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Abstract

In this paper we deal with the European electricity market liberalizationl@nab
formulated as a game with electricity producers as players, while the mansu
electricity demand is exogenous. The producers maximize their profihbygs-
ing how much electricity they will produce individually by means of electricity
production available to them. The aim of the research presented in thisipape
to investigate the differences between the resulting electricity prices with-diffe
ent scenarios: a market with one Stackelberg leading producer ketwéath two
Stackelberg leading producers being noncooperative among themsahd a per-
fectly competitive market. In the case studies the games involving oneatwio,
eight European countries are played. In the scenarios dealt with in {hés gz
perfectly competitive market yields the lowest electricity prices for thesaprers.
However, we also discuss possible drawbacks of liberalization. Oeiarels aims

to help understanding the complex process of electricity market liberalizatio

Keywords: electricity market liberalization, perfect competition, Nash equilib-
rium, Stackelberg equilibrium



1 Introduction

Since the early 1990s, the electricity market in the Europgdtaion Member States has
been undergoing a process of liberalization, largely sglby the European Commis-
sion with the aim of ensuring greater competitiveness arsthipg prices downwards.
Consequently, European countries have gone through rallsocomprehensive pri-
vatization, restructuring and deregulation programs atass that were previously reg-
ulated monopolies and/or state-owned: e.g., airlines ¢Sod, 1994), telecommuni-
cations (Eliassen and Sjovaag, 1999), postal services(Beser and Ernst, 2008), or
railroads (Szekely, 2009). In this paper we will focus orctrleity sector liberaliza-
tion. In many European countries the electricity sectoomaf are incomplete, either
moving forward slowly with considerable resistance or mgvbackward, despite the
success of these reforms in the United Kingdom and the Naalintries (Van Eck,
2007; Joskow, 2008). Currently, the speed and the curratd ef liberalization vary
among different European countries, from a near monopospime countries in cen-
tral, east, and south eastern Europe (Koroneos and Naifdki; anev, 2009; Pollitt,
2009) to highly competitive markets in England and Walese@ar 2005; Newbery,
2006) or Norway and Sweden (Bye and Hope, 2005; Amundsen argihi&n, 1998;
Leveque, 2007).

The original goals of liberalization were to bring benefascbnsumers by lower-
ing electricity prices and to cause more cost-efficienttalgty production (Van Eck,
2007). When electricity restructuring and competition pamgs are designed and im-
plemented well, electricity sector performance, in terrhgperating costs, physical
network losses, generator availability, availability ehdce, investment, price levels
and structures, service quality, and other performanciablas, can be expected to
improve significantly compared to either the typical stateted or private regulated
monopoly (Van Damme, 2005; Joskow, 2008). However, thergpee in many coun-
tries makes it clear that successful implementation oféilieation reforms is not easy
and that there is a risk that costly performance problems enagrge when the trans-
formation is implemented incompletely or incorrectly (koeos and Nanaki, 2007;
Joskow, 2008). Additionally, little is known about the emrimental consequences of
liberalization. On the one hand, more cost-efficient préidncmay be beneficial for
the environment, while on the other hand, lower market grivay result in higher
electricity demand, which increases the burden on the @mvient. Moreover, in a
highly competitive market an incentive to produce eledirigvith cheap, but often
environment-unfriendly means, is increased.

Extensive studies of electricity market models have beenechout by other re-
searchers. In (Neuhoff et al., 2005) the Belgian, Dutchnéineand German electricity
market are considered and the effects of market power antweg tlifferent models
are compared. One of these models, the nodal pricing sttititrium model COM-
PETES, is additionally studied in (Hobbs et al., 2004a,i022@&Ekeberg et al., 2003)
and in (Kromann, 2001) the consequences of market poweriiNtrdic electricity
market are considered. In (Boots et al., 2004) and (Eggidgzabriel, 2006) a game-
theoretic model of the European gas market is presente@hern(and Hobbs, 2005) a
nodal pricing model with emission permit trading is develdpo study strategic effects
of holding NQ, permits. In (Lise et al., 2006) the electricity market witlEBropean
countries is considered. The decision variables of thesiddal electricity producers
are the so-called market power mark-ups, which determiméstinength” of individual
producers.

This paper is based on the electricity market game presémt&tankova, 2009)



and introduces a noncooperative game between electrimtyupers, while the elec-
tricity price for a given electricity load is uniform withieach country. The electric-
ity producers choose electricity amounts to be producedfiardnt load periods by
different means of production in order to maximize theirfpprarhe consumers’ elec-
tricity demand is assumed to be exogenous. Such assumpti@asonable in the
situation in which the selling price of electricity is unifo per country and per peak
load, i.e., the consumers within the same country cannaisgthtcheaper” electricity
from different producers. Because the electricity tradevben neighboring countries
is allowed, the producers may interact not only with otherdpicers belonging to the
same country, but also with producers located in neighbatountries. Three differ-
ent game-theoretic scenarios of the behavior of the ebitgtiproducers will be for-
mulated, namely a perfect competition (with symmetric play, a Stackelberg game,
in which in each country one electricity producer acts ass-firoving Stackelberg
market leader, and a Stackelberg game with two leading peydwper country, being
noncooperative among themselves.

The number of producers per country is given, as well as petensisuch as elec-
tricity production costs and electricity production caitias, and the emission factors
per country and per technology. These initial data are ddrivom real data that were
taken from existing literature and electronic sourcesgleisal., 2006; European Trans-
mission System Operators, 2007). Additionally, shadowg®on emissions per energy
producer can be set.

While the game is formulated for a general set of countriethéncase studies we
consider situations in which producers of only one courittye( Netherlands), of two
countries (Belgium, The Netherlands), and of eight coest(Belgium, Denmark, Fin-
land, France, Germany, The Netherlands, Norway, and Syederinvolved. These
eight countries were chosen because real data about eigcprices, emission fac-
tors, and electricity producers for these countries ardabla (European Transmis-
sion System Operators, 2007). Moreover, there already eaise studies involving
these countries in an alternative approach introducedige (&t al., 2006). Therefore,
we can compare our results with already existing resultsgoried in (Lise et al., 2006).
The main difference between the Lise’s model and our modeéitsvhile in the former
model the producers’ decisions are the so-called marke¢powark-ups and both tech-
nologies and production levels for the producers are fixedur case the producers’
decision variables are amounts of electricity to be produmealternative technologies
and therefore the producer can also decide not to produedebicity by some of the
means available to him, if such means do not bring him profirédver, the different
behavioral patterns than those considered in (Lise et@d§Rare dealt with.

The contributions of the research presented in this papebedisted as follows:

e A new game-theoretic model of the electricity market is daped. Our ap-
proach differs from those presented in the existing litewt in which other
types of markets, electricity markets with fewer countiretuded in the model,
or different decision variables for the electricity produsare considered.

e Various game types, like a perfect competition case or &k8liaerg game with
one leading producer and the rest of the producers beinggiricompetitive,
are dealt with.

e Most of the input data for our model come from real measurgéspresented
in existing literature. Therefore, the improved versiorthed model can help to
explain some recent changes in the real European elegtmieitket.



This paper is organized as follows. In Section 2 a model obgean electricity
market in 8 European countries is formulated. In Sectiorr®ua case studies are per-
formed. The relation of the outcomes to the situation in tiveent European electricity
market, and possible future research directions are discis Section 4.

2 Games of the European electricity market

2.1 Basics

Let us consider a one-shot game with electricity producdse(referred to as firms or
companies) in different countries (also referred to asorg)ias players. The electricity
producers sell electricity to their customers. The eleitjriprice for a specific time
does not vary within the country, while the electricity griwithin a country may vary
with respect to the customers’ electricity demand, whicasisumed to be exogenous.
Depending on the electricity demand we talk about the speeliéictricity load mode
(e.g., the so-callegieak load when the electricity demand is high and the so-called
base load when the electricity demand is low).

The number of producers for each country is given. To eacdymer a set of
available electricity production technologies and maximamount of electricity that
the producer can produce is assigned a priori. A produceimizeas its payoffs by
choosing the amount of electricity to produce by each avkdléechnology for each
possible load. Producer’s payoff is the difference betwtbenrevenues from selling
electricity and the costs of production. The amount of eleity, which a producer
can produce, is constrained. In particular, produceréngisish between two separate
markets based on the electricity demand, namely peak hodrdsase hours. The prices
of electricity differ across countries and load periods eraddition these prices might
depend on the level of the total electricity demand in a agudtiring a particular
load period. This dependency reflects particular strategitavior of the electricity
producers. The firms base their decision on the amount ofrieiéy¢ produced given
the load period, technology and market.

International electricity trade is only feasible with rigligoring countries and in-
cludes netting, which means that bi-directional elediyifiows between two countries
are permitted, as long as trade (transmission) constraiefsmed a priori, are not vio-
lated. Certain electricity production technologies ceeahissions. The producers have
to pay a fee if their emission production is above the emiskinit known a priori.

LetF andRbe a set of firms and a set of regions included in the modelentisply.
Let R € F be a set of firms located in regionLet | be a set of possible technologies
for electricity generation. Ldt C | be a set of technologies that are available in region
r € R and letl; € I, be a set of technologies available to fifiMocated in regiorr.
Let L be a set of possible load modes andUgetdenote a set containing regiorand
its neighboring countries. Lé{ be a set of possible emissions produced by all the
electricity production technologies considered.

Producerf € i, maximizes its profit 7+ [€] defined as (Stakova, 2009)

wheres; ;| [GW] denotes the supply of electricity of load maddgom producerf into
countryr and py; [€/GWh] denotes the unit electricity market price for countignd
load model. Moreover,h; [h] denotes the number of hours belonging to Idguer



year,cir [€/GWh] represents the variable production costs with teamal in region
r, in which producerf is located, whileg; ¢ /| [GW] is the production of producefr
with technologyi for regionr’ for load modd. The supply of electricity of load mode
| per producerf to regionr’ denoted bys; ,/ is defined as

def
St = (1=Ar) Y it 2
r, r % 1L, T,r",

whereA, € [0,1] is the loss of electricity due to its transport to regidnknown in
advance. Moreover, the electricity supply is additive,, itbe total electricity supply
S+, [GW] for load modé per regiorr’ can be computed as

S = Z St -
fe v

The production of electricity is limited to the maximum oaonal electricity ca-
pacity owned by the producer. The consumers are assumedpigckesensitive, i.e.,
the electricity demand in each country is dependent on thewruprice of electricity.
Therefore, we define the demand function as a constantatasti substitution (CES)
function (Arrow et al., 1961; Armington, 1969; Lise and Lerfiof, 2004), which de-
pends on the price elasticity of demagg > 0, the reference demand for electricity
d? [GWh], and the reference price of electricitf, [€/GWh]:

—&)
Pr)
S| = do — .
s Tl <pgl )

The price elasticity of demand determines the slope of tmswmers’ demand curve
and therefore it indicates the change in quantity of eleityrdemanded by customers
in response to change in its price.

Note that we can distinguish different demand functionsqeemtry and per load
period.

2.2 Constraintson electricity production and trade

The electricity producers in our model are assigned to aifipeountry. Hence, no
crossborder ownership is permitted. There is an oppoxttmitrade electricity among
countries, with the following restrictions:

e Trade via imports and exports to countries outside the densd countries is
ignored.

e A producer can only trade with neighboring countries.

The amount of electricity tradex} /| [GW] is defined as the difference between the
exported amount of electricity from regiarto regionr’ and the imported amount of
electricity entering region from regionr’, i.e.,

Xerr ] = i, f,rr ) — iy, - (3
,r f; I; 1, T,re, f,;:r, £ I Ng

The amount of electricity traded is complementary to thedehaprice t,,/,. This
shadow price obtains a nonnegative value, when the tratticties) reaches the trade
capacity:

T (Xr,r/,l *erﬁx> = 07 Trr) > 07 XmaXZ Xer/ (4)



with the maximum amount of electricity traded between ragioandr’ denoted by
X [GW].

We assume that the maximum production capacity is complamneto the shadow
price ;i | [€/GWHh], which has a nonnegative value if the production witthteology
i, by companyf during load modé reaches the production capacity:

Hi ) (Z it _qir?fax> =0, pi1 >0, qfF> Z Ot - (5)
r'eR r'eR

Emissions are also limited. Due to the Kyoto protocol anceagrents following
it, firms have to reduce the amount of emissions, where thaosharice of emission
constraintk® [€/GWh] is nonzero as soon as the current amount of emissiongia e
to a permissible emission ceilirig [g],

Kk z h ZZ j_k O g Ek 07 KKZO,
(IGL IreRIE fe;: HrL e )
Ek> h ()-kq' . 6
_IEE IrEE IEE 4 i,rHi,frl ( )

Emission factor:z;ri'_‘r [g/GWh] are associated with the region, in which fifrpproduces
electricity and are given.
The transmission capacity within a country is unrestricted

2.3 Maximization problem

If we include constraints (4), (5), and (6) into the problehmaximizing (1), producer
f maximizes profiL; defined as

def
Li=>h Pt (L= Ar) i) —CirGi g,
lgL IrgRg( I’ r i, f,r/ | r |,fr,|)
= > pig ( Z it —qmax>
IeL i€l; r'eR

=Sh 5 Ty z Gt — > Z Gt/ el = Xep
el I"ER IEEN f'EFr/iE|f/
r'#r

2.4 Necessary condition to produce electricity

By taking the derivative of (7) with respect tp /| we obtain the Karush-Kuhn-
Tucker conditions for maximizing the objective function:

Tt pr )
0:qi,f,r’,l (Ci,r+l-1i,f,l +Trp ) + Z Kkail,(r _(1_Ar’)pr’,l [1_ e,r ]) )
keK 1/l

i p)

O0<Gifry, Cir+HMifi+Tr+ Z(Kko-il,(r <(1-Av)pry [1— e
ke r',

], ®)



where the market sharg , is defined as

St

Tp| = ————.
: 2 f'eR St/

The inequalities (8) can be interpreted as follows: As lostha marginal revenues
from electricity sales are not lower than the marginal cadtproduction, a power
company is willing to produce electricity. The marginal tofer the firmf are

C:?fyr/J =Cir+Hifl+ T+ Z Kkgii,(r' 9)
keK

The four components of the marginal costs can be interpestéallows. The first term
are the costs of the producing electricity. The second aind term are the scarcity
price of maximum production capacity per technology andttaesmission price re-
lated to trade, respectively. The fourth term represem®thission penalty.

We substitute the marginal costs (9) into equation (8) taiakthe following nec-
essary condition for firnf to produce electricity:

TG 1
Gifr <Cin,1f,r’,| - (l_)\r’) Pr) |:1_ o tl]) =0,

EI”7|

T p |
Gy >0, &y < (1-An) pry [1— S } . (10)
T/,

Therefore, as long as the marginal revenues from elegteites are higher than the
marginal costs of production, a producer is willing to proeelectricity.

2.5 Gamescenarios

We will consider three possible games among the electiciducers: a perfect com-
petition (P), a Stackelberg game with one leader per coyyin which the rest of
the producers is perfectly competitive, and a Stackelbargegwith two leaders per
country (competitive among themselves), where the resteoptoducers are also per-
fectly competitive (NS). The amount of electricity prodddsy firm f € F for region
r’', load modd, and technology € | will be denoted as follows:

o oy, for perfect competition (P);
° qf’fm for Stackelberg game with one leader per region (S);

. qi’\"fsru for Stackelberg game with two noncooperative leaders ptager region
(NS).
251 Perfect competition

In a perfectly competitive market the electricity prodigact as players on the same
level. They enter the game if their utility from the game isinegative. The problem



(P) of any electricity producef € K, (r € R) is:

Jmin - pr (),
s.t. i) >0, (11)
Qi fr < qm?)r(q, (12)
Gif ) (Cin,qf,r',l —(1=Av)pry {1— Igr’lr/l’l D >0, (13)

foreachf e /,i el | €L, r' €U, The solution of the problem (P) then satisfies

*
P .
(qi,f.,rkl) = argmin py(-),
G g1y €SP

where.#(P) is the set given by (11)—(13).
Trivially it follows that at least ongj ¢ .| will be equal to zero.

252 Stackelberg gamewith oneleader per region

We assume that there is one leading fifgiin each regior € R acting as the first
player, choosing(qffs‘r,‘l) S0 as to maximizé ¢ defined in (7), whereas

iely,r’'eUr lel
other producers, which are the followers, are perfectly petitive. The leader can

determine in advance how the other producers will reactstdécision and with this

information the leader can choose its optirﬁqffs r’I)- e leL”
'S icl.r'elr le

The problem of the leading electricity produdere F; is:

max Lgg(-),
Gi, fgr’l
St Oirr) 20, (14)
i frr) < qin}aj?w (15)
o)
Ot <Cin,1f,rf,| (1=Ar) Pry [1— 8r|]> >0, (16)
r/

for eachi € I, | € L, r’ € U;. The solution of the problem (S) then satisfies

S * i
T
G g1 €7

where. S is the set given by (14)—(16).

253 Stackelberg game with two leaders per region
We assume that there are two leading firfﬁ%, fé2> € F acting first, being noncooper-

ative among each other and choos("cgj\' 1 ) ) <QNS( 2) )
7f5 1 jel reur el LS et rreuy el

S0 as to maximize their proflﬂs o and Lf<2 Other producers, which are perfectly

competitive, choose their productlon amounts per load edltitology after the leaders
have made their choice.



The problem of a leading electricity producéjg ek, je{1,2},is:

max Li . (-),
Qi ¢ !
ns)

s.t. ity >0, 17)
it <OATr s (18)
TG r |
i, f.r,) (Cimf,m —(1=Ar) pr [1— g'rl D >0, (19)
T/,

for eachi € I, | € L, r’ € U;. The solution of the problem (NS) then satisfies

*
S .
(qi,f ; .r/.l) = argmin  L¢ (')(')’
TInsli) G o er NS sl
VInsl)

where.”(\S) s the set given by (17)—(19).

For the sake of simplicity we will assume that the perfectiynpetitive players
have the same production technologies available as wdikasame capacities of their
productions, which makes them identical players in the iclemed perfect competition.

In each of the three games we are interested not only in theffgeipr individual
players, but also in how their behavior influences emissgals, what technologies to
produce electricity would be preferred, and what amountexdtricity will be traded
among neighboring countries.

Data known in advance are reference consumers’ demandotfielky per region,
supply data (generation capacity per firm and per regiort, technologies available
for each firm), trade data (interconnection capacity) itigtion losses data, and emis-
sion factors. These data are taken from {&ta@a, 2009; Van Eck, 2007; Lise et al.,
2006; European Transmission System Operators, 2007), #érizbvintroduced in Sec-
tion 3.1.

2.6 Discussion about the model

In our model electricity demand is represented by a CES ddrharction, which de-
pends on three parameters: reference demand, refereweg amd price elasticity of
demand. We distinguish different demand functions per tgiand per peak load.

The most sensitive parameter in the demand function is thstieity, because it
defines responsiveness of consumers to changes in elgatricie and because it has
to be established a priori.

In the case studies of this paper, the price elasticity ofatehis assumed to have a
constant valug;| = 0.4, which is the same for base and peak load. This value is based
on average values found in the literature (Andersson, 1B#i&au and Murto, 2003)
and is often assumed in other studies (Hobbs et al., 200d&det al., 2006). One
might argue that this value of price elasticity is rathefhigut as explained in (Pineau
and Murto, 2003), a price elasticity ofDreflects well the alternatives for consumers
to choose their electricity supplier.

It may be reasonable to consider elasticities for peak leagkthd much higher than
those for base load demand. Calibration of price elagtkitif demands for different
countries and load modes is out of the scope of this papes lautinteresting direction
for future research.



We remark that less elastic demands open opportunitieseoirieity producers to
act strategically as the consumers do not react very faside phanges. Consequently,
the producers are expected to realize much higher payofénewer the demands for
electricity are rather price inelastic.

3 Casestudies

3.1 Input data

The following countries are considered in the case studdetgium (BEL), Denmark
(DEN), Finland (FIN), France (FRA), Germany (GER), The Nethnds (NLD), Nor-
way (NOR), and Sweden (SWE). The additional data concernigigidlual producers,
e.g., electricity means available for individual prod;erre taken from (Lise and Lin-
derhof, 2004). Within the electricity markets of the coms&tl countries we distinguish
34 different electricity producers, as presented, togethih net losses\, values for
reference demand¥, and values for reference pricg§, in Table 1.

We assume that there are two possible loads: base load akdiopelsand conse-
guently we consider different demand functions for botrdipariods. The demand
side of the model consists of one sector per national mara@tever, there are differ-
ent markets for peak load (high demand) and base load (meddeanand). Per year
there areh = 365- 24 = 8760 load hours to be served. We assume that 20% of the year
concerns peak load, i.epeax= 1752 hours and the remaining 80% of the year con-
cerns base load, i.dyse= 7008 hours. In addition, we assume that demand at peak
hours in region requires 90% of total available capacitjffpeak: 09575 qi'T‘faX. Also,
we assume that the price of electricity under base load is @ e average price:
PPbase= 0-9p. Then, the reference demand at base haifts,.and the reference

price of electricity at peak hourga?’peak are given by the following two equations:

dp h— dgpeakhpeak

0 —
dr,base— h
base

3

0 ~O0 0 0
0 prdih— pr,baséjr,basehbaSe

Prpeak= 0
dr,peakhpeak

The values of peak and base prices and loads are also pikgeiiable 1.

The interconnection capacity among countries of the etégtmetwork (Table 2)
is restricted and the data is derived from (Lise et al., 200B)e price elasticity of
the demand is assumed to be sett0.4, which should reflects the alternatives for
consumers to choose their electricity supplier (Van Eck,70

We will consider 12 different production technologies, efhcan be divided into
the following groups:

e conventional thermal power technologies: nuclear (N)] (0% gas (G), lignite
(L), oil (O).

e combined heat and power production (CHP) technologies:(@ak-G), coal
(CHP-C), oil (CHP-0), biomass (CHP-B), and other fuels (CX)P

e renewable technologies: hydro (H) and wind power (W).

10



Due to varying fuel and production taxes across countriesahiable production costs
differ across regions and technologies, but not acrossugerd within each country.
A summary of the total production capacities in the coustimeluded in the model is
given in Table 3. The variable production costs per tectmolare listed in Table 4.
Here empty cells reflect the absence of particular techimesddg a country, while val-
ues “0.00” indicate that the technology in the considerashtry is cheaper than.01
€/MWh.

BEL DEN FIN FRA GER NLD NOR SWE

number of firms 2 3 3 2 5 5 7 7
net losses 5% 65% 35% 68% 47% 39% 89% 82%
demand (GW)

average 9.04 375 872 4688 5445 1148 1266 1546
peak load 849 266 803 3814 5Q17 1087 1228 1406
base load 1121 811 1149 8183 7156 1394 1420 2107
price €/ MWh)

average 3965 1741 1488 2081 1819 3965 1225 1426
peak load 3569 1567 1339 1872 1637 3569 1103 1283
base load 5167 1969 1904 2468 2329 5201 1649 1806

Table 1: Characteristics of 8 European electricity marietsn the year 2000).

Three environmental effects are taken into account in timeegagreenhouse gas
emissions, acidification, and smog formation due to enissad fine particles.

Information about emission factors for all technologies @auntry is listed in Ta-
bles 5, 6, and 7. For all technologies, the specific emissibtize 8 considered coun-
tries due to the electricity generation were determinedisBions due to construction
and deconstruction of power plants, mining, extractiord &ansportation have been
disregarded, as these emissions, including emissionsti@fotion and transportation,
are rather small, and in the same range of those for wind aidejekctric power. Con-
sequently emissions of hydroelectric, nuclear, and windgrcare set to zero, CO
emissions of biomass power are also set to zero.

3.2 Considered scenariosand their solutions
For each problem (P), (S), (NS) the following three scersanidl be considered.

e There is only one country in the model (The Netherlands), itee players are

BEL DEN FIN FRA GER NLD NOR SWE

BEL 2.50 1.40

DEN 1.75 095 1.90
FIN 0.07 1.45

FRA 2.85 1.15

GER 1.35 1.75 3.30

NLD 1.40 3.30

NOR 0.95 0.07 3.035
SWE 1.84 2.05 0.55 3.035

Table 2: Transmission capacities between the countrideeige¢ar 2000 (GW).

11



BEL DEN FIN FRA° GER NLD NOR SWE
nuclear 5.71 2.64 63.18 21.37 0.45 9.46
coal 295 510 229 1269 17.86 4.05
lignite 18.97
gas 350 004 090 189 1382 7.17
oil 120 079 124 1223 8.11 0.99 4.64
CHP-gas 058 258 1.80 099 4.66 0.13
CHP-coal 113  1.47 6.96 0.56
CHP-oll 0.10 0.16 0.30 0.65
CHP-bio 029 023 1.04 0.64 0.46
CHP-other 144 6.64 0.20 1.00
hydro 140 0.01 2.88 2560 11.61 0.04 27.46 16.33
wind 001 242 004 008 036 044 0.01 0.25
total 15.74 1230 15.89 122.31 100.33 18.44 27.67 33.48

Table 3: Electricity production capacities in the year 20G0V).

BEL DEN FIN FRA' GER NLD NOR SWE
nuclear 6.14 6.14 6.14 6.14 6.14 7.50
coal 16.94 13.83 13.97 15.19 14.42 16.83
lignite 15.50
gas 2422 2381 20.28 23.83 29.04 23.25
oil 36.42 35.21 35.21 38.84 38.70 41.21 39.83
CHP-gas 13.29 13.08 11.21 15.85 12.78 13.52
CHP-coal 7.57 7.63 7.84 11.73
CHP-ail 19.58 19.58 19.58 21.43 21.58
CHP-bio 19.94 19.94 19.94 19.94 19.94
CHP-other 1459 16.69 16.69 16.69
hydro 0.00 000 000 584 000 0.00 o0.00 1.18
wind 000 000 000 000 000 000 0.00 0.00

Table 4: Variable production cosE(MWh) per technology in the year 2000.

BEL DEN FIN FRA° GER NLD NOR SWE
coal 920.0 972.2 9159 9159 970.0 915.9
lignite 1219.7
gas 388.0 327.2 348.9 4019 3489 411.0
oil 877.3 6926 877.3 756.8 877.3 877.3 877.3
CHP-gas 330.6 673.9 528.3 327.1 327.1 327.1
CHP-coal 948.9 776.1 33.1 733.1
CHP-all 503.4 503.4 503.4 503.4
CHP-bio 0.0 819 21 0.0 0.0
CHP-other 1296.1 401.6 403.4 4034

Table 5: Greenhouse gas emission factors (kg €quivalents/MWh) per technology.
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BEL DEN FIN FRA  GER NLD NOR SWE

coal 31594 20.699 23.310 31.549 23.307 28.365

lignite 33.896

gas 5901 2174 4522 15435 4522 6.783

oil 21.821 2486 21.821 25.610 21.821 21.821 21.821
CHP-gas 2.174 19.833 6.848 2174 2174 2.174
CHP-coal 20.217 32.459 2.649 2.649
CHP-oil 2.486 2.486 2.486 2.486
CHP-bio 7.160 31.692 46.726 7.160 12.288
CHP-other 83.071 15.435 3.736 3.736

Table 6: Emission factors for acidifying emissions (g aadigalent/MWh) per tech-
nology.

BEL DEN FIN FRA- GER NLD NOR SWE

coal 80.0 57.0 1729 1700 66.0 17.0

lignite 96.0

gas 0.0 0.0 0.0 0.0 0.0 0.0

oil 210 1.0 3.0 130.0 2.0 2.0 21.0
CHP-gas 0.0 0.0 0.0 0.0 0.0 0.0
CHP-coal 57.0 150.0 10.0 10.0
CHP-oll 1.0 2.0 2.0 2.0
CHP-bio 30.0 0.0 21.0 30.0 233.0
CHP-other 195.0 0.0 1.0 1.0

Table 7: Emission factors for smog formation (g/MWh) per tedlbgy.

13



W P N
emissions
1 country E1.1 E1.2 E13
2 countries E1.4 E15 E16
8 countries E1.7 E1.8 E1.9

Table 8: Scheme of case studies with no emission restrgtion

with P NS
emissions
1 country E2.1 E22 E23
2 countries E2.4 E25 E26
8 countries E2.7 E28 E29

Table 9: Scheme with case studies with emission restrigtion

only 5 electricity producers in the country; electricitamismissions with other
countries are not considered. The game solution can be dechpnalytically

(provided that the solution exists), following the algbnit shown in the ap-
pendix.

e There are two countries in the model (The Netherlands angida); electricity
transmissions between these two countries can be condjderesmissions with
other countries are not considered. The solution of the gaoakl be computed
analytically or numerically, with the procedure descriiedhe appendix. In
general, multiple solutions are possible.

e All 8 countries are included in the model; the electricitgrtsmissions among
these 8 countries can be considered. A numerical procedopeged to solve the
problem is described in the appendix, as analytical soluiEcomes intractable.

In Table 8 and Table 9 schemes of the case studies are depittedirst table refers
to the games without emission constraints. The secondretales to the problems with
emission constraints.

In the Stackelberg game we will assume that the leaders lmessito the means
of electricity production listed in Table 10,

For games with 2 and more countries there will be variantdejoting that the
cross-border transactions are considered.

3.3 Gameswith one country
GamesE1l.2and E2.2

Maximization of the utility functions with respect to theaqtities produced gives the
following outcome. With perfect competition (Game E1.2) avith all producers hav-
ing equal access to the means of electricity productionséieng price of electricity
is 17.23 [€/MWh].

When the emission constraints are considered (Game E2e&}etling price of
electricity is 1913 [€/MWh].
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Game S NS

BEL wind, hydro, nuclear wind, hydro, nuclear, CHP-gas
DEN wind, hydro wind, hydro, CHP-coal, CHP-gas
FIN wind, hydro, nuclear wind, hydro, nuclear, CHP-gas
FRA wind, hydro wind, hydro

GER wind, hydro wind, hydro

NLD wind, hydro, nuclear, CHP-gas  wind, hydro, nuclear, G§#3, coal
NOR wind, hydro wind, hydro

SWE wind, hydro wind, hydro

Table 10: The available means of electricity production lEaders in Stackelberg
games.

GamesEl.l1and E2.1

Let the leading producer have access to the means of proddigied in Table 10 as
the only producer. In Game E1.1 maximization of his/her pnofth respect to the
constraint of nonnegative profit for other producers leada selling cost of 298
[€/MWh], yielding him/her a profit of 551822 [K<€], while the utility of all other
producers is zero.

When the emission constraints are considered (Game E2€l)etling price of
electricity is 3010 [€/MWh] and the profit for the leader is 49819 [K€], while the
other producers obtain a zero profit.

GamesEl.3and E2.3

Let the two leading producers as only producers have aczéss imeans of production
listed in Table 10. Then maximization of their profit with pegt to the constraint of
nonnegative profit for other producers leads to a selling @d20.31 [€/MWh] and an
average profit of 446321 [K€], while all other producers have a zero profit.

With emission constraints included the selling cost isl8G€/MWh]. This cost
yields profit of 410234 [K€] for each of the leading producers, while all other pro-
ducers have a zero profit.

We observe that for the games with only one country (The Nikthéds) of the same
type with respect to the emission restrictions the selllegtecity price is remarkably
higher if there is one Stackelberg leading producer thahefd are two Stackelberg
leading producers, noncooperative among themselves.dvergthe game with a per-
fectly competitive market yields the lowest electricitygas of the three games con-
sidered. We claim that in general the increase of competitithe market does not in-
crease the electricity price, if the regulatory restrieide.g., restriction of the amount
of electricity produced by individual companies) applyisitiaim is supported by case
studies of the same type that we performed with other casithian The Netherlands.

Application of emission constraints causes electricitggincrease unless the orig-
inal means of electricity production created emissionswéhe emission constraints.

While the resulting electricity prices for the perfect corit@n are approximately
25 % lower than those reported in (Lise and Linderhof, 2084is (might be related
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to the assumption on symmetry of the players), the trendiérmptices with respect
to the game structure coincide with our expectations ondheaf competition in the
electricity market.

3.4 Gameswith two countries
GamesEl.4 and E2.4

If Game E1.4 is played, the electricity price in The Nethedsis 1942 [€/MWh] and
yields a profit of 502442 [K€] for the leader; the electricity price in Belgium is.22
[€/MWh]; the profit of the leading producer will be 61223 [K€].

If Game E1.4(c) is played, the electricity price in The Nelkdweds is 1835 [€/MWh]
and yields a profit of 460021 [K€] for the leader; the electricity price in Belgium
is 20.85 [€/MWh]; the profit of the leading producer is 57192 [K€].

If Game E2.4 is played, the electricity price in The Nethedsiis 2232 [€/MWh]
and yields a profit of 441133 [K€] for the leader; the electricity price in Belgium
is 2356 [€/MWh]; the profit of the leading producer is 57234 [K€].

If Game E2.4(c) is played, the electricity price in The Neldueds will be 2015
[€/MWh] and yields a profit of 371224 [K€] for the leader; the electricity price in
Belgium is 2212 [€/MWh]; the profit of the leading producer is 50289 [K<€].

GameEl5and GameE2.5

If both Belgium and The Netherlands are considered in théepecompetition case
(Game E1.5), 181 [€/MWh] and 1812 [€/MWNh] are the selling prices in Belgium
and The Netherlands, respectively.

If emission restrictions are included, the prices ar@37</MWh] and 1999 [€/
MWh], respectively.

Game E1.6 and Game E2.6

If both Belgium and The Netherlands have two leading prods)jg#aying Nash among
themselves (In Belgium these two producers are the onlyepfy and cross-border
electricity transmissions are prohibited (Game E1.6),ghme does not have a so-
lution, since the two electricity producers in Belgium canhoover the demand for
electricity. Together they can produce only@ [GW] of electricity, while the initial
electricity demand in Belgium is.04 [GW]. If the demand would not need to be satis-
fied, the optimal strategy for the identical leaders woulddxet the price of electricity
infinitely high.

If Game E1.6(c) is played, the situation is solvable. Mos¥pthe electricity pro-
ducers in Belgium cannot set the electricity prices arhilyrdigh, as they are limited
by the electricity prices in The Netherlands. A solutionite problem is as follows:
The electricity price in both Belgium and The Netherland20225 [€], the average
profit of the Dutch producers is 73143 [K€], the average profit of Belgian producers
is 2309518 [K€]. If Game E2.6(c) is played, the selling price of electsidior both
Belgium and The Netherlands will be 21 [€] and the average profits for the Dutch
and Belgian producers will be 65233 [K€] and 18123 [KE], respectively.

We note that in the games of the same type with respect to tligsiem restric-
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tions extending the number of countries to two (The Netimeildaand Belgium) does
not need to decrease the selling electricity prices in botintries and may even lead
to electricity shortages in some of the countries. This issed by the fact that the pro-
ducers are motivated to sell their electricity to the neitig country as long as their
marginal revenue is higher there. In general, this mighseahortage of electricity
in the country with lower electricity price and thereforecassity to buy the electricity
from the neighboring country, which might be not always [juss

Similarly as we reported for the case studies in Sectionads®, in the case studies
with two countries the electricity price within a countryrsmarkably higher if there
is one Stackelberg leading producer than if there are twok8laerg leading produc-
ers, noncooperative among themselves, and the perfeatipetitive market yields
the lowest electricity prices. Also here the applicatioreofission constraints causes
electricity price increase unless the original means oftatgty production created
emissions below the emission constraints.

3.5 Gameswith eight countries

For each of the three games we will consider both variants awid without electricity
transmissions between neighboring countries.

The resulting prices for the base load period are mentiam&dble 11, whereas the
amounts of electricity traded between the neighboring treemare given in Table 12.
In this table, 13201500 in column BEL-FRA illustrates that 1320 [MW] of electtjc
from Belgian firms will be sold in France, while 1500 [MW] of etecity units will be
sold in Belgium by French firms. The amounts of acid partiplesfirm in a country
([g]) , the amounts of CO patrticles per firm in a country ([gi)d the resulting amounts
of smog particles per firm in a country ([g]) for Game E1.8 &&= in Table 11. If the
emission constraints are imposed with standard emissem(feuropean Transmission
System Operators, 2007), the electricity prices may quisstitally increase, while
the emissions are indeed lowered.

While it is clear that the perfect competition again yielde thwest electricity
prices and that the game with one Stackelberg leader yigkldighest electricity
prices, and as in the previous cases imposing of emissiostreamts increases the
electricity price, there is no clear answer to the question the possibility of cross-
border electricity trade influences its prices. This claan be motivated in the same
way as it was done for case studies in Section 3.4.

Please note the extremely low electricity prices in Norwager perfect compe-
tition. These prices follow from very low production costs Norway, where only
hydropower is used. In a perfect competition the produceepkhe selling costs low.
There are also no emission restrictions for producers usidgoenergy, and, therefore,
the price will stay the same also if the emission restrictiare adopted. Moreover, the
price cannot be influenced by producers from neighboringntc@as, because it is not
profitable for them to transmit their electricity to Norwaydbecause whole electricity
demand in Norway is covered by their own sources.

3.6 Discussion

The outcomes of the case studies are as follows:
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Game E1.7 EL7(c) EL8 EL8(c) EL9 EL9(c)
BEL 2573 2341 1504 1323 2098 1821
DEN 2003 1997 598 544 1498 1472

FIN 2032 2028 781 523 1505 1488
FRA 2035 1944 1120 1287 1721 1688
GER 2395 2205 1487 1462 1822 1799

NLD 2113 1925 1585 1201 1954 1822
NOR 1321 1259 001 001 925 901

SWE 1732 1545 137 108 1421 1354

Table 11: Resulting selling cost€MWh) for base load period for games with 8
countries.

Game E1.7(c) E1.8(c) E1.9(c)
BEL-FRA  1320/1500 /2850 14401410
BEL-NLD  890/50 14000 100025
DEN-GER 14601300 17500 1500/750
DEN-NOR 60/800 0/950  50/900
DEN-SWE 210800 0/950  100'880
FIN-NOR  20/65 0/70 10/68
FIN-SWE 3201800 (/2050 2001900
FRA-GER 850275 11500 910/105
GER-NLD 29501500 33000 3005545
GER-SWE 200455 0/550  150'505
NOR-SWE 14202650 /3035 7202810

Table 12: Electricity traded (MW) between neighboring coiast

Table 13: Game E1.8: Emission of acid particles (g), CO g@agi(g), and smog

Game E1.8 acid CcoO smog
BEL 3.5961-10° 1.4191-1C°F 3.5961 10"
DEN 13304-10° 3.1320-1C° 1.3304 1C°
FIN 0.7799-10* 2.0925.10° 9.7799 10
FRA 0 0 0

GER 82164-10* 3.3121.10° 8.2164-10*
NLD 4.3591-10 1.6014-10° 4.3591 10
NOR 0 0 0

SWE 62383 10° 1.1744.10° 6.2383 10°
total 26708 10° 9.9127-10° 26708 1(°

particles (g), in different countries per firm
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e For the games of the same type with respect to the existingatgns (pres-
ence of cross-border transmission of electricity, emissinstraints) the perfect
competition implies lower electricity prices than the &elberg game with two
leaders, which implies higher prices than the Stackelbamegwith one leading
producer per country.

e The possibility of cross-border electricity transmissiwes not necessarily de-
crease the electricity prices in individual countries. Btorer, it may become
profitable for some producers to produce more electricitar{tthey would pro-
duce if the cross-border transmission was not allowed)dfrtmarginal pro-
duction cost is lower than the marginal selling price in tiegghboring country.
However, with the perfect competition this would mean tlet producer gets
more resources to be used for more extensive electricitgymtaon in the pro-
ducer’s country of origin and may cause problems discuss&ection 3.4.

e The shadow prices imposed if emission constraints are drcegnply more
ecological electricity production, but also increase tleeteicity prices.

e The resulting electricity prices are lower than the pricethe actual electricity
market. This is most probably because not all data aboutriliég producers
in individual countries was known and therefore some sifyiplg assumptions
(e.g., symmetry of the producers in the perfect compelitioere made. Simi-
larly, the profits of the electricity producers are much lo#an the ones that the
electricity producers receive in reality. However, witle #idditional data known
the model can be used for prediction of the European el@gtritarket behav-
ior as it prove to reflect very well the most important trendghe European
electricity market.

e The resulting emission levels have not been compared te o actual mea-
surements yet.

4 Conclusions & futureresearch

4.1 Conclusions

We have proposed a model of the liberalized European edggtmarket, consisting of
8 European countries. In the model emission limitationshmeet as well as maximal
transmission capacities between the neighboring cosntiidhe aim has been to see
how different the electricity prices will be in a situatioritivone leading producer per
country, a situation with two leading producers per coyrang a perfectly competitive
situation.

Although the considered model is rather simple, some isteg phenomena can
be observed:

e The electricity prices become lower when cross-bordertiébity transmissions
are allowed.

¢ In the situations with one Stackelberg leader and in thasdn with two Stack-
elberg leaders the electricity prices are higher than irsttuation with perfectly
competitive market.
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Generally in the perfect competition the producers tendseoaheaper and non-
environmentally friendly means of electricity productiobhe emission restric-
tions are needed to motivate the electricity producers toraee ecologically.
This increases the electricity prices, though, especiallhe countries with a
low number of hydro and wind power plants.

Outcomes of our case studies coincide with the expectedmés of the liberal-
ization process. However, the following remarks about tteetical relevance of the
results have to be made:

In reality, there is a risk that the fully competitive markegthout regulatory re-
strictions may lead to a rapid price escalation and markidpse (see (Puller,
2007) and references therein). However, we prevent suchsinathle behav-
ior by including regulatory restrictions in the model (eigterdiction of over-
scheduling of the power lines or requirement of electripitice uniformity per
country and per load mode).

The resulting electricity prices and the resulting profitthe electricity produc-
ers in our case studies are remarkably lower than those iouttient European
electricity market. We assume that there are some addifactars, notincluded
into our modeling, influencing the electricity price.

The model is static.

A dynamic (one step ahead) variant of the existing modeliisgbdeveloped.

4.2

Modd limitations, futureresearch

The major limitations of the model are:

In this paper it was assumed that the game is deterministidfaat producers
have perfect information about all profit functions. Thisiirst step. Extension
of the current research into the situation in which the garstdachastic and into
the situation in which the producers have incomplete kndgdeof the profit

functions is a subject of our future research.

Only three possible games were considered in each of thestadies: perfect
competition, Stackelberg game with one leader, Stackglipame with two lead-
ers. Although the aim of liberalization is to obtain a higblympetitive market,
it will never be perfectly competitive. Situations with rawoperative electric-
ity producers, in non-perfect competition have to be cagrgid to obtain more
realistic outcome.

While most data used for the modeling are real, the assungptiorthe players’
behavior are very strong. For example, in many case studiesowsidered that
perfectly competing producers (acting as followers) haleniical utility func-
tions. This of course does not apply in reality.

Only 8 countries were included in the model, because there wat sufficient
data about the rest of European countries.

Cross-border ownerships of the electricity producers ataliowed in the model,
while in reality they appear more and more often.
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¢ The electricity price is assumed to be constant within onmty, while in reality
this price might differ per electricity producer (Van Ec@).

Increasing the complexity of the model as well as improving ¢urrent solution al-
gorithm are subjects for the future research. The dynamtiension of the model is
being developed. In such a dynamic model additional factikesthe life cycle of the
different electricity plants, will be included.
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Appendix

Computation of electricity quantities produced by individual elec-
tricity producers

We will discuss solving of the perfect competition probld®).(The algorithm depicted
below finds the optimal solution if all producers producezemo quantities of electric-
ity by all technologies available to them and transfer thexteicity to all countries
within U, for eachr.

If any resulting quantityg; ¢ /| is equal to zero, the corresponding technology
and/or transmission is withdrawn from the technology anttamsmission set belong-
ing to the firmf and the algorithm has to be run again with new initial valugkis
has to be done for all possible combinations of zero quastitiTherefore, the com-
plexity of the algorithm is rather high. However, in the catigdies it is often assumed
that the perfectly competing producers are identical argddécreases the complexity
remarkably.

If multiple solutions are found, the solution minimizingetiprices in individual
countries is chosen.

Algorithm solving the problem (P)

Initialization
gi ven: R I, T r 15 &), L (Vf €eR, reRlelie |)
Step 1: Compute electricity prices for each regior Rand loadl
for each €L and reRdo
for each feF. (reV)do

s 1y~ (020121

end for;
set  py to max{pfy rey,, feF,;
end for;

Step 2: Compute the quantities of electricity produced bgliwidual firms
for each leL and reRdo
for each fek,do
compute {Git}iel;,rey, SO that _#Zr is maxim zed,
Wth o007y ]
end for; o
end for;

Similarly, for the Stackelberg problems (S) and (NS) thesprged algorithm is
used to compute the responses of the producers acting esdodl when the decisions
made by leading producers are fixed. The leading producexsnizz their profit as
described in Sections 2.5.2 and 2.5.3, respectively, imther loop and the algorithm
presented here is used in the inner loop.

While the solutions to the problems (P), (S), and (NS) can bepeted analytically,
it can be also executed in numerical computations. Thezefse have implemented
this algorithm and the corresponding algorithms solvirggghoblems (S) and (NS) in
Matlab in order to make the solution more tractable.
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