about the decision-making of the competing companies. In this case, depending on the subjective personal preferences of decision-makers, one of the above criteria is chosen.

· Presence of complete information about the results of decision-making of each company and the possibility to make an assumption that these decisions will be rational and will aiming at getting maximum gain. In this case, the nature of the uncertainty changes considerably, which can be used for obtaining better decisions and, consequently, increasing the gains. This paper is dedicated to this particular case, making the additional assumption that it is possible to form a coalition with the competitors if mutual advantage is expected.

In addition, it is assumed that the planning task is solved on behalf of one of the companies that participate in the market. Therefore, first and foremost, the alternatives that are advantageous for the particular company have to be chosen as the decision. It is also necessary to show this company the decisions made by the competing parties and, possibly, the outlook for forming coalitions with them. 

The results of a real projects dedicated to the power supply planning in Riga (Latvia) illustrate the efficiency of game theoretical approach suggested in the paper.

II.   Consideration of Forming Coalitions in Energy Supply Planning Tasks

A.   Game - Theoretical Approach to the Planning Task

Let us imagine the task of power supply development planning in the form of a static game with complete information [7]. The game is presented in normal form as following, as in (1).
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where I  is a list of players, 
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 is all situation combinations and revenues R are of each player at all his strategies and at each combination of the competitors’ strategies. 

It is assumed that the list and number of the players is known; also, that each player knows the revenues at any combination of structures and parameters of all the players. 

It is necessary to solve the following problems:

1. Determining the rationality and possibility of organizing a coalition among the players.

2. Choosing the methods for organizing the coalition and distributing additional revenues among the participants of the coalition.

If the possibility to form a coalition is taken into account, the formulation of the optimisation task is modified once more. Due to the need to consider not only the strategies of individual companies, but also those of possible coalitions in various combinations, the dimension of the task increases considerably. Resulting from the solution of this task, the set of the sub‑optimum plans for each company and their coalitions at various combinations of possible competitors’ plans can be obtained.

B.   Distribution of the Gain Between the Member of the Coalition – Shapley Value

In case of cooperative behaviour, there is a problem of revenue distribution between the members of the coalitions. The simple approach would be to give to each player her contribution 
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where 
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However, such an approach is not anonymous, i.e. ordering of the players makes difference in the amount they are rewarded.

In game theory, a Shapley value [8] describes one approach for the fair allocation of gains avoiding the mentioned drawback. Fair allocation ensured by selecting uniformly a random ordering and rewarding each player her expected marginal cost in ordering. Since players can form 
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where n is the total number of players, 
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is size of the set 
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, the sum extends over all subsets S of N not containing player i.

In the simplest case, when only two players participate in the game, the expression (3) is simplified and obtains the following form:
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The Shapley value describes the fair (in a sense determined by the accepted axioms) [8] distribution of additional gains in case of formation of the coalition. In particular, the definition is based on the assumption that possible combinations of the players who form the coalition are equally probable. In real life, this assumption may fail because of the differences in initiative and competence of the management of the companies that participate in the market. A case of this type is discussed below, and the corresponding gain allocation algorithm is derived. With this, the following assumption is made: among n companies, candidate members of the coalition, there is an initiator, e.g. the j-th company that has suggested the idea to create this coalition. In this case, the coalition may be formed gradually, when the rest of the companies are one by one joining the j-th company. Doing this, the initiator can choose the following strategy-gaining maximum total profit for the initiator on the moment of forming a complete coalition from N participants. Such a strategy is based on the conviction that the set goal, i.e. to form a complete coalition from N players, will be achieved. The procedure of looking for maximum profit can be based on searching through all the possible alternatives of formation of the final coalition. 

Every time when a new player joins the coalition, the following two new tasks appear:

· Distribution of gains between the members of already existing coalition and its new member. It is supposed that this task can be solved by using the Shapley value based on the calculation according to formula (3);

· Distribution of the additional gains that appears due to a new member joining the existing coalition between its old members. It is supposed that such distribution will be in proportion to the guaranteed (and probably legally approved) revenues.

III.   Case Study 2: Strategies for Providing Heat Supply in Riga

A.   Problem Description

The analysis of the results of forecasting the heat loads and the current situation in Riga, the capital of Latvia, leads to the following main conclusions:

1. To ensure the planned demand, introduction of new capacities is required. There is a possibility of both reconstructing and expanding the operating large СHPs or boiler houses, and constructing new ones with medium and small capacities. 

2. It is planned that new residential areas for power supply will appear, for which the following is possible:

· Connection to the main district heating networks;

· Constructing local sources.

There are a large number of alternative decisions, which could provide the energy balance of the city. 

The study of each decision requires labour-consuming calculations of costs for its implementation, and checking the fulfilment of technical limitations. For conducting the calculations, software packages simulating the functioning of a power plant and pipelines are used.

The decisions are taken in the market conditions, where the main actors are:

· Large power companies that own large CHPs and produce both power and heat;

· Companies that own district heating systems and provide heat transport and supply to the consumers;

· Independent companies – owners of medium and small CHPs or industrial boilers or possibly local district heating systems.

This is, of course, a simplified approach. In reality, the power companies from the neighbouring countries are also participating in the market, and it can be a large number of independent companies. Furthermore, the Regulator influences the functioning of the market.

From the large quantity of combinations of the actor strategies (all of them can not be described here due to space limitations), let us choose the most representative and interesting ones from the point of view of decision-making:

· Two alternatives including expansion of large CHPs and construction of heat transportation lines;

· Two alternatives with construction of medium CHPs for power supply to a large residential area (215 000 inhabitants);

· Two alternatives of power supply to a new residential area to be built (16000 inhabitants).

The power supply scheme in question is shown on Figure 1.

[image: image18.png]HS "Zasufauks}

The left bank
of Rliga clty

E::Z‘;:i,}ﬁ;‘?;ii’fmmth : Existing load: 1015MWyy
new objects: 300MWin orecasting load from
HS "Zlepnlekkalns', new objects: 866MWiy,
=

MWy,





Fig. 1.  Heat energy supply alternatives for Riga.

Table I presents the results of analysis of the energy supply alternatives. The problem is formulated as a game of the following three players: 

P1: The owner of the large CHPs (electric capacity: 600 MW), who can choose: 

· To build the heat transportation pipelines in order to supply the given district and, depending on this decision, to configure the CHPs;

· Not to build the long (9 km) heat transportation pipelines.

P2: The owner of the industrial boiler and district heating system, who can choose one of the following two strategies:

· To build up the boiler into CHP (electric capacity: 48 MW);

· To reduce the capacity of the boiler in order to provide the reserve and heating during the cold months.

TABLE I

The Revenues of the Players Depending on the Chosen Strategy for a Period of 20 Years

	Strategy of the Independent companies-owners (P3): 
to build a short pipeline

	Strategies of the companies
	Strategies of the owner of the industrial boiler  (P2)

	
	Build up the boiler into CHP
	Reduce the capacity of the boiler

	
	Revenues of P1
	Revenues of P2
	Revenues of P3
	Revenues of P1
	Revenues of P2
	Revenues of P3

	Large CHP (P1)
	Build  
long heat transporta-tion pipelines
	-25
	43
	1
	43
	4
	1

	
	Not build long heat transporta-tion pipelines
	-11,5
	43
	1
	-
	-
	-

	Strategy of the Independent companies-owners (P3): 
to build a small CHP

	Strategies of the companies
	Strategies of the owner of the industrial boiler  (P2)

	
	Build up the boiler into CHP
	Reduce the capacity of the boiler

	
	Revenues of P1
	Revenues of P2
	Revenues of P3
	Revenues of P1
	Revenues of P2
	Revenues of P3

	Large CHP (P1)
	Build 
long heat transporta-tion pipelines
	-25
	43
	4
	41
	1
	4

	
	Not build long heat transporta-tion pipelines
	-11
	40
	4
	-
	-
	-


P3: Independent companies – owners of heat for small districts, who can choose one of the following two strategies:

· To build up a small CHP (electrical power: 4 MW);

· To build up a short pipeline (2.5 km).

The revenues of each company depend not only on the strategy chosen by the company, but also on the strategy of two other companies.

The results of the actors’ revenue assessment (millions EUR) for different strategies are presented in Table I. The table shows only those strategies that constitute the solution of the task (1), i.e. a large number of dominated strategies is neglected and only non-dominated strategies are chosen for further consideration. 

B.   Analysis of the results

First, let us consider the game illustrated Table I as non-cooperative with complete information [7]. All the players have information about the possible outcomes of the game and are determined to maximize their revenues in spite of the actions of other players, which leads us to the conclusion that the owner of large CHPs will not build the heat transportation pipelines; instead, the owner of the industrial boiler and district heating system will build a medium CHP and the independent company will build a small CHP (the revenues are marked by green in Table I, the combination of these strategies meets the conditions of the Nash equilibrium [7]).

In case of coalition, the best decision (maximizing the sum of revenues for all players) is the combination of strategies of building heat transportation pipelines simultaneously, reducing the capacity of the boiler (marked by yellow). The total revenues of the coalition increase (from 33 to 48 million EUR), but they are reallocated between the players. To provide the viability of the coalition, the owner of the CHPs must share his revenues with the other members of the coalition. In the example considered, the coalition between the players P1 and P3, without participation of the player P2, is impossible, because it does not bring additional gain. There are two ways of forming a complete coalition consisting of three players:

1. Formation of a complete coalition with redistribution of revenues, using the Shapley value.

2. Formation (initially) of a coalition between P2 and P3, and then joining of the player P1 to it, or P1 and P2 and then joining of the player P3. However, the initial coalition consisting of two players is disadvantageous for the company P2, which is the most powerful player in the game under consideration. 

According to the Shapley value calculated from equation (3), the companies forming the coalition must get the revenues:

R1=-3.84; R2=47.16; R3=4.67,

which is considerably better than in case of independent decision-making. 

One can add that in reality the coalition was not built due to the risks involved, which are not considered here [3], [4]. However, the example is very illustrative and a situation like this has to be considered during the market conditions analysis. It should be noted that if the Regulator had the results presented in this paper at the decision-making moment, he could foster the formation of the coalition and, as a result, the decrease in the cost of energy supplied to consumers.

IV.   Case Study 1: Strategies for Providing Power Supply in new District of Riga

A.   Problem description 

After Latvia’s accession to the EU, its capital Riga is developing intensively. New facilities are being built, which require power supply; due to this, the electrical distribution network is developing accordingly. Further, let us look at an example of a planning problem regarding the provision of power supply to new consumers. In the area of an existing substation K, it is planned that facilities (commercial firms as well as industrial plants with relatively small capacities) of independent companies A, B, C, and D will be built. For ensuring power supply to these companies, the company that is the owner of the distribution network has developed the diagram that is shown on Figure 2.  When developing the diagram, the desingers have taken into consideration the possibility of a delay in construction or refusal from construction by any of the players. Due to this, a diagram is chosen from which any of the players can be excluded without disturbing the process of power supply to the others.  It is important to note that, according to the valid regulations regarding connection of new consumers to the distribution network, the costs related to the connection are to be met by these consumers. The required cable lengths and investments for the diagram under consideration are presented in Table II. Each of the companies A, B, C, and D is striving to reduce the amount of investment needed for connection. When analysing the connection diagram with company A as the initiator, the question arose about the rationality and possibility of organizing a coalition ABCD of four companies. As a result of considering this  problem, based on the condition that all the four companies participate in the coalition, the diagram shown on Figure 3 was synthesized.  
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Fig. 2.  Site plan with the 20 kV cable lines (CL) under design.

Alternative 1: No cooperatives are formed.

TABLE II

Capacities, Cable Lengths and Investments for Power Supply to the Companies

	Company
	Required capacity, MW
	Cable length, km
	Investments,

EUR

	A
	1
	2.8
	148000

	B
	4
	8
	207200

	C
	3.5
	7
	181300

	D
	3
	6
	155400

	Total
	11.5
	23.8
	616420
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Fig. 3.  Site plan with the 20 kV cable lines (CL) under design.

Alternative 2: The consumers join and form a cooperative.

It is obvious that in this case, the length of the cable is reduced considerably and, consequently, the amount of investment diminishes, too (see Table III). This means that the formation of such a coalition is rational and is possible in terms of economy of investments. Here, the question about the method of forming the coalition as well as about cost distribution arises. 
TABLE III

Capacities, Cable Lengths and Investments for Power Supply to the Companies

	Coalition of companies
	Required capacity, MW
	Cable length, km
	Investments,

EUR

	ABCD
	11.5
	12.5
	732143


The distribution of costs depends on the method of coalition formation. As was mentioned above, there are two possible ways of forming the coalition: 

1. By conducting negotiations about organizing a coalition of four companies and distributing the additional revenue by using the Shapley value, which requires an agreement and approval of all the four companies.
2. By conducting negotiations with the potential partners and a gradual extension of the coalition. In this case, the additional revenue is distributed by using the Shapley value and in proportion to the investments made.
In both cases, it is necessary to consider the possibility of forming all the possible combinations of coalitions of the companies A, B, C, and D. It should be noted that each of the combinations of the companies participating in the coalition corresponds to a different power supply diagram. Due to the space limitations of this article, Table IV shows only the main characteristics of these diagrams, i.e. the required cable lengths and investments (EUR).

TABLE IV

Capacities, Cable Lengths and Investments for Power Supply to the Companies

	Coalition of companies
	Cable length, km
	Investments of the coalition
	Summary investments of the companies ABCD

	ABC
	12
	702859
	1020000

	ACD
	12.1
	708714
	1131571

	BCD
	12.5
	732143
	880143

	ABD
	12
	702857
	1072857

	AB
	8
	468571
	1155714

	AC
	8.8
	515429
	1255429

	AD
	7.8
	455714
	1248571

	BC
	10
	585714
	1050857

	BD
	8.5
	497857
	1015857

	CD
	8.5
	497857
	1068714


Table V shows the results of the calculation of the investments (EUR). by the companies A, B, C, and D if a coalition ABCD is formed (in the cases of both methods).
TABLE V

Coalition Formation Methods and Investments of the Companies

	Coalition formation 

method
	Investments of Company A
	Investments of Company 

B
	Investments of Company 

C
	Investments of Company 

D

	A→AB→

ABD→ABCD
	64286
	246857
	192857
	228143

	A→ABCD
	107286
	221200
	232329
	171329


B.   Analysis of the results 

Upon comparing the investments of the companies presented in Table 4 and those presented in Table 1, it can be easily concluded that it is rational to form a coalition and that it is possible to get additional gain as a result of undertaking the initiative, which makes it possible to form the coalition in the way that is the most advantageous for the initiator. Considerable gain is received not only by the initiator but also other participants of the coalition. The final choice of the  method of forming the coalition and the distribution of the investments is made by way of negotiations between the players. It is worth noting that in the example considered here, a coalition was actually formed, yet the results of the negotiations between the companies regarding redistribution of investments are unknown to the authors of the present study (due to the confidential nature of the negotiations). Still these negotiations were based on the methodology described above. Let us remark, in addition, that the formation of the coalition was also advantageous for the company that owned the distribution network, since, as a result, a network is built that requires lesser operating costs (reduction of the total length of the cable lines). It follows that an expanded problem can be posed, i.e. organization of a coalition between the consumers and the owner of the distribution network.

V.   Conclusions 

Methods based on the game theory can contribute to making the right decision about the development of energy supply sources. In particular, the cooperative game taking into consideration the possibility of building the coalition should be used. The initiator of the integration process can obtain additional revenues by choosing a successful way of coalition formation. In due course, this approach will result in a more efficient energy supply system.
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