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Abstract — This paper is dedicated to the task of planning
energy supply systems in the market environment. The
possibilities of forming coalitions between companies are
considered. In this case, for justifying the decisions and
distributing the gains, cooperative game theory is used. The
example with the proposed strategy is based on a real project of
330 kV and 110kV high voltage lines and optical communication
line between two substations and shows the rationality and
efficiency of using the considered approach.
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I. INTRODUCTION

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

As a result of restructuring, the monopolies that ensure
power supply are replaced by a number of independent
companies which are striving to increase their gain and
competing with each another. As a result of the restructuring
and creation of a regulated energy market with the
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 or cost minimization tasks,
more specifically, the strategic task of investment
minimization. In this paper, supposing that the revenues or
costs of the companies can be calculated, we will concentrate
on the task of choosing the best of the possible decisions.
Considering the market environment, all the companies that
are operating within the system under consideration have to
solve the task of energy supply system planning with the
objective of maximizing their revenues and minimizing the
costs at the same time.

In this process, it has to be taken into account that the
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, the 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
the difficulties that might arise in this process, the scenario
approach 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 wuncertain nature. However, this
simplification is achieved due to the fact that the final
decision-making process becomes more complicated. As a
result of the 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 distant future (energy prices, level of consumption,
etc.).

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

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

v’ Presence of complete information about the results of
the decision-making of each company and the possibility to
make an assumption that these decisions will be rational and
will be aimed 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 [2].

This paper is dedicated to the second particular case,
making the additional assumption that it is possible to form a
coalition with the other company. In this case there is a mutual
benefit expected.

The proposed strategy is based on the part of real project
with planned 330kV high voltage transmission and optical
communication lines construction and 110kV high voltage
transmission line reconstruction between substations Grobina
and Ventspils, named ‘“action 17, which is intended to
construct so called “Kurzeme Ring” (see Fig.l1). The total
costs of the “action 1” constitute approximately 400000
r.u./km*.[13]

In the given example, it is assumed that there are three
independent companies two of which are engaged in the
creation of power transmission lines and the third company is
interested in implementing optical communication line. The
one of power transmission companies is engaged in the

" - To avoid disclosure of commercial information, the prices are given in
relative units (r.u.)
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creation of a 110 kV transmission line and the other in the
creation of a 330 kV transmission line. The alternatives that
are advantageous for each company have to be chosen as the
decision. It is also necessary to show the costs of the project
and the potential benefit for each company in the case of an
individual approach, implementing the whole project
separately, and check if it is possible to form different variants
of coalition. Then there is the task of analyzing the outlook for
forming coalitions with other companies. The example is
based on a real Latvian project; however, today the system for
dividing the power supply including transmission lines is
somewhat different. All power transmission above 110kV
belongs to one company. Therefore all the revenue of the
project in the case of combining 110kV and 330kV
transmission lines is the profit of mentioned company. The
cooperative game approach is typical for other countries of
Europe and the Russian Federation where the issue of
cooperation is more topical because of the potential profit for
each company.

II. THE DEVELOPMENT PLAN OF THE TRANSMISSION
NETWORK OF THE BALTIC REGION

The Kurzeme Ring (KR) is an energy infrastructure project
involving the construction of a 330kV overhead line and the
reconstruction of an existing 110kV transmission line in the
western part of Latvia. At the same time there is an aim to
improve the optical network of the region creating additional
optical communication line with a larger quantity of fibers. It
is a part of the larger NordBalt project, the implementation of
which includes the installation of the interconnection Latvia —
Estonia — Sweden with a view of improving power supply
reliability in the Baltic countries [6]. This solution will result
in the reduction of bottlenecks in the network of Kurzeme
region, increasing the limited possibilities of the development
of generating capacities in Latvia as well as ensure the
potential of connecting new electrical installations of
consumers. Thus, the Baltic electricity market will be
developed. The implementation of this project will be a
significant step forward for the Baltic States, which are
planning complete opening of their electricity market by 2013.

The KR will not only help to improve energy supply in
Latvia, it also promotes full integration of the country in the
transmission network of Europe [13].

The restoration of the national independence of the Baltic
region countries and the concurrent sweeping economic
changes have led to considerable changes in the structure of
the power system (the closure of Ignalina Nuclear Power Plant
as well as a number of economically inefficient plants running
on heavy fuel oil) and significant changes in the power flows
over the transmission grid [7].

The throughput of the transmission network of the Baltic
region in normal mode is providing a quality reserve and a
reliable supply of electricity, as well as a unified electric
power system. However, expansion of the electrical
connections among countries will be required (see Fig.1),
especially if the capacity of the new nuclear power plants
(NPP Visaginas, Kaliningrad, Belarus) is to be 3000 MW and
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more. Besides, the great impact of renewable energy sources is
expected to play an important role in energy supply, for
example, the large number of new wind power plants. The
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Fig. 1. New electrical connection of the Baltic power systems.

output and export of electric power of the new nuclear power
stations to the Nordic countries will also require expansion of
the internal power grid of the Baltic region, for example,
between Latvia and Lithuania; Estonia and Latvia (Sindi-
Riga TEC-2) [8].

III. 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 [9]. The game is presented in normal form as the
following:

{l,S:Hi{si}ie|,R={R1,R2...Rn}} (1)
where | is a list of players, {S :Hi{Si}}i el 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:
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v’ Determining the rationality and possibility of organizing a
coalition among the players.

v" 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 optimization 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 among the Members of the
Coalition — Shapley Value

In case of cooperative behavior, there is a problem of
revenue distribution among the members of the coalitions. The
simple appré)_ach would be to give to each player his
contribution !:

c, = R(SUi})-R(S) (2)

where R(S) is the revenue of the coalition S , R (SU{I}) is

the revenue of the coalition S with participation of the actor
i

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 [10] 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 the
expected marginal cost in ordering. Since players can form
n!possible random orderings, the probability of set S being

[slt(n-1-s]):
n!
additional amount that the player i gets is:

- |S|!(n_l_|8|)!(R(Su{i})—R(S)) (3)

|eScN n!

where n is the total number of players, [S| is the size of

ranked exactly before player i is: . Thus the

the set S, 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:

¢1:¢2:(R(SU{2)_R(S)) (4)

The Shapley value describes the fair (in a sense determined
by the accepted axioms) [10] distribution of additional gains in

the 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.

IV. THE TECHNICAL BASIS OF A PROPOSED TASK

The energy supply of Kurzeme region is one of the power
transmission grid "narrow" places. In the perspective, this
region is predicted with significant changes in both generating
capacities connected to the structure and creation of new
interconnections, for example, the cogeneration power plant is
expected as well as a wind farm construction of the western
part of Latvia, and the proposed new cross-connection from
the Baltic to Sweden and Finland construction. Consequently,
the existing transmission network throughput capacity must be
sufficient to provide the normal mode and the planned
reconstruction mode to the winter peak and summer peak-load
regimes. As a result, in order to ensure the operational modes,
it is necessary to determine the appropriate technical
performances: the throughput capacity increasing of an
existing equipment and new facilities construction of the
transmission system [13].

The current situation of the region under consideration
receives electricity from three 110 kV lines: a 110 kV double
circuit transmission line from Grobina (see Fig. 2),
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Fig. 2. The scheme of an existing 110 kV system.
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from Tukums and Broceni. Existing power line stages are
physically and morally obsolete with insufficient capacity, as
well as the allowable voltage levels are maintained after the 'n-
1' reliability criteria of the existing situation is problematic.
Consequently, these lines cannot guarantee the reliable supply
of electricity now, and especially in perspective. In addition,
the examined area is planned to be installed with a large
capacity of 30-80 MW of wind projects. As a result, the
Latvian region of Kurzeme development creates the need for a
powerful new power lines, new substations and construction
of the substation expansion or reconstruction.

The scheme of a future 110 kV system The scheme of a future 330 kV system
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Fig. 3. The scheme of a future cooperative circuit, which consists of the 110
kV and 330 kV systems.

Since the existing 110 kV circuit cannot provide an
adequate level of power supply, 330 and 110 kV transmission
network connection 'Kurzeme Ring" is to be created. KR
includes the construction of a new 330 kV transmission line
Liepaja (Grobina) - Ventspils - Dundaga - Tukums (Tume) -
Riga, but this paper will consider only "action 1" (see Fig. 1).
This means that 110 kV overhead line will be reconstructed,
reinforcing it with a 330 kV transmission line. Reconstructed
overhead line length is 118 km. Reconstruction design is
based on the 110 kV overhead transmission lines perspective
connections (see Fig. 3).

V. THE EcoNnoMiIC BASIS OF THE PROPOSED TASK

The necessary throughput capacity of the examined power
line can be provided adopting the following two conditions:

a) if there is a 330 kV circuit, then 2000A is needed;

b) if there is a 110 kV circuit, then 1200A is needed.
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Based on the accepted limits, the examined part of the
“Kurzeme Ring” project (,,action 1) was evaluated at three
main variants for power lines:

1) There is a double circuit 110 kV overhead line with the
steel aluminium conductor; a phase is divided into two
conductors (2xAS-240/32), as a result such variant provides
1210A;

2) There is a single circuit 330 kV overhead line with the
steel aluminium conductor; a phase is divided into three
conductors (3xAS-400/51) with an installed ampacity of
2475A,;

3) There is a cooperative circuit, which consists of a single
circuit 110 kV overhead line with the steel aluminium
conductor; a phase is divided into three conductors (3xAS-
400/51) with an installed ampacity of 2475A; and 330 kV
overhead line with the steel aluminium conductor; a phase is
divided into two conductors (2xAS-240/32) with an installed
ampacity of 1210A.

As it was mentioned before in the example there is also a
necessity of creating optical communication line which is
managed by the third company. There are four different ways
of realizing this part of the project:

1) To create the optical line individually without any
dependence of power transmission companies.

2) To create the optical line making coalition with the first
company and to construct the optical communication network
using an optical ground wire (OPGW) on the supports of the
330kV transmission line.

3) To create the optical line making coalition with the
second company and to construct the optical communication
network using an optical ground wire (OPGW) on the supports
of the 110kV transmission line.

4) To create the optical line joining the coalition of both
power transmission companies making complex coalition of
three companies and to construct the optical communication
network using an optical ground wire (OPGW) on the
common supports of the 330kV and 110kV transmission lines.

The economic comparison of variants is made for a 118 km
long overhead line, for the particular climatic conditions of the
region near the Baltic Sea: a wind pressure of Q = 65 kg/m?,
the thickness of ice and frost on the conductor C = 5 mm. The
selected area is interesting having location in the Baltic Sea
near the coast, where the combinations of weather conditions
specific for the Baltic countries are observed (high wind
pressures, icing and frosting of conductors and wire ropes)
[11].

The main economic advantage for power transmission part
of the project was based on the support number reserve, and it
was calculated with the special program “SAPR LEP 2011~
[12] which was used for systematic calculation of the
examined conductors and the placement of supports on an
actual profile of designing lines.

For given circumstances, we have five combinations of the
entire project including power transmission and optical
networks. To simplify the recording of all possible variants of
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designing and realizing the project we assume that company
“A” manages power transmission lines 330kV, company “B”
manages power transmission lines 110kV and respectively
company “C” manages optical communication networks. In
this scenario the combinations are presented in the following
way:

1) Individual behavior of companies “A”, “B” and “C”. In
this case it means to create the power transmission line 330kV,
power transmission line 110kV and optical network line
individually without any dependence of other companies.

2) Creating a coalition of companies “A” and “B” taking
into account individual behavior of company “C”. There is a
cooperative circuit of power transmission companies, in this
case it means to create the power transmission line
330kV/110kV  with common supports and to build
independent optical communication line.

3) Creating a coalition of companies “A” and “C” taking
into account individual behavior of company “B”. In this case
it means to create the optical communication network using an
optical ground wire (OPGW) on the supports of the 330kV
transmission line and to build independent 110kV
transmission line.

4) Creating a coalition of companies “B” and “C” taking
into account individual behavior of company “A”. In this case
it means to create the optical communication network using an
optical ground wire (OPGW) on the supports of the 110kV
transmission line and to build independent 330kV
transmission line.

5) Creating a complex coalition of three companies “A”,
“B” and “C”. In this case it means to construct the optical
communication network using an optical ground wire
(OPGW) on the common supports of the 330kV and 110kV
transmission lines.

The project costs can range. It depends on the finite element
price (string, foundation, conductor), the quantity of the
necessary electrical elements, and significant additional costs,
for example, the coordination with owners of the land, where
there is an overhead line route as well as lightning protection
system, land costs.

Analysis of the results

As it was mentioned above, there are five possible ways of
realizing the project. In the case of organizing a coalition of
two or three companies it is necessary to distribute the
additional revenue by using the Shapley value, which requires
an agreement and approval of each company.

In our example, we consider the benefits of each company
in the stage of designing, i.e. considering the cost of building
the transmission and optical communications lines in each
case under consideration.

The required total costs and interim calculations for all
variants including individual and cooperative behavior of the
companies are presented in Table 1.

2013/31
TABLE 1.
TOTAL COSTS FOR ALL VARIANTS INCLUDING INDIVIDUAL AND
COOPERATIVE BEHAVIOR
3 Variants Investments, r.u.
2 of
3 realizing . . For
G the For coalition independent Total
m
project company
A - 25431435 25431 435
-—5 B - 20 414 642 20414 642
=
= C - 3657 649 3657 649
Total investments for
AB,C | individual behavior of A, B, c} s
AB/C 29952795 3 657 649 33610444
o
% AC/B 26 340 035 20414 642 46 754 677
-
L
§ BC/A 21323242 25431435 46 754 677
@]
ABC 30861 395 - 30 861 395

It is obvious that in the case of cooperative behavior, the
investments of the project reduced considerably. This means
that the formation of any variant of coalition is rational and
possible in terms of economy of investments. The most
profitable is making a coalition of three companies and then it
will be a task to divide an additional profit. Effective way to
do it is using a Shapley value. We note that in the real project
the revenue is the amount of tens of millions EUR.

VI. CONCLUSIONS

1) Methods based on the game theory can contribute to
making the right decision about the development of power
transmission and energy supply sources. In particular, the
cooperative game taking into consideration the possibility of
building the coalition should be used.

2) The suggested method was applied to the example based
on a real project with planned 330kV and 110kV high voltage
transmission lines construction. It shows a great result and
high level of profit. The method is applicable in a variety of
other tasks were independent companies can gain by forming
the coalition with other market participants.
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Igor Moshkin, Antans Sauhats. Parvades un optisko tiklu izveide, izmantojot kooperativas spéles teorijas pieeju

Starptautiskas sabiedribas tiekSanas palielinat energoefektivitati un samazinat energétikas ietekmi uz vidi motivé procesu restrukturizaciju. Rezultata, monopoli,
kas nodrosina jaudas piegadi, tiek aizstati ar vairakiem neatkarigiem uznémumiem, kas strada, lai palielinatu savu pelnu un savstarpgji konkurétu. Sis raksts ir
konkrétam gadijumam, kura paradas papildus pienémums, ka ir iespgjams veidot koaliciju ar citiem uzpémumiem. Saja gadijuma ir gaidams savstarpgjs
izdevigums. Piedavata stratégija balstas uz dalu no reala projekta ar planotajam 330kV un 110 kV augstsprieguma elektroparvades linijam, ka ari optiskiem
sakaru kanaliem. Pieméra més apskatam katra uzpémuma prieksrocibas projektéSanas stadija, tas ir, ietverot parvades liniju blivniecibas izmaksas un optisko
sakarus katra attiecigaja gadijuma, ka arT kopuma nepiecieSamas izmaksas un starpposma aprékinus visiem variantiem, gan individualas, gan kooperativas
uzpémumu ricibas gadijumiem. Piedavata metode ir piem&rota reala projekta ar planotajam augstsprieguma parvades Iinijam 330 kV un 110 kV, ka arT optisko
sakaru linijam. Tas parada lielisku rezultatu un véra nemamu pelpu. Metode piemérosim dazadiem citiem uzdevumiem, kur patstavigie uznémumi var iegit
papildus izdevigumu, ja veido koaliciju ar citiem tirgus dalibniekiem.

Hrops Momkun, Autanc Cayxarc. Co3ianue NHTAIONIHX H ONTHYECKHX ceTell ¢ IOMOIIBIO KOONIEPATHBHOIO I01X0/12 TEOPHH HIP

CTpeMIiieHre MHPOBOTO COOOIIECTBA K YBEIMYCHHIO SHEPreTHuecKoi 3(HEKTUBHOCTH MUTAHUS M YMCHBIICHHS BIMAHUS SHEPrETHKH HA OKPYXKAIOLIYI0 CPeIy
MOTHBHPYIOTCS TIPOLIECCOM PECTPYKTYpH3alMH. B pe3ynbprare MOHONONUH, KOTOpbIE OOECIEYMBAIOT JHEProCHAOKEHUE, 3aMEHSIOTCS MHOTOYHCICHHBIMU
HE3aBHCHMBIMU KOMIIAHHSMHU, KOTOPBIE CTPEMSATCS YBEIMUUTh CBOM IPHOBLIM M KOHKYPUPYIOT APYT C APYTOM. DTa CTaThs MOCBSIICHA KOHKPETHOMY CIIydalo, B
KOTOPOM IIOSIBJISICTCS JONOJHHUTEIEHOE HPEINONI0KEHHE O BO3MOXKHOCTH (OPMUPOBAHMS KOAIMIHU C JPYTMMH KOMIIAHHSAMH. B 3TOM ciydae oxupmaercs
B3aMMHasl BbIrozia. IIpemnaraemast cTpaTerust OCHOBaHA Ha YacTH PEaTbHOTO MPOEKTa ¢ HPOEKTHPYEMBIMH BBICOKOBOIBTHBIMH JHHHSAMU dIeKTpornepenayun 330
kB 1 110 kB, a Takxke onTHYECKUMH JTHHUSAME CBSI3U. B mpuMepe MBI pacCMOTPHM IIPEHMYIIECTBA KaXKA0H KOMIIAHUY Ha CTaJHU IPOSKTHPOBAHMUS, T.€. C yIETOM
CTOMMOCTH CTPOUTENIHCTBA JIMHHUN JJIEKTpoIlepeaad M ONTHYSCKUX JIMHHI CBSI3M B KaXKIOM PacCMaTpUBAaeMOM CIIydae, a TakKe HeOOXOIMMBIH o0muil o0beM
PAcXoJI0B M MPOMEKYTOUHbIE PAcUeThI Ul BCEX BApUAHTOB BKIIFOYAs MHMBHAYaJbHOE M KOOIEPATHBHOE IOBEJICHNE KOMMaHHM. [IpeamoxeHHblil MeToa ObLI
MIPUMEHEH B PEalbHOM IPOEKTE C MPOSKTUPYEMBIMH BHICOKOBOJIBTHBIMH JIMHUSIMHU 3JiekTponepenaun 330 kB u 110 kB, a Takke onTHYECKUMU JTMHUAMH CBS3H.
OH NOKa3bIBaeT OTIIMYHBIA Pe3yJbTaT M BHICOKHI YpOBEHb MPUOBUIH. MeTOx NPHMEHHM TakoKe B Pa3JIMYHBIX APYTHX 3ajadax, I7ie He3aBHCHMbIe KOMIIaHUH
MOTYT MOJIy4HTb JIOIOJTHUTEIIBHYIO BBITOAY ITyTeM (GOPMUPOBAHUS KOAITHIMH C APYTUMH YYaCTHUKAMH PBIHKA.
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