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Abstract

The European natural gas market is characterized by an oligopolistic supply structure
with mostly external suppliers, often combined with oligopolistic wholesale markets in
the European countries. Transport infrastructure (pipeline, liquefied natural gas (LNG)
facilities) is essential in the determination of trade flows. We use equilibrium modeling in
the complementarity format to analyze this market. Two different models with distinct
ways of including the transport constraints are presented and used. We first describe the
static GASMOD model that represents the European market with a double marginaliza-
tion structure. Bilateral capacity constraints of transport limit the trade flows between
each pair of countries. Simulation runs with the static GASMOD model show that the
security of European natural gas supplies can be ensured with a diversified import struc-
ture. LNG plays an important role because it increases the number of players in the
European market, thereby reducing the market power and potential dominance of other
players such as Russia. The static model is then extended to the GASMOD-Dynamic
model, where investment in the transport infrastructure is included. The infrastruc-
ture is represented by a network graph and is used by both market stages, exports and
wholesales. Investments are chosen in a welfare optimal way with a net present value
approach. Exemplary model runs with a small data set show that the existing transport
capacity between European countries is considerably more constraining than the import
links into Europe.

Keywords: natural gas, Europe, complementarity modeling, MCP, Cournot, market
power, network, investments, Russia.



Zusammenfassung

Der europäische Erdgasmarkt ist durch eine oligopolistische Anbieterstruktur gekennze-
ichnet. Desweiteren sind viele Großhandelsmärkte in Europa ebenfalls oligpolistisch
strukturiert. Die Transportinfrastruktur (Pipelines, Flüssiggasanlagen) bestimmt maßge-
blich die Erdgasflüsse. Wir verwenden die Gleichgewichtsmodellierung im Komplemen-
taritätsformat, um diesen Markt zu analysieren. Zwei verschiedene Modelle mit unter-
schiedlichen Darstellungen der Transportbeschränkungen werden vorgestellt und verwen-
det. Zunächst beschreiben wir das statische GASMOD-Modell, in dem der europäische
Markt mit doppelter Marginalisierung abgebildet wird. Die Transportbeschränkungen
auf den Handelsflüssen werden mit bilateralen Kapazitätsgrenzen zwischen jedem Länder-
paar eingefügt. Simulationen mit dem GASMOD-Modell zeigen, dass die europäische
Versorgungssicherheit durch diversifizierte Importbezüge sichergestellt werden kann. Das
zunehmende Angebot von Flüssiggas spielt hierbei eine wichtige Rolle, da es die Anzahl
der Anbieter auf dem europäischen Markt erhöht und dadurch die Marktmacht anderer
Anbieter, z.B. Russlands, beschränkt. Das statische Modell wird dann erweitert zum
dynamischen GASMOD-Dynamic-Modell, welches Investitionen in die Transportinfras-
truktur erlaubt. Die Infrastruktur wird in einem Netzgraphen abgebildet und wird
von beiden Marktstufen genutzt, den Exporten und den Großhandelsflüssen. Die In-
vestitionen werden wohlfahrtsoptimierend durch die Optimierung des Gegenwartswertes
ermittelt (NPV-Ansatz). Beispielhafte Modellsimulationen mit einem kleinen Daten-
satz zeigen, dass die bestehende Transportkapazität zwischen den europäischen Ländern
deutlich beschränkender ist als die Importverbindungen nach Europa.

Schlüsselwörter: Erdgas, Europa, Komplementaritätsmodellierung, MCP, Marktmacht,
Netz, Investitionen, Russland.
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Chapter 1

Introduction

1.1 Motivation

Why am I interested in natural gas markets? I don’t use natural gas at home and
almost never did in my life. I am even a little afraid of having a natural gas conduct in
my building and chose an appartment with district heating and an electric stove when
moving to a new place recently. But as an economist, I am fascinated by the market
and especially its modeling challenges.

By the time I started the research for this thesis, in late 2004, modeling natural
gas markets was still a challenging enterprise, undertaken only by few. At that time,
the recently released “Acceleration Directive” prepared by the European Commission1

dominated the discussion and was, once more, pushing for liberalization and opening of
the sector. Security of supply was a small issue but already present as showed disputes
over natural gas between Russia and Belarus and another EC directive2 addressing the
topic. Moreover, there were first signs of coming globalization, with rising LNG trade and
increasingly cointegrated prices between the world regions (cf. for example Siliverstovs
et al., 2005). However, the big “gas rush” had not started yet, and energy and climate
change were not yet the topical issues for research and policy that they are today.

This thesis presents some of my research on natural gas markets and its modeling.
It draws from industrial economics and operations research alike; the results were also
used for policy consulting of European decision makers in the past few years. In this
introduction, I will first explain what the two research challenges of modeling and un-
derstanding the European market were. I will then set the conceptual frame for the
modeling effort and conclude with the relevance of this work.

1.1.1 The Modeling Challenge

Numerical modeling is one way to quantitatively analyze markets, next to theoretical
modeling and econometric studies. When starting this research, not many modelers were

1Directive 2003/55/EC.
2Directive 2004/67/EC.
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1.1. MOTIVATION

dealing with natural gas markets but most of them focused on electricity markets. This
was despite the fact that the regulating and policy communities in the European Union
have been looking rather equally at electricity and natural gas markets since the 1990s.
Electricity and natural gas markets share some important aspects, such as the network
structure and the imperfect character of the market with few suppliers, which made it
an intuitive research agenda to apply techniques developed for one market to the other
market.

However, natural gas markets are not quite the same as electricity markets because of
the physical characteristics of the networks (meshed electrical network with Kirchhoff’s
laws vs. a directed pipeline network with a small number of nodes) and the differences in
market structure (monopolistic wholesale suppliers of electricity vs. non-EU exporters of
natural gas and monopolistic importers/wholesale traders inside the European Union).
Hence, electricity models could only be a starting point of the present research effort.

By 2004, only a small number of computational models of the European natural
gas market existed. However, there was a clear need to extend and improve these
models by incorporating the specific characteristics of the European market such as the
double marginalisation market game and the specific types of suppliers and transport
modes (pipeline and liquefied natural gas/LNG). Moreover, the network character of the
pipeline grid and investments therein were not taken into account yet. The challenge
was to include these elements in a tractable model with unique results such that an
interpretation in applied economics could be done. The modeling aspects are explained
in more detail in section 1.2.

1.1.2 The Natural Gas Market Challenge

Natural gas markets have come back to the focus in Europe around 2004/2005 due to
three distinct trends: liberalization efforts in the European Union, security of supply
concerns, and the globalization of the market.

1.1.2.1 Liberalization efforts in the European Union

The natural gas sectors of the European member states have long been characterized
by a monopolistic supply structure, often with only one wholesale company per country.
As interconnection between countries was poorly developed, no Single European market
for natural gas could emerge. The liberalization process on the European continent is
rather slow, as is regularly emphasized by the European Commission (annual benchmark
reports) and the International Energy Agency (e.g., IEA, 2008a). The current liberali-
sation efforts of the natural gas sector by the European Commission started in the mid
1990s. It reflected the need for specific actions in the natural gas sector to reach the
general goal of the European Communities and later the European Union of common
good markets.3

3This goal was explicitly inscribed in the European treaties of Rome 1957 and Maastricht 1992.

13



CHAPTER 1. INTRODUCTION

The first “Gas Directive” (98/30/EC) sought to create competitive markets by en-
suring access to the network to third parties. This should be achieved by unbundling the
transport and the marketing sections of the traditional, vertically integrated monopo-
lists, monitored by independent regulatory authorities in each member state. The exact
approach (e.g., negotiated or regulated third party access, legal or accounting or com-
plete unbundling, etc) was left at the discretion of the member states, and derogations
were granted.

With these provisions, liberalization made a disappointingly slow progress in sev-
eral member states, and the European Commission introduced a second directive, the
so-called ”Acceleration Directive” (2003/55/EC). It mandated regulatory third party
access (TPA) for all existing infrastructures, including high pressure transit pipelines for
imports.4 The Acceleration Directive also commanded legal unbundling as the minimum
level of unbundling and it reinforced the importance of the regulator.

Despite these new provisions, that went far beyond the first Gas Directive, the an-
nual “benchmark reports” of the European Commission5 and the EU sector inquiry
(EC, 2007) noted that the sector was still far away from the objective of a liberalized
and common market. Hence, a set of legislative measures was prepared by the Eu-
ropean Commission, together with provisions for the electricity sector in the so-called
“Third Package”. The propositions6 include far-reaching measures such as ownership
unbundling between transport and sales and a European agency of regulators. At the
end of 2008, it is unclear whether these proposals will be converted as such into a third
directive.

1.1.2.2 Security of European natural gas supplies

In addition to the question of market structure within the European Union, the supply
structure has become of increasing interest due to the concentration of supplies. To a
large extent, the supplies come from countries that are perceived as “risky”. Russia,
for example, has repeatedly been in conflict with transit countries such as Ukraine and
Belarus. In Algeria islamist rebels constantly undermine the rule of the state. It should
be noted, however, that the natural gas supplies to Europe from these countries have
since their start in the late 1960s never been unvoluntarily interrupted and the risk of
failures still seems small today.

Nevertheless, an increased diversification of supplies would improve the European
supply security (Luciani, 2004; Jansen et al., 2004), and this thesis examines whether
Europe has the economic possibility to further diversity its imports. In addition to
pipeline imports, many European countries today also have the possibility to diver-

4Transit pipelines had been exempted from TPA so far, as stipulated by the “Transit Directive” 1991
(91/296/EEC).

5Report on Progress in creating the internal gas and electricity market 2001 (SEC (2001) 1957),
2002 (SEC(2002)1038), 2003 (SEC(2003)448), 2004 (COM(2004) 863), 2005 (COM(2005) 568), 2006
(COM(2006) 841), 2007 (COM(2008) 192).

6Proposal for Common Rules for the Internal Market in Natural Gas (COM (2007) 0529) and Proposal
for Access Conditions to the Gas Transmission Network (COM (2007) 0532).
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1.2. MODELING ASPECTS

sify their imports with LNG supplies. Earlier studies with smaller scale models often
concentrated on the Russian supplies to Europe, such as Grais and Zheng (1996) and
Hirschhausen et al. (2005). Only a few models with larger scale data sets were devel-
oped that could combine the analysis of several suppliers; however, their data sets were
usually less detailed than the one used in this thesis and these models were structured
differently than the one presented here (see section 1.2.2.3 for more details).

1.1.2.3 Globalization of the natural gas sector

Thirdly, the European market is increasingly part of a globalized natural gas market.
While this was a provocative position only a few years ago, globalization has become
a matter of fact in the last two to three years with the interconnection of the world
regions via liquefied natural gas (LNG). We now increasingly observe situations where
demand shortages in one region (e.g., in Europe, in Spain during the winter 2005/2006)
have supply and price effects on another region (e.g., North America). This has recently
triggered modeling efforts of the interconnected world market with the World Gas Model
(Egging et al., forthcoming, 2008b).

While this thesis concentrates on the European market, it includes the external
supply regions and LNG shipments to Europe to account for the interaction with the
global market.

1.2 Modeling Aspects

1.2.1 Overview of the Modeling Approaches

This thesis presents a numerical modeling approach of the European natural gas market.
In contrast to theoretical modeling, for example, in industrial economics, the objective
is to develop models that combine economic models with large-scale datasets and allow
forecasting of a future market situation. Numerical models are more practicable than
theoretical models exactly because they find numerical solutions, even to large scale data
sets. The development of numerical models and of their solution algorithms is part of
operations research.

While the economic theory used in numerical models is generally well-known such as
the perfect competition, Cournot and Stackelberg paradigms, there still are challenges
to find the mathematical solutions to several variations of these models, especially when
more than two players are involved. In a market game context, we are interested in the
equilibrium solution of such a game. The equilibrium solution goes beyond the solution
of the individual (profit) optimization problem of each player, by giving the simultaneous
solution to all players in the game (generally, the Nash solution).

Researchers and practitionners have long been interested in numerical simulation
techniques for various reasons. For example, in the natural gas sector, it is helpful for
a company to simulate future demand situations and market outcomes to evaluate its
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needs for infrastructure (pipelines, storage) in the long run and for supplies in the short,
medium, and long run. In a different context, academia and regulators may get a better
understanding of the market structure by using numerical models with different market
structure assumptions. This thesis presents, among other things, an application of the
latter question and also explores the modeling of infrastructure needs.

In the following, I give an overview of the different modeling techniques that can be
used to analyze natural gas markets: system dynamics, optimization and complementar-
ity models are found in the literature and graph theory has provided helpful tools. I will
then focus on the approach used in this thesis, the complementarity format, and discuss
several complementarity model types and the applications to natural gas markets.

1.2.1.1 The System Dynamics approach

Similar to agent-based modeling, system dynamics is a simulation technique that links
“components” of the model via pre-defined functions. System dynamics models include
a “growth function” of their variables that allows for a “dynamic” modeling of processes
over time. It also assumes that the system is functioning continuously as defined by the
input data which implies that possible disequilibria in the system are maintained. This
is a major difference to the neo-classical paradigm (the framework for this thesis) where
the existence and convergence to an equilibrium state is a central concept. Another
drawback from an industrial economics point of view is that system dynamics can not
represent imperfect markets as we find them in the natural gas sector today and the
studies using this approach generally predefine a perfectly competitive market.

While system dynamics has traditionnally been used for the analysis of management
processes, Stäcker (2004) develops a system dynamics model of the European natural gas
market between 2000 and 2010. Within a similar approach for the Mediterranean basin,
Hallouche and Tamvakis (2005) include functions obtained from econometric analyses
in their study. Likewise, the global energy system model POLES combines econometric
sub-models with detailed technology models. It was developed by Criqui et al. and
used for the forecasts in EC (2006). Among other sectors, POLES includes a detailled
representation of the global natural gas market.

1.2.1.2 The optimization approach

Linear and non-linear programming7 (LP and NLP) consist of the maximization or
minimization of linear and non-linear functions of one or several variables under some
linear equality and/or inequality constraints. Linear programming was developed in the
1940s under the leadership of G. B. Dantzig. It is frequently used for applications in
production processes (hence, the name “management sciences” for operations research)
but many other applications exist.

7The terms “programming” and “optimization” are used interchangeably.
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Because of the existence of an efficient algorithm to solve linear programs, the Sim-
plex algorithm, the early literature on equilibrium modeling concentrated on optimiza-
tion techniques to solve equilibrium problems (Harker, 1993). Examples of such models
are found in Samuelson (1952) and Takayama and Judge (1964) where the spatial com-
petitive equilibrium problem is reformulated to a welfare maximization (transport cost
minimization) problem. However, imperfect market games (e.g., Cournot) cannot be
solved with optimization techniques (Harker, 1993).

For the natural gas market, the numerical EUGAS model (also called TIGER or
Magellan, depending on the data input) developed by several authors at EWI Cologne
relies on linear programming (e.g., Perner and Seeliger, 2004; Lochner and Bothe, 2007).
In the EUGAS model, a cost minimization approach for a given price path is used.
Not only are prices exogeneously given, but the cost minimization approach is also not
representative for the European natural gas market and its imperfect market structure.
An advantage of the EUGAS model is the dynamic investment component in production
and transport infrastructure.

The optimization technique has also been widely used to model operational problems
in the natural gas sector. For example, de Wolf and Smeers (2000) solve the gas distri-
bution problem under non-linear flow-pressure constraints with the Simplex algorithm,
using piecewise linear approximations of the non-linear constraints.

1.2.1.3 The complementarity approach for equilibrium models

Since the 1970s and seminal work on algorithms and model formulation by Lemke and
Cottle, equilibrium models have been expressed in the complementarity format (see
Harker, 1993, for an overview of the historic developments). The complementarity for-
mat is derived from the complementarity (duality) concept in optimization models. Its
generalization is called variational inequality. Bazaara et al. (1979), Harker and Pang
(1990), and Cottle et al. (1992) provide an overview of the theory, algorithms and ap-
plications.

The complementarity format is particularly useful in economic modeling because it
allows for the representation of equilibria, both in a general equilibrium framework and
in a (non-cooperative) game setting. By simultaneously solving the optimization prob-
lems of several players within the complementarity system, this model type gives the
equilibrium solution to the entire market game. It is therefore also called “equilibrium
modeling”. Besides partial equilibrium models of a sector, computable general equi-
librium models (CGE) are often formulated as complementarity models. The formal
approach and the specific literature on applications to natural gas markets are discussed
in the next section (1.2.2).

1.2.1.4 Graph theoretical aspects

A network can also be called a graph; networks are therefore analyzed by “graph the-
ory”. In recent years, there has been a growing attention to the issue of market power
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in networks, especially for electricity networks. Cardell et al. (1997) and Atkins et al.
(forthcoming) showed that the topology of a certain network may greatly influence the
way that market power is exerted. In particular, given the network constraints, a player
may exert market power and prevent access to its competitors by increasing its pro-
duction and causing congestion on the network (and hence reduce market access of the
competitors) rather than the classical withholding strategy in network-free markets.

A pipeline network is a set of directed arcs because pipeline flows are determined by
compressors. Certain graph theoretical theorems are assumed to hold true in market
models with networks, such as the Maximum-Flow - Minimum-Cut theorem, also known
as the Ford-Fulkerson theorem (see Ahuja et al., 1993). This theorem states that the
maximum flow possible between two nodes is equal to the size of the minimum cut of all
arcs between these two nodes.8 Moreover, the equivalent of the cost minimization rule
used in economics is the shortest path approach in graph theory. Labeling the arcs with
their respective transport costs and assuming that the commodity takes the shortest
path9 gives a least cost transport flow. A number of algorithms have been developed
to efficiently compute the shortest path, especially for more complex networks than the
high pressure European natural gas network, such as Dijkstra’s algorithm.

1.2.2 Strategic Behavior and Equilibrium Models in the Complemen-

tarity Framework

1.2.2.1 Specific objective: Representation of market power

In the European natural gas market, as well is in other energy and resource markets
(e.g., electricity, oil markets), we observe that the players may behave strategically, i.e.,
that they have the possibility to exert market power and often use this option. In
the literature, it is generally assumed that the static Cournot model characterizes the
European natural gas market, such as in the seminal study by Mathiesen et al. (1987)
for the 1980s. To my knowledge, there exist no computational models that represent
Bertrand models; Hobbs (1986) discusses the application of Bertrand vs. Cournot model
in a theoretical framework. Given that the price competition behavior in the Bertrand
model may lead to the perfectly competitive result (i.e., marginal cost pricing), it is not
appropriate to describe a market where price margins above the marginal cost level are
observed.

The static Cournot model assumes that the players in a market compete non-
cooperatively in quantities, i.e., by setting quantities until an equilibrium point is reached.
This equilibrium is described by Nash (1951) as the situation in which no player has an
incentive to deviate from its strategy. The equilibrium of the Cournot game is generally
called “Nash-Cournot equilibrium”.

8A cut is a partition of the nodes of the graph into two sets. The size of a cut is defined as the sum
of all capacities of those arcs that cross the cut.

9A path is a trajectory along successive arcs.
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In the Cournot game, the players simultaneously choose the optimal quantity, know-
ing the decision of their competitors and assuming that the competitors will not change
their quantities following the decisions of the other players. The reaction function xi of
a Cournot player i to the strategies of his competitors −i is described by:

xi = f

(∑
−i

x−i

)
(1.1)

From there follows the so-called Cournot assumption to take the decisions of the other
players as given in the Nash-Cournot equilibrium (also called conjectural variation pa-
rameter):

∂x−i
∂xi

= 1. (1.2)

Game theory distinguishes “pure” and “mixed” strategies which the players can chose
(e.g., Fudenberg and Tirole, 1991). In particular, a player may chose each strategy with
a probability p : 0 < p < 1 if he plays with mixed strategies. While the game in mixed
strategies can easily be described, it is very difficult to solve numerically. This thesis
therefore concentrates on the case of a Nash-Cournot game in pure strategies.

1.2.2.2 The formal approach

As described in Harker (1993), the complementarity format consists of a non-negative
vector x for which we assume that F (x) ≥ 0. Then the complementarity condition (also
called orthogonality condition) F (x)Tx = 0 is verified if and only if for all i = 1, ..., n we
have

xi > 0⇒ Fi(x) = 0 ∀i = 1, ..., n (1.3)

Fi(x) > 0⇒ xi = 0 ∀i = 1, ..., n (1.4)

This means that for each element i, either xi or Fi(x) must be zero, i.e.

0 ≤ xi ⊥ Fi(x) ≥ 0 ∀i = 1, ..., n. (1.5)

The variables xi and Fi(x) are called “complementary”. Geometrically, the complemen-
tarity problem consists of finding a non-negative vector x such that the image F (x) is
also non-negative and orthogonal (perpendicular) to x.

Under some conditions, the Karush-Kuhn-Tucker conditions (first order conditions)
of the optimization problem of a player in a game yield the optimal solution. In general,
for the constrained minimization problem of a player, we have

min F (x)

s.t. gi(x) ≤ 0 (λi) ∀i = 1, ..., n

hj(x) = 0 (µj) ∀j = 1, ...,m

(1.6)
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For this minimization problem, the Karush-Kuhn-Tucker conditions (KKT), analogous
to a Lagrange derivation, are:

∇f(x) +
n∑
i=1

λi∇gi(x) +
m∑
j=1

µj∇hj(x) = 0 (1.7)

0 ≥ gi(x) ⊥ λi ≥ 0 ∀i = 1, ..., n (1.8)

0 = hj(x), µj free ∀j = 1, ...,m (1.9)

The first KKT condition (1.7) ensures that the solution is stationary; KKT conditions
(1.8) and (1.9) ensure complementarity and feasibility of the solution. The KKT condi-
tions are the necessary and sufficient conditions for optimality of the problem if we have
a convex objective function and a convex solution space (feasible region).

Depending on the character of the constraints of the optimization problem, gi(x) or
hj(x), different types of complementarity problems can be distinguished:

• If the constraints are exogenous parameters (e.g., capacity constraints of the type
x ≤ 150), we have a linear or non-linear complementarity problem that can be
expressed as a mixed complementarity problem (MCP) and solved with a standard
software.

• If the constraint is itself the result of another equilibrium problem (e.g., market
game), we distinguish

[a] MPEC (mathematical program with equilibrium constraints) if the objec-
tive function of the program is the optimization problem of a single player (e.g.,
Stackelberg game, welfare optimization), and

[b] EPEC (equilibrium program with equilibrium constraints) if the objective
function gives the solution of another equilibrium problem.

MCP

Under the name mixed complementarity problem (MCP), we pool the “simplest”
complementarity models, namely linear and non-linear complementarity models. Their
common characteristic is the simultaneous solution to all optimization problems in the
model. There can be several linked optimization problems in such a model, either in a
game context (linked via reaction functions) or in any other setup where the link is done
via physical balance or market clearing conditions. Market games such as Cournot games
can be modeled in the MCP format. More generally, MCP models allow to represent
Nash games in pure strategies.

For the MCP, in the formal framework above, the objective function F (x) of the
optimization problem is a linear or non-linear function, for example a profit maximiza-
tion function. Two types of linear constraints can apply: non-equality and equality
constraints; both are generally linear in an MCP model. Equation 1.8 above is the
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KKT of a non-equality constraint such as a capacity constraint. Equation 1.9 is the
KKT of an equality constraint and generally represents a physical balance constraint.
Altogether, and including its constraints, the (minimization) problem must be convex
to ensure solvability with a unique solution.

Numerical models in the MCP format can be solved with the PATH solver (algorithm)
in the software GAMS. GAMS (General Algebraic Modeling System) is a programmming
language that was developed for large-scale modeling applications (e.g., Brooke et al.,
2008). An example of a GAMS program (as used for the simulations in Chapter 5 of
this thesis) is included in the Appendix.

The PATH solver was developed specifically for the GAMS platform. It is an al-
gorithm that employs a variation of the iterative Newton method and “makes use of
the path-following technique of Ralph (1994)” (Dirkse and Ferris, 1995) - hence, the
name PATH. Dirkse and Ferris (1995), Rutherford (1995) and Ferris and Munson (2000)
explain the functioning of the algorithm and give a number of application examples.

Linear and non-linear complementarity models programmed as MCP have been used
in general and partial equilibrium modeling in the last two decades. Especially energy
market research has seen an increasing application of MCP models. Hobbs and Helman
(2004) provide an introduction and an overview to the application for electricity markets.
Applications to the natural gas sector are also numerous, as explained in detail below.
Little attention has been devoted so far to other resource markets than natural gas.
In addition to partial equilibrium models, computable general equilibrium models have
been programmed in the MCP format for some years now; Rutherford (1999) gives an
introduction into the method with a special GAMS tool for general equilibrium models
(MPSGE).

MPEC

Mathematical programs with equilibrium constraints are used to model hierarchical
mathematical problems with multiple levels of optimization, e.g. bilevel problems. In
economic theory, such games are for example the Stackelberg game, i.e. with one profit
maximizing leader on the upper level. Luo et al. (1996) give an extensive overview of
the problem, solution algorithms and applications.

Following Ehrenmann (2004), the most general form of an MPEC is

min
x,y

F (x, y)

s.t. (x, y) ∈ Z

y ∈ S(x)

(1.10)

As above, F is the objective function (here: of the upper level) that depends on the
decision variable x and the “state variable” y. S is the solution space of the lower level
equilibrium problem. MPECs can be considered as a sub-class of non-linear programs,
for which the constraint qualifications that ensure an optimal and unique result are
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“always violated” (Ehrenmann, 2004). In the complementarity format, an MPEC (also
called mathematical program with complementarity constraints) can be written as

min
z

F (z)

s.t. min [G(z), H(z)] = 0

g(z) ≤ 0

h(z) = 0

(1.11)

While several algorithms have been suggested to find numerical solution to MPECs
(e.g., interior point methods, penalization methods, re-formulation as an NLP), these
can usually only solve small datasets under strong assumptions and find local optima.

Despite the lack of a generalized solution method, MPEC models can realistically
describe a number of real-world economic problems, especially when gaming is involved.
The well-known example in energy economics is that of an electricity market game (lower
level problem) combined with the dispatch problem by a transmission system operator
(upper level maximization problem), as described e.g. in Hobbs and Rijkers (2004) and
Chen et al. (2006). This example can be transposed to the natural gas market, but has
to my knowledge not been done so far.

EPEC

Equilibrium problems with equilibrium constraints (EPEC) can be understood as an
extension of MPECs because, in fact, “each leader solves a mathematical program with
equilibrium constraints” (Ehrenmann, 2004). In an EPEC, there are multiple leaders
that play a game with each other (upper level game), the solution of which also depends
on the solution of the lower level game. Hence the name “multi-leader-common-follower”
game coined by Leyffer and Munson (2007). Hierarchical games can be represented by
EPECs, as can be generalized Nash games or Nash games in mixed strategies.

The general EPEC is described in Ehrenmann (2004). Given the problem of each
follower Fj

max
yj

pFj (x, y)

s.t. GFj (x, y) ≤ 0, (µj)

HFj (x, y) = 0, (νj)

(1.12)
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each leader Li faces the following MPEC:

max
xi

pLi(x, y)

s.t. GLi(x, y) ≤ 0

−∇yjpFj (x, y) +∇yjGFj (x, y)Tµj +∇yjHFj (x, y)T νj = 0

max
[
−GFj (x, y), µj

]
= 0, j = 1, ...,m

HFj (x, y) = 0, j = 1, ...,m

(1.13)

Here again, the possibility to obtain numerical solutions is limited due to the possible
existence of manifold equilibria. There exist only few applications and they are solved by
simplifying the model to a MPEC or a NLP. These applications are limited to electricity
markets, such as Hu and Ralph (2007) where each generator on the upper level faces the
optimal power flow decision of the transmission system operator. This model is solved
numerically by assuming that all strategies of the players are pure Nash strategies (i.e.,
by choosing the assumptions such as to obtain a standard complementarity problem).
Another application in electricity economics is the combination of a lower level generation
game combined with an upper level investment game with multiple network owners, as is
for example the case in the German electricity market. Lastly, the interaction between
forward and spot markets in an oligopolistic market can be formulated as an EPEC
model as in Yao et al. (2005). Leyffer and Munson (2007) describe further problem sets
and solution methods.

1.2.2.3 Applications to natural gas markets

These complementarity model types with different market power set-up are described
in Gabriel and Smeers (2006) for a stylized natural gas market model. MPECs and
EPECs are characterized by a possible multitude of equilibria and, hence, depending on
the specific problem, it may be impossible to find a numerical solution to such a model.
While some solution methods have been developed in recent years, they generally remain
unsatisfactory for large-scale data sets. This thesis therefore concentrates on the use of
mixed complementarity models.

MCP models have been the preferred format of the European natural gas sector
in the last two decades or so, because of the imperfect character of the market. The
current literature stream was initiated by a seminal modeling paper by Mathiesen et al.
(1987) about the European market. They concluded that the European market is best
described by a Cournot oligopoly. This has become a central assumption for the later
modeling efforts. Some first applications were presented in Golombek et al. (1995) and
Golombek et al. (1998). Smeers (1997) gives an overview of the analytical possibilities
that equilibrium models provide to understand the European natural gas markets.

Several distinct model families have been developed since then: the GASTALE
model(s) by Hobbs et al., the NATGAS model by Zwart et al., and the North American
and world models by Gabriel et al. In addition to the literature with an economic focus,
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the complementarity format has also been used for modeling technical operations in the
natural gas sector.

The GASTALE model family

The first version of the GASTALE model described in Boots et al. (2004) served to
study double marginalisation in the European market in a static model set-up. It is a
two-stage model of the successive export and wholesale markets in Europe. The two-
stage market is implemented by assuming all wholesale traders to be identical such that
the exporters supply directly to the final market. This is an unrealistic assumption in the
European market, but it was chosen to ensure solvability of the model. This assumption
was dropped later on and more recent versions of the GASTALE model are one-stage
models of exports to Europe. Egging and Gabriel (2006) developed an extension of the
GASTALE model with conjectured supply functions. Lise et al. (2005) describe the
dynamic model with investment in pipeline, LNG and storage infrastructure. According
to Lise et al. (2008), investment is implemented via a net present value optimization
with a recursive optimization. The recursive optimization approach re-iterates the in-
tertemporal open-loop optimization10 for each period over a certain chosen optimization
horizon (in general the amortization period of the investments). Lise and Hobbs (2008)
and Lise et al. (2008) apply the dynamic model to the European market until 2030 and
study disruption effects.

NATGAS

The NATGAS model is a multi-period one-stage model of production and exports
to the European natural gas market with an open-loop approach for the dynamics. It
includes investment in production capacity and a resource constraint on production.
The model is developed in Zwart and Mulder (2006) and the analysis of the resource
constraint is extended in Zwart (forthcoming).

While the general model approach in the NATGAS model is stringent and convincing,
the model also includes a more critizable element with respect to the representation of
the Cournot market: similar to Egging et al. (forthcoming), the conjectural variation
parameter ∂Xj

∂xij
is assumed to be 0 ≤ ∂Xj

∂xij
≤ 1. While ∂Xj

∂xij
= 0 characterizes a perfectly

competitive market (i.e., the action of player i has no influence on the total outcome
of the market), ∂Xj

∂xij
= 1 represents a Cournot market (i.e., in equilibrium a player i

takes the quantities of all other players −i as fixed). No theoretical model explains
the values 0 <

∂Xj

∂xij
< 1, but they are rather chosen to obtain numerical simulation

10In the open-loop approach, a single optimization is done for the entire optimization horizon. In
other words, the decisions (of investment and/or operations) for all periods are taken at once in the
initial period. On the contrary, in the closed-loop approach, “all past play is common knowledge at the
beginning of each stage” (Fudenberg and Levine, 1988). In other words, each player has to determine his
reaction function to each possible outcome of the previous periods. This gives potentially a very large
solution space, with a high chance of multiple equilibria. Hence, it is hardly possible to numerically solve
such a model.

24



1.2. MODELING ASPECTS

results close to the actual market outcomes. By doing this, the authors assume the
deviations of the market outcomes from the theoretical models to be related solely to
the competitiveness of the market which would be more competitive than the Cournot
model explains. However, other factors, that are not included in the standard economic
models, could explain the deviations. For European natural gas markets, these factors
could be the importance of long-term contracts (that reflect the economic optimization
solution of the past when the contracts were signed) or geopolitical preferences of the
exporting or importing countries.

North American and world models with detailed player descriptions

While the North American market is generally not characterized by imperfect market
structures, the representation with complementarity models can still be useful. Com-
plementarity models can simultaneously solve several optimization problems of distinct
players (that are, in general, linked via market clearing conditions or mass balances) and,
under certain conditions of convexity, find a solution vector that satisfies all optimality
conditions. Hence, complementarity models are useful to represent a technically com-
plex sector with several player types. Gabriel et al. (2005a) and Gabriel et al. (2005b)
develop such a model for the North American natural gas market and include various
player types such as producers, storage reservoir operators, peak gas operators, pipeline
operators, and marketers. Each player type is characterized by different cost and revenue
structures and detailed models can take that into account. Except for the marketers sell-
ing to the final consumption markets, all players are represented as competitive agents
to ensure solvability of the equilibrium model. Hence, despite the great level of detail in
the technical processes, the results of the market game can be expected to be similar to
a market model that simplifies the technical processes (such as the models used in this
thesis).

A similar approach of detailed representation of several player types was chosen in
the European Gas Model (EGM) (Egging et al., 2008a) and its extension, the World
Gas Model (e.g., Egging et al., forthcoming), which is modeling work that I have also
participated in. Compared to the North American model, the noteworthy difference
in the player structure is the inclusion of the LNG chain (liquefiers and regasifiers,
substituting the peak gas operators in the North American model). The rather technical
focus of the models is evident in the structure of the optimization problems: each player
has two types of decision variables - purchases and sales. This is to obtain variables
that, in combination, ensure the mass balance equality in each node between purchases
and sales. In theoretic economic models, however, such as the standard Cournot model,
the decision variable of the player is his sales, while purchases (in case of a multi-
stage market) are implicitly assumed to be equal to the sales of the upstream player.11

Nevertheless, these models can be used to study economic questions, especially in relation

11Note that questions of purchasing power or bargaining power vis-à-vis the seller, such as in monop-
sony models, are not considered here.
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to market power by the pipeline exporter and the LNG players. Examples of studies are
disruption scenarios of Ukrainian transit or Algerian supplies to Europe (Egging et al.,
2008a) or extreme cases of market power close to duopoly or cartel markets (Egging
et al., forthcoming).

Technical models of the natural gas sector using the complementarity format

While most models dealing with technical aspects of the natural gas sector use the
optimization format, some complementarity models exist. These models are used to
find, for example, the optimal flow in a pipeline network. Examples for the Norwegian
offshore pipeline network are included in the thesis by Midthun (2007), of which the
paper Bjorndal et al. (2007) takes into account such technical constraints as pressure
differentials between two nodes.

1.3 Thesis Overview

My research on natural gas markets has touched upon some of the above-mentioned
modeling methods and extends to other methods as well. From a modeling perspective,
I had a lead role in the development of the GASMOD model and have also been involved
in the set-up of other models. The static GASMOD model was developed for the analysis
of the European market structure, its competitiveness and its supply situation, that will
be extensively explained and applied in this thesis. The main characteristic of this model
is the two-stage market structure of successive exports to and wholesale trade within
the European market. I extended the GASMOD model to include a network model with
joint network use by both market stages and investment in this network, also described
in this thesis. Beyond this thesis, I have also participated in research with very detailed
large-scale models that are calibrated to render a base year’s state of the world and can
be used for forecasts, namely the European Gas Model (Egging et al., 2008a) and the
World Gas Model (e.g., Egging et al., forthcoming, 2008b).

The European natural gas sector is strongly dependent on its pipeline network that
determines the market access and supply security situation of each natural gas consuming
country. Graph theoretic algorithms and measures (e.g., degree distribution of the nodes
in the network and shatter of highly interconnected nodes) allow to analyze the structure
and the vulnerability of the network and the supply situation of each country. This is
part of my ongoing research. Moreover, the European natural gas importers increas-
ingly interact in a global market and compete with other world regions (North America
and Asia) for LNG imports. From an institutional viewpoint, the market structures in
Europa and East Asia (monopolistic domestic markets with dominating long-term con-
tracts) differ fundamentally from North America (competitive market with spot market
dominance). The implications for the global LNG trade flows and the supply security in
each region are part of other ongoing research with an analysis beyond the computational
modeling approach.
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This thesis focuses on my contribution to natural gas sector research with the GAS-
MOD model. It is structured around four chapters that come out of four independent
papers which will be described and linked to each other in this section. Table 1.1 classifies
the four chapters. All chapters model the European natural gas market in a complemen-
tarity framework. The first three chapters develop and apply a static large-scale model,
GASMOD, and the fourth develops a network model with investments in the pipeline
arcs (GASMOD-Dynamic).

Chapter Publication,
Contribution

Model
(Time Horizon)

Application Regional Focus

2 Updated version
of Holz et al.
(2008). Author
had lead role in
the development
of the model and
data collection,
and participated
in analysis and
writing.

Static (2003) Market structure Europe

3 Updated version
of Holz et al.
(forthcoming).
Author was re-
sponsible for
simulation runs,
data collection
and major parts
of the writing.

Comparative
static (2003-2025)

Supply structure Europe and other
regions (Middle
East, Russia)

4 Updated version
of Holz (2007).

Static (2003)
and comparative
static (2003-2025)

Supply structure Russia

5 Independent re-
search by the
author.

Dynamic (2005-
2025)

Pipeline network
and pipeline in-
vestments

Simplified Euro-
pean network

Table 1.1: Summary of chapters

1.3.1 Chapter 2: A Strategic Model of European Gas Supply

(GASMOD)

The European natural gas market today seems to be characterized by an export oligopoly
on the one hand and monopolistic wholesale traders in the European countries on the
other hand. Few suppliers sell natural gas to Europe, such as Russia, Algeria and
Norway per pipeline, and Nigeria, Egypt, and the Middle East per LNG. While the
Netherlands and to a lesser extent the United Kingdom have a substantial amount of
domestic production, most other European countries only have small natural gas reserves
and little domestic production. Hence, they strongly rely on imports, and the prices and
supply structure are crucial for them. At the same time, in most European countries,
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imports and sales of natural gas still are in the hands of monopolistic, previously state-
owned companies. While regulatory efforts of the European Commission and national
authorities have aimed at opening up the national markets, the lack of interconnection
and, hence, access to the markets is still preventing effective competition in continental
Europe.

This chapter develops a numerical equilibrium model that represents the natural gas
trade with a successive Cournot market structure. Alternatively, two other market set-
tings can be simulated: perfectly competitive markets in exports and wholesale trade;
and an export oligopoly with a perfectly competitive EU market (“EU liberalization”).
The GASMOD model is run with a large data set of the European market for 2003,
including infrastructure capacities.12 The model data set contains all continental Eu-
ropean countries of the EU-27 plus the UK and Turkey on the import side, and on
the export side Norway, Russia, Algeria, Libya, Egypt, the Middle East (Qatar, Oman,
UAE), Iran, Nigeria, and Trinidad & Tobago. In addition to imported production, do-
mestic production in Europe is included. All players (exporters, domestic producers,
and importers) are assumed to be profit maximizers and may behave either as Cournot
or as competitive players.

The simulation results for the base year 2003 confirm the hypothesis of successive
Cournot markets with double marginalisation. Only for the UK market (that experienced
an effective liberalization process in the 1990s already) the Cournot hypothesis is not
confirmed. While the result of a Cournot export market was already found by Mathiesen
et al. (1987), this had not been shown for the export and import market simultaneously.13

Welfare calculations with the numerical model results confirm the theoretical result that
EU liberalization is welfare superior to double marginalisation. While this comes at no
surprise to economists, it is often challenged by the European natural gas importing
industry that claims the need to form strong opponents (i.e., monopolistic players) vis-
à-vis the export oligopoly (Smeers, 2008).

With respect to the supply structure, the model results indicate a diversified supply
structure with a mix of pipeline and LNG imports. However, the possibility to diversify
is bound by the infrastructure and the model results show a number of bottlenecks
mostly in the intra-European interconnection and for LNG terminals. Although the
results presented in this chapter are interesting to characterize the market, the model
was originally developed to investigate detailed questions of supply security such as the
role of Russia and the importance of LNG in the future. These questions are addressed
in the following chapters.

12In Chapters 2-4, bilateral transport capacities are used as restrictions of the trade relations. This
means that there is a specific transport restriction for each trading pair (exporter-importer, wholesaler-
consumer) and the data is calibrated ex post to use correct capacity restrictions for transport paths of
arc length > 1. This approach is replaced by a network model for both market stages in Chapter 5.

13Note that Boots et al. (2004) assume identic importers to obtain a similar result.
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1.3.2 Chapter 3: Perspectives of the European Natural Gas Markets

Until 2025

The supply structures with natural gas play an important role in the energy policy
debate in Europe today. Europe is a relatively mature pipeline market, with a significant
increase in LNG regasification capacity and LNG imports over the last years. In the next
decades, the demand for natural gas is expected to rise, albeit with some uncertainty
on the extent given new developments that may reduce the relative benefit of natural
gas in environmental or cost terms (e.g., competition with coal with carbon capture and
storage (CCS) for power production). In institutional terms, European gas supplies are
also undergoing the global trend from long-term contracts towards shorter-term trading
and a more important role for spot markets. Energy supply security is a particularly
sensitive issue in Europe, especially with respect to Russia.

In this chapter, the GASMOD model is used in a comparative static approach for
the years 2003 to 2025 to investigate the future perspectives of the European natural
gas supplies. The scenarios and foci follow the study design of the Energy Modeling
Forum 23 “Global Natural Gas Markets and Trade” (EMF, 2007). Since 1976, the
Energy Modeling Forum at Stanford University has organized a number of two-four year
studies of particular topics in energy economics and climate modeling. The 23rd study
dealt with models of natural gas markets and brought together about ten modeling teams
in regular meetings between 2004 and 2007. This chapter reports the results of the EMF
scenarios obtained with the GASMOD model and puts them in a larger perspective of
the development of the European natural gas market.

The scenarios developed in the EMF group were the EMF Reference case (with cer-
tain assumptions on natural gas demand growth) and five alternative scenarios: higher
demand growth, constraint on Russian exports, constraint on Middle East exports, con-
straint on Middle East & Russian exports combined, and constraints on liquefaction
expansion. In this chapter, the focus lies on the future role of Russia, potential alter-
native supply sources, and model results for the UK market in transition. In general,
the results suggest rather modest changes in the overall supply situation of natural gas
to Europe. This also indicates that current worries about energy supply security issues
may be overrated, in consistence with Chapters 2 and 4. In particular LNG is found
to increase its share of European natural gas imports in the future, but stay relatively
stable beyond 2015. Until 2025, the Middle East will continue to be a rather modest
supplier to Europe and its exports are more likely to be directed to the Asian and the
North American markets. The UK is in the process of successfully converting from a
natural gas exporter to an importer and a transit node for LNG towards continental
Europe. Congestion in pipeline infrastructure, and in some cases LNG terminals, will
remain a characteristic of the European gas markets, but less than in today’s market.
The diversification of natural gas supplies, already observed in this decade, should con-
tinue and contribute to supply security, thereby attenuating fears of dependency upon
Russian exports.
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1.3.3 Chapter 4: How Dominant is Russia on the European Natural

Gas Market? - Results from Modeling Exercises

Russia is one of the most important suppliers to Europe and covered about one third
of the European imports in 2007 (BP, 2008). The countries in Central and Eastern
Europe depend most on Russian imports due to their geographic proximity to Russia
and historical trade relations. After several incidents in the recent past such as the
disputes with Ukraine in early 2006 and with Georgia in 2008 the reliability of natural
gas imports from Russia is questioned in Europe. Furthermore, the discussions about
the Nordstream project have brought the topic to the attention of the general public.14

This chapter discusses various aspects of Russia’s role on the European market. The
argumentation is supported with results from a number of modeling exercises, both with
the static GASMOD model for the base year 2003 as presented in Chapter 2 and with
the comparative static model set-up for 2003-2025 that is discussed in Chapter 3.

Natural gas imports from Russia to Central and Western Europe today must be
viewed in a two-fold perspective. First, the European natural gas market is integrating
more and more into the globalizing natural gas market, where liquefied natural gas
(LNG) connects regional markets around the world. The traditional pipeline market in
Europe is increasingly complemented by LNG imports from regions outside Europe which
changes the European supply situation fundamentally. Second, national and European
authorities continue their efforts in liberalizing the natural gas markets in order to create
a competitive market structure and a truly functioning Single European market. This
new market situation in Europe would also create a new framework for the players on
the export market because it would change the supply-demand equilibrium.

I argue that the European dependency on Russia is lower than perceived, and that
the Russian importance will remain limited over the next decades. This is due to the
possibility for Europe to diversify its imports with pipeline and LNG imports from other
suppliers. It is also due to the market structure of the international natural gas markets
where the few suppliers that have natural gas reserves are competing in an imperfect
market. The imperfect market structure gives the suppliers the possibility to sell less
gas at higher prices, which allows market entrance of more and of higher cost suppliers.

This chapter also discusses the perspectives of an oligopolistic exporter to a (future)
liberalized European market. While the oligopoly in the export market ensures high
prices for the exporter, perfect competition in the downstream markets leads to high
demand. The latter effect (a quantity effect) gives an incentive to the exporter not to

14The Nordstream pipeline project should be a direct link from Russia to Germany through the
Baltic Sea, bypassing the traditional transit countries Belarus, Ukraine and Poland, with a total annual
capacity of 27 or 54 bcm (one or two pipelines, respectively). Protests by the transit countries as
well as the involvement of former German chancellor Schröder in the project have led to an unusual
media attention. For a long time, the realization of this expensive project with long, deep-sea offshore
pipelines was uncertain to observers given the sufficient availability of onshore pipelines through East
Europe. Recently, however, the start of construction works on the onshore German part (so-called
Ostsee-Anschluss-Pipeline) by Wingas has dissipated some doubts. Gazprom announces the pipeline to
be operational by 2011-12 which does not seem credible.
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strongly withhold its exports, which in turn ensures security of European supplies.

1.3.4 Chapter 5: A Dynamic Model of the European Natural Gas

Market and Network

The last chapter of this thesis presents an extension of the static GASMOD model to a
dynamic, multi-period model. The focus of this model is on investment in the network
that is used by both market stages, the export and the wholesale trading markets.

To this end, a real network model is developed first, where the pipeline (and stylized
LNG) links are used jointly by both market stages. This is a novelty compared to
other models in the literature that limit the pipeline representation to one market stage
(usually, exports). However, the high pressure transmission lines in Europe are often used
jointly by participants from both market stages. The network model also differs from the
static GASMOD model in the previous chapters where the transport infrastructure is
implemented via bilateral constraints for each importer-exporter / wholesaler-consumer
pair. In a graph theoretic setting, I implement transport routes with a path length of
more than one arc, i.e., exporters and wholesalers can potentially sell further away than
to their neighbors. Flow balance constraints must hold for each network node.

This model is then extended to include investments in the network. I use an open-loop
approach in which the decisions for all periods are taken at once in a single inter-temporal
optimization over the entire model horizon. Open-loop models have the advantage of a
limited solution space that ensures a unique equilibrium results (under some conditions).
Hence, they can be solved computationally in the mixed complementarity format.

In the open-loop framework, investments are implemented with a net present value
optimization program of the network operator. That is, perfect and complete informaton
of the future realizations for all players are assumed. This can similarly be found in the
literature for simple networks (e.g., WGM model, GASTALE model, NATGAS model).
However, the net present value approach is not a consensus for the practical application.
Indeed, no convincing merchant investment mechanism has been developed yet and this
is the topic of a lively academic and policy debate for electricity and natural gas networks
(Hogan et al., 2007). In the absence of a consensual investment mechanism, the revenues
from the shadow variable of a congested pipeline arc are required to cover the fixed costs
of investments in that arc.

In this chapter, the GASMOD-Dynamic model is applied to a stylized European
market with three exporters and three importers over three time periods. The results
show the relevance of including the intra-European pipelines and the downstream whole-
sale market in a model of the European natural gas market. They confirm the finding of
the previous chapters that especially the transport capacity between European countries
needs to be expanded. Not only the wholesales, but also the transport of imports from ex-
ternal suppliers to countries beyond the European border need sufficient intra-European
infrastructure which is currently unavailable. In the small example, it is economical to
construct more capacity between Germany, the border country with Russia, on the one
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hand, and France and Italy on the other hand, to deliver Russian natural gas to them.
The arcs necessary to transport Norwegian and Algerian natural gas beyond their bor-
der countries have high shadow values, but are generally not large enough to cover the
investment costs.

1.4 Concluding Remarks

This thesis presents modeling work that allows us to better understand the character-
istics of the European natural gas market and the supply security questions at stake.
The European natural gas markets today are characterized by an oligopolistic market
structure, both on the export and on the domestic wholesale markets. While the concen-
trated export market can hardly be influenced, the competition and liberalization efforts
by European policy makers should be pursued on the domestic European market. At
the same time, the ongoing globalization of the natural gas sector provides Europe with
a growing number of supply options in the form of LNG suppliers. As the simulation
results with the GASMOD model show, this will help contribute to the security of Eu-
ropean natural gas supplies and no single supplier will be able to dominate the exports
to Europe in the future.

Moreover, the model results confirm that the infrastructure is crucial in this network
industry. Non-existing or congested transport infrastructure reduces the market access
to a country and hence has negative effects on its competitive structure and its supply
security. Most bottlenecks can be found between European countries and not on the im-
port routes from external suppliers, which underlines the need for liberalization policies
to achieve a Single European natural gas market.

The GASMOD model takes into account parts of the complex market structure of
the European natural gas market but more model and algorithm development efforts are
necessary in the future. In particular, the concurrent existence of imperfect upstream
markets and downstream markets calls for the use of advanced mathematical model
formats such as MPEC and EPEC. Robust solution methods for large-scale MPEC and
EPEC models need to be developped. This will also allow to extend the representation
of the investment game beyond the open-loop model of net present value optimization
with perfect and complete information.

An extension of the present work will be to apply this type of models to other resource
markets, such as the international oil and coal markets. We developed a first model in
this direction for international steam coal trade in Haftendorn and Holz (2008). The
world oil market is also in need of appropriate models, though this is a particularly
difficult task. The modeling community has given little attention to these markets in
the last decades and the few existing models concentrate on the finite resources. While
this is certainly a relevant problem in the long-term, the strong concentration trends
in resource markets in the last years also raise the question of market power in the
short-term.
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Chapter 2

A Strategic Model of European

Gas Supply (GASMOD)

2.1 Introduction

The natural gas market in the European Union is undergoing considerable change. Three
main challenges for the next decades can be identified: the liberalization of the industry
initiated by the European Union, the increasing demand for natural gas and, simul-
taneously, an increasing import dependency on natural gas supplied from outside the
European Union. These factors have brought natural gas to the focus of the public’s and
politics’ attention, and they underline that there is a need for better understanding the
European natural gas market. The market structure within the European Union as well
as the import relations to natural gas producing countries are issues that need further
research. The numerical simulation model developed in this chapter, called GASMOD, is
a contribution to this research, taking a close look at demand and supply structures, and
in particular at the infrastructure component. The static GASMOD model presented in
this chapter aims at combining a realistic representation of the market structure with
an analysis of the limited infrastructure.

The remainder of the chapter is structured as follows: after a survey of the literature,
we outline the structure of the European natural gas market, including the natural gas
trade patterns. We then explain the data and the model structure. The subsequent sim-
ulation results are carried out in order to determine the “benchmark” model specification
for the reference year. They are followed by the conclusions.1

2.2 State of the Literature

The GASMOD model follows a number of other modeling attempts of the European
natural gas trade. The current structure of the trade relations suggests modeling the

1This chapter is a slightly updated version of Holz et al. (2008). My contribution was the development
of the model and the simulation runs; the write-up of the chapter was done jointly with Christian von
Hirschhausen and Claudia Kemfert.
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market with oligopolistic competition in a game theoretic framework. Mathiesen et al.
(1987) are the first in the recent literature to study market power in the European
natural gas market. They are followed by Golombek et al. (1995) and Golombek et al.
(1998) who analyze the effects of liberalizing the natural gas market in Western Europe,
distinguishing between upstream (producers) and downstream (traders) agents in the
natural gas market. The numerical simulation of their model indicates that liberalization
of the European natural gas market increases upstream competition and thus welfare.
Golombek et al. (1995) have had a lasting influence on the further research in the field
because they suggested marginal cost curves for several natural gas producers (Algeria,
Russia/CIS, the Netherlands, Norway, and the United Kingdom) which have been widely
used since.

However, analyzing oligopolistic energy markets with large-scale simulation models,
in terms of data input, regional disaggregation, etc. is computationally challenging. For
this reason there exist a number of linear programming models of the European, the
North American and the global natural gas market. A drawback to this type of model is
the underlying assumption of perfect competition. Generally, these models optimize so-
cial welfare which seems to be an unrealistic abstraction of a market where oligopolistic
firms determine supply and prices. In the group of linear models and specifically for the
European market, the EUGAS model (Perner and Seeliger, 2004) is a dynamic model of
long-term optimization of European natural gas supply, taking into account production
and transport capacities, but treating natural gas demand exogenously. Besides partial
equilibrium models, there also exist general equilibrium models with a high disaggrega-
tion for the natural gas sector. One example is the World Gas Trade Model (Hartley and
Medlock, 2006). However, these models work with the underlying assumption of per-
fect competition as well, which makes them less appropriate for studying the European
market.

As highlighted by the first modeling attempts of the 1990s, the European natural
gas market is characterized by an oligopolistic market structure with a small number of
producers with access to Europe, as well as a small number of wholesale traders in the
European market. The NATGAS model (Zwart and Mulder, 2006) therefore chooses
the representation of an oligopolistic producer market where a small number of strategic
natural gas producers are facing price-taking arbitragers (traders) in the downstream
market. A similar market setting is applied in Egging and Gabriel (2006) where the
strategic producers bid with conjectured supply functions, as in several electricity market
models.

Gabriel and Smeers (2006) provide a survey of strategic models for restructured
natural gas markets, insisting on the fact that single stage models are generally easy
to formulate, but that two stage models are more appropriate to capture the intricate
reality of (European and other) natural gas markets; however, they are also more com-
plex leading to possible avenues for future mathematical programming research. The
GASTALE model (Boots et al., 2004) is the first attempt to apply the structure of
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successive oligopoly in natural gas production and trading in a large-scale simulation
model. This model is similar to ours in that its underlying structure is a two-stage
game. However, a number of simplifying assumptions, such as symmetry of traders, di-
minish the generality of this approach of double marginalization. Moreover, Boots et al.
(2004) assume the domestic production to be an exogenous value instead of including it
in the optimization. Another difference with GASMOD (see details in Section 2.4.2 of
this chapter) is the use of cost functions and linear demand functions from Golombek
et al. (1995). Whereas the static GASTALE model does not consider infrastructure
capacity limitations, its recent dynamic version includes investments in scarce transport
and production infrastructure (Lise and Hobbs, 2008; Lise et al., 2008).

2.3 Structure and Dynamics of the European Natural Gas

Sector

Both the demand and the supply side of the European natural gas sector are currently
undergoing substantial changes. These changes do not only have an impact on the
natural gas market within Europe but also on the supply relations between Europe and
other natural gas producing countries. Hence, the natural gas sector has been identified
as a strategic sector by many institutions such as the European Commission (EC, 2001)
and the International Energy Agency (IEA). Let us briefly examine the three main
challenges for the sector.

First, the European Union has pushed for a progressive liberalization of the European
natural gas sector, a process that is still ongoing.2 Ownership unbundling, third party
access to natural gas transport infrastructure, and the end of the destination clause are
some of the keywords in this process. With these efforts, continental Europe follows the
United States and the United Kingdom. However, the liberalization process advances
only slowly and the natural gas sector in many European countries is still characterized
by de facto national monopolies of wholesale trading (e.g., Gaz de France in France,
ENI in Italy, ENAGAS in Spain), or by a very limited number of active companies (e.g.,
E.ON-Ruhrgas, RWE, Wintershall, BEB in Germany) which leaves considerable space
for strategic behavior to these companies.

Second, European demand of natural gas is rising and is expected to strongly increase
further over the next decades. Natural gas will play an increasing role in the energy mix,
mainly because of its relatively low carbon dioxide emissions in a context of growing
climate concerns and political climate measures. The share of natural gas in the total
primary energy demand in the European Union (EU-25) is expected to increase from
23% at present to a projected 32% in 2020. This goes along with an increase of the
absolute level of natural gas consumption from approximately 430 billion cubic meters
(bcm) per year today to a projected 790 bcm per year in 2020 (IEA, 2004d). The rise

2Cf. “Acceleration Directive” 2003/55/EC, which followed Directive 98/30/EC. Also see the results
of the sector inquiry (EC, 2007).
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Norway Netherlands Russia Algeria Middle East Nigeria Total
imports

bcm % bcm % bcm % bcm % bcm % bcm % bcm
Belgium/ 7 35 8 37 0 1 3 – – 21
Luxembourg
Germany 26 29 22 24 38 41 – – – 92
Finland/ – – 5 81 – – – 6
Sweden
France 15 33 – 12 26 7 15 0.1 0.2 1 2 45
Greece – – 2 80 1 20 – – 3
UK 9 80 1 4 – – – – 11
Italy 7 10 10 14 21 30 26 37 – 4 5 70
Netherlands 4 32 3 20 – – – 14
Austria 1 10 – 6 77 – – – 8
Spain/ 2 7 – – 16 53 5 17 6 20 31
Portugal
Baltic* – – 5 100 – – – 5
Poland 1 5 – 8 87 – – – 9
Czech/
Slovak Rep./ 3 9 – 24 85 – – – 28
Hungary
Slovenia/ – – 2 73 0 20 – – 2
Croatia (FY)
Bulgaria/ – – 8 85 – – – 9
Romania
Turkey – – 14 65 3 15 – 1 5 22
Total
Exports 75 40 146 56 5 12 374
to Europe

Source: BP (2005)
* Estonia from IEA (2004b) for 2003.

Table 2.1: Natural gas supplies to Europe from major exporters in billion cubic meters
(bcm) per year (2004)

in demand will mainly be driven by an increasing utilization of natural gas for power
generation; its share in power generation is expected to rise from 15% in 2002 to over
35% in 2030 (IEA, 2004d, p. 154).

Third, Europe can only partly satisfy its natural gas demand with indigenous produc-
tion, and therefore rising demand also implies increasing import dependency. Indigenous
production in the European Union traditionally is concentrated in the United Kingdom
and the Netherlands that account for three quarters of the European production.3 How-
ever, production in these countries is decreasing because the fields in the North Sea are
running out of natural gas.4 The UK has already become a net importer of natural
gas recently. In different scenarios, the natural gas import dependency of the EU-25
is estimated by the International Energy Agency to increase from the current 49% of
supplies (233 bcm in 2002) to over 80% (639 bcm per year) by 2020.

A crucial question is where the future natural gas supplies will come from. Russia,
the country with the largest natural gas reserves in the world5, currently is the most
important natural gas supplying country to the European Union (see Table 2.1) and is

3In our model, we do not consider Norway as a part of Europe since it is one of the big producers
from outside the European Union. However we do not define Europe exclusively as the European Union
(27) since we have also included Turkey as a natural gas importing country.

4This is reflected by the reserves-production ratio, which was equal to 6.0 and 22.3 at the end of 2005
for the UK and the Netherlands, respectively (BP, 2006)

547820 bcm, i.e., 26.6% of the global proved natural gas reserves (BP, 2006).
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expected to expand this role. Its market share is projected to increase from the current
40% of EU imports to around two-thirds (European Commission, 2001). However, this
forecast ignores the high investment costs that are needed to bring natural gas from new
fields on stream, the large investments required to modernize and expand the transport
infrastructure, and a certain political cautiousness in the EU not to rely too heavily on
natural gas imports from Russia. North Africa, and especially Algeria, Egypt and Libya,
have made significant efforts to improve their status as reliable, large-scale suppliers to
Europe. Additional natural gas supplies will also come from new areas such as the
Middle East, where 40% of the proven global natural gas reserves are located and where
LNG export terminals have been constructed for about a decade now.

LNG is a form of supply with a growing importance for Europe. It is part of the
diversification efforts of many European countries. European LNG imports are currently
bound by regasification capacity, but many regasification terminals are planned or under
construction. LNG shipments mainly come from North Africa, Nigeria and the Middle
East. The higher flexibility of LNG deliveries is one of the main differences with pipeline
supplies which are bound by asset-specific infrastructure availability.

2.4 Data and Model Description

2.4.1 Data

We aim at an exhaustive representation of all relevant players on the European natural
gas market.6 This includes all countries within reach of pipelines as well as LNG ex-
porters within economic reach of Europe (in the Atlantic basin and the Middle East).
Table 2.2 summarizes the exporting and importing regions included in the model.7 We
assume that there is one natural gas company per country or region, which is justified by
current observations in several countries such as of GdF in France, Gazprom in Russia
etc.8

We use data for the base year 2003. We focus on the trade relations so we do not
distinguish intra-year seasons. Data on reference trade flows, consumption and prices for
the base year come from the International Energy Agency IEA (2004c,b) and from BP
(2004). Data on production capacity in the European regions is based on IEA (2004b)
and our own estimations. Transport capacity data comes from GTE9, the European
organization of the national TSOs (transmission system operators) for intra-European
capacities, and from OME (2001) for exporter capacities. We use aggregated calibrated
bilateral transport capacities for pairs of countries/regions, similar to Gabriel et al.

6Note that we concentrate on the trade relations, in a yearly perspective; hence, market stages as
storage which are relevant for inter-seasonal supply management are not included.

7We include Iraq and Venezuela although they have no natural gas export capacity yet because we
want to be able to compute forecasts of their exports in other versions of the model.

8This assumption is not uncommon in the literature, see for instance Egging and Gabriel (2006).
However, the model formulation allows to include more than one player per country which would be
more realistic when modeling the future European natural gas market.

9www.gte.be
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Exporting Regions Importing Regions
Russia United Kingdom
Europe: Netherlands
Norway Spain / Portugal
Netherlands France
United Kingdom Italy / Switzerland
North Africa: Belgium / Luxemburg
Algeria Germany
Libya Denmark
Egypt Sweden / Finland
Middle East: Austria
Iraq Poland
Iran Czech Rep. / Slovak Rep. / Hungary
Middle East (Qatar, UAE, Oman, Yemen) Former Yugoslavia / Albania
Overseas LNG: Romania / Bulgaria
Nigeria Baltic States (Estonia, Latvia, Lithuania)
Trinidad and Tobago Greece
Venezuela Turkey

Table 2.2: Regions in the GASMOD model

(2005a).

Production and transport cost data (“border prices”) are taken from OME (2001).
This is long-run marginal cost data, including likely investments on existing infrastruc-
ture. We add transport costs within Europe as costs per unit of natural gas and km
of average distance between countries as assumed by Oostvoorn (2003); they include
transport costs (e.g., natural gas used for compression), losses and possible transit fees.
Given the long distance to the market, Russia is among the expensive suppliers in Eu-
rope. In the OME (2001) data, LNG is still a high-cost supplier with costs of around
3 US-$ per MMbtu (million British Thermal units) to the EU border for typical LNG
exporters as Nigeria, Venezuela and the Middle East (Table 2.3). Norway is a producer
at fairly high costs, whereas Algeria and the European producers (United Kingdom and
the Netherlands) can export at relatively low costs to Europe. Political and other “soft”
considerations (e.g., the reliability of an exporter) do not enter the cost data and are
not taken into account in this model. The same is true for reserves which do not enter
in the calculation of the production capacity of the producers.

Producer country Border price in US-$ per
MMbtu

Border price in US-$ per
thousand cubic meters (tcm)

Netherlands 1.65 52.15
Norway (to Germany) 2.1 82.06
Russia via Ukraine* 2.55 79.92
Algeria to Italy**/ Spain** 2.07 / 2.15 84.41 / 85.63
Middle East (LNG)** 2.91 104.75

* Unweighted average border price at the Slovak border
** Average border price weighted by export capacity

Source: OME (2001)

Table 2.3: Cost data (“border prices”) of selected producer countries
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2.4.2 Model

We structure the European natural gas market as a two-stage-game of successive imports
to Europe (first stage, upstream) and trade within Europe (second stage, downstream).
First, natural gas producing companies decide on their exports, mostly from countries
outside Europe, to European countries. Simultaneously, domestic producers in Europe,
for instance in Germany, Italy, Austria, etc. decide about their production quantities.
Note that the endogenous determination of domestic production quantities is a nov-
elty compared to previous models of the European natural gas market where domestic
production usually is entered as an exogenous, pre-determined value. In the second
stage, natural gas trading companies in Europe which have imported natural gas and
which have bought domestically produced natural gas sell it in the European countries,
including their own country.

We implicitly assume a liberalized, but oligopolistic market in Europe: TPA (Third
Party Access) to the natural gas network is ensured for each exporter and each European
trading company, and an entry-exit pricing of transport is applied. There is no desti-
nation clause which means that consumers are free to choose their supplier which may
well come from abroad (e.g., French consumers can purchase from the German trader).
Since the focus of our model is on the strategic relations between the producers in the
first stage, and between the traders in the second stage, we do not distinguish several
market segments (such as industry, power generation, residential sector).10 Furthermore,
we implicitly assume that there is no vertical integration between the two stages, even
though one observes a tendency towards integration between producing countries (e.g.,
Russia) and wholesale traders (e.g., Wintershall) this is a reasonable assumption given
the current market structure. We also consider the wholesale level and the consuming
sector to be not integrated. Furthermore, we assume that there is one player per country.

GASMOD can be characterized as a game theoretic model assuming complete and
perfect information. The producers in the first stage have perfect information about
the demand situation in the second stage and decide on their production quantities
by taking into account the downstream market situation. According to game theory
the appropriate method of determining equilibrium prices and quantities is backwards
induction. At the equilibrium, the traders in the second stage are price-takers of the
prices determined in the sub-game of the exporters in the first stage.

On each stage, the players play a non-cooperative game and maximize their individual
payoffs. We model the oligopolistic markets in both stages with Cournot (quantity) com-
petition instead of Bertrand (price) competition.11 By assuming an oligopolistic market

10This is a simplification because these different demand segments can exhibit varying demand pat-
terns, e.g., with respect to their long-term contracting behavior, or the seasonal demand. However, as
we consider yearly consumption and the long-term market drivers (thus neglecting the issue of long-term
contracting vs. spot markets), we think it is also appropriate to take the total demand of all segments
combined.

11Bertrand competition generally yields lower price margins and even prices equal to marginal cost
(i.e., the perfect competition equilibrium) which would be unrealistic for a highly concentrated market
as the natural gas market in Europe.
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structure in both stages the problem of double marginalization is represented: upstream
and downstream markets are imperfectly competitive and suppliers in both markets ex-
ert market power, i.e., their prices include a margin. The downstream oligopoly leads
to an additional price distortion and hence to an even less efficient allocation compared
to the situation of a single oligopoly (Spengler, 1950).

2.4.2.1 Upstream export market

The equilibrium in each stage is the solution of the non-cooperative game of the players
given the demand for natural gas and certain capacity constraints. In each stage, each
player maximizes his profits under capacity constraints. For the upstream exporter in the
first market stage the constraints apply to the transport infrastructure: natural gas trade
is restricted by the export infrastructure of each exporter f (capexpf ) and the capacity
of each bilateral relation between an exporter f and a wholesale trader r (captradefr ).12

Since we consider market relations we do not restrict bilateral trade relations to adjacent
countries (as e.g., Egging and Gabriel (2006)). An exporter can supply each European
region but not more than he can produce and ship out of his country/region (export
capacity limitation) and than can physically be transported through the natural gas grid
(or via the LNG terminals) connecting them (bilateral capacity restriction). Thus we
can represent trade flows as observed in reality where for instance the Czech Republic
imports natural gas from Norway (BP, 2006). The bilateral capacity limit of each trade
relation (fr) is computed given all possible ways to transmit natural gas from exporter
f to wholesale trader r, and afterwards calibrated such that each pipeline capacity is
not exceeded although used by different trade relations. For the exporter f this gives
us the following optimization program under (export and bilateral transport capacity)
constraints:

max
xfr

Πfr(xfr, pr) = (pr(Xr)− cf (xfr)− tcfr(xfr)) · xfr, ∀f, r

s.t.
∑
r∈R

xfr ≤ capexpf , ∀f

xfr ≤ captradefr , ∀f, r

xfr ≥ 0, ∀f, r

(2.1)

where xfr is the supply by exporter to wholesale trader r. pr(Xr) is the inverse demand
function of each wholesale trader r with Xr =

∑
f∈F

xfr + xdomr . cr(xfr) is the production

cost function of producer f , and tcfr(xfr) is his transport cost function for delivering to
trader r. We suppose unit production and transport costs, using OME (2001) data (see
Section 2.4.1).13 Transport costs within European countries are set as a constant value.

12We do not consider any restriction of production capacity or reserves because generally export
capacity is below production of an exporter and the reserve situation does not matter in the static
context modeled here.

13Zwart and Mulder (2006) and Egging and Gabriel (2006) also assume unit production costs in order
to ensure model traceability.
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The Karush-Kuhn-Tucker (KKT) conditions of this optimization problem are suffi-
cient for optimality because the (unit) cost functions of production, cf (xfr), and trans-
port, tcfr(xfr), are linear and the objective function to be maximized is convex, assuming
that the inverse demand function pr(Xr) · xfr is concave, and the constraints are linear.
The KKT conditions of the optimization problem of the exporter are:

0 ≥ pr(Xr)−
∂cf (xfr)
∂xfr

−
∂tcfr(xfr)
∂xfr

∂pr(Xr)
∂xfr

· xfr − λexpf − λtradefr ⊥ xfr ≥ 0,

∀f, r (2.2)

0 ≥ capexpf −
∑
r∈R

xfr ⊥ λexpf ≥ 0, ∀f (2.3)

0 ≥ captradefr − xfr ⊥ λtradefr ≥ 0, ∀f, r (2.4)

The Lagrangian multipliers λexpf and λtradefr of the capacity constraints are the shadow
prices of these constraints and represent the value of an additional available unit of
capacity.

Taking into account the behavioral assumptions of Cournot competition and the
standard definitions of own-price elasticity and market share, we can simplify equation
2.2. In a pure Nash-Cournot equilibrium no player must have an incentive to move
unilaterally; in other words the conjectured variation of the other players must be 0.
Thus:

∂Xr

∂xfr
= α = 1 (2.5)

We use this property (the parameter α) to define different model settings of either
Cournot competition or perfect competition in one or both stages. Indeed, in the case of
perfect competition each player is a price-taker in the market equilibrium, which gives:

∂
∑
f∈F

xfr

∂xfr
=
∂Xr

∂xfr
= α = 0

Price elasticity σr in the market r, and market share θfr of player f in the market r
are defined by:

σ =
∂Xr

∂pr
· pr
Xr

(2.6)

θ =
xfr
Xr

(2.7)

Taking the derivative of the production and transport cost functions gives their
respective marginal costs:

∂cf (xfr)
∂xfr

= mcf , ∀f (2.8)

and
∂tcfr(xfr)
∂xfr

= tfr, ∀f, r (2.9)
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Using definitions (2.4.2.1) - (2.7) and equations (2.8) - (2.9), we can simplify the
KKT condition (2.2):

0 ≤ pr(Xr)−mcf − tfr +
∂pr(Xr)
∂xfr

· ∂Xr

∂Xr
· pr(Xr)
pr(Xr)

· Xr

Xr
· xfr − λexpf − λtradefr ⊥ xfr ≥ 0

mcf + tfr ≤ pr(Xr) ·
(

1 + α ·
θfr
σr

)
− λexpf − λtradefr ⊥ xfr ≥ 0, ∀f, r (2.10)

where θfr

σr
is the price margin obtained by the oligopolistic supplier. The margin is equal

to zero in the case of perfect competition. With this formulation we follow Kemfert and
Tol (2000) and Lise et al. (2006) who use a similar optimization program in a model of
the German respectively the European electricity market.14

2.4.2.2 Domestic production

Just like the exporters, the domestic producers in Europe decide about their production
quantities. Sales of the domestic producers are restricted to the wholesale traders r in
the same country. Their optimization program is similar to the one of the exporters, as
domestic producers optimize their profits under a restriction of production capacity.

max
xdom

r

Πr(xdomr , pr) =
(
pr(Xr)− cdomr (xdomr )

)
· xdomr , ∀r

s.t.
∑
r∈R

xdomr ≤ capdomr , ∀r

xdomr ≥ 0, ∀r

(2.11)

We derive the KKT conditions which are sufficient for optimality of this problem
because we assume unit costs, a concave demand function and we have a linear constraint.
Using unit costs we can write the derivative of the production cost function as marginal
costs:

∂cdomr (xrdom)
xdomr

= mcdomr , ∀r (2.12)

Using (2.12) and the definitions (2.4.2.1) - (2.7), we obtain the following KKT con-
ditions of the optimization problem of the domestic producer:

mcdomr ≤ pr(Xr) ·
(

1 + α · θ
dom
r

σr

)
− λdomr ⊥ xdomr ≥ 0, ∀r (2.13)

0 ≥ capdomr − xdomr ⊥ λdomr ≥ 0, ∀r (2.14)

2.4.2.3 Downstream wholesale market

We proceed similarly for establishing the optimization program of the wholesale traders
on the downstream market. Each wholesale trader is maximizing his profits that are de-
termined by his revenues from sales to the final consumers minus the costs of purchasing

14In a survey of European natural gas models, Smeers (2008) criticizes this approach.
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and transporting natural gas, and given certain capacity constraints. The costs include
the purchase of the natural gas at the local price pr (at the location of the wholesale
trader r) from the exporter, plus the transport costs from the trader r to the end-market
m (intra-European transport costs tcEUrm ). The supply by each trader r to each market m,
yrm, is restricted by the intra-European transport capacity of the pipeline grid between
him and each end- market m, capEUrm . Hence, the optimization problem of the wholesale
trader r can be written as:

max
yrm

Πrm(yrm, pm) =
(
pm(Ym)− pr(Xr)− tcEUrm

)
· yrm, ∀r,m

s.t. 0 ≤ capEUrm − yrm, ∀r,m

yrm ≥ 0, ∀r,m

(2.15)

where Ym =
∑
m∈M

yrm and pm(Ym) is the local price of natural gas in each end market m.

We again assume unit costs of transport which allows us to write the marginal transport
costs as follows:

∂tcEUrm (yrm)
∂yrm

= tEUrm , ∀r,m (2.16)

pm(Ym) is the inverse demand function of each end-market m faced by the wholesale
trader. For the natural gas consumption in the end-market m, we chose a strictly
decreasing, non-linear iso-elastic demand function of the form:15

Ym = Y 0
m ·
[
pm(Y −M)

p0
m

]σ
m

, ∀m (2.17)

where Ym and pm(Ym) are the actual quantities and prices, Y 0
m and p0

m are the reference
demand and the reference price, respectively, in the market m in the base year, and σm
is the price elasticity of the final demand. We prefer a non-linear to a linear demand
function (as suggested by Golombek et al., 1995)) because this allows for a non-negative
demand for every price. We assume the demand elasticities σr and σm to be rather low
in absolute terms (-0.7 for Western Europe, -0.6 for Eastern Europe)16 which reflects a
certain inelasticity of the natural gas demand.17 Shifting from natural gas to another
fuel would require changes in the technical installations, which are costly and time-
demanding.

This demand function is inserted in the optimization problem of the wholesale trader
since he exerts market power and, hence, takes into account his influence on the demand

15The functional form of the demand function draws upon Kemfert and Tol (2000) and Lise et al.
(2006).

16We assume the price elasticity to be higher (in absolute values) by 0.05 for countries where natural
gas does not have a large share in energy consumption, i.e., Spain/Portugal, Sweden/Finland, Poland,
Balkan, and Greece. Thus we assume that switching to alternative fuels is easier for countries where
dependency on natural gas is lower.

17Liu (2004) finds long-run own price elasticities for natural gas between -0.774 and 0.075 for OECD
countries. Earlier estimations find higher elasticities (in absolute values), see e.g., Estrada and Fugleberg
(1989), Al-Sahlawi (1989). Boots et al. (2004) use elasticities from Pindyck (1979) which are considerably
smaller (between -1.17 and -2.23).
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function. Together with the marginal transport costs tEUrm , and the definitions (2.4.2.1)
- (2.7) this gives us the following KKT conditions for the wholesale trader:

pr(Xr) ≤ pm(Ym) ·
(

1 + α · θrm
σm

)
− tEUrm − λEUrm ⊥ yfr ≥ 0, ∀r,m

pr(Xr) ≤ p0
m ·
(

(Ym)
Y 0
m

)
·
(

1 + α · θrm
σm

)
− tEUrm − λEUrm ⊥ yfr, ∀r,m (2.18)

0 ≤ capEUrm − yrm ⊥ λEUrm ≥ 0, ∀r,m (2.19)

2.4.2.4 Market equilibrium

Market clearing is reached at the intersection of demand and supply. We have a two
stage-market: the demand coming from the downstream (end consumer) market, pr, is
addressed to the traders who forward it to the exporters. In other words, the two-stage
game is solved by backwards induction by inserting equation (2.18), the solution of the
optimization problem of the downstream trader, into equation (2.10), the solution of the
upstream exporter. The market balance is given by equality (20) which must be verified
for each market r: ∑

m

yrm =
∑
f

xfr + xdomr , ∀r ∈ R (2.20)

The market balance together with the KKT conditions of each player ((2.10) and
(2.3)-(2.4) of the exporter, (2.13)-(2.14) of the domestic producer, and (2.18)-(2.19)
of the wholesale trader) give rise to the equilibrium model. Since there are equalities
together with inequalities in this non-linear program, we have a mixed complementarity
problem (MCP) model, which is programmed in GAMS, and solved with a standard
algorithm for MCP, PATH.18 The equilibrium solution is unique since we have a strictly
decreasing demand function for each market and convex optimization problems with
non-decreasing production functions resulting from constant (unit) costs.

2.5 Simulation Results

The model is run for different market scenarios. We would like to assess which market
scenario fits the current (2003) reality of the European natural gas market best. As
discussed in the introduction, we assume that the European natural gas market is an
imperfect market, with a double marginalization structure. To confirm this assumption
we also simulate the scenarios of perfect competition in both markets or of the down-
stream market only. Whereas the scenario of perfect competition in both market stages
seems unrealistic, the liberalization of the European natural gas sector is supposed to
lead to a competitive downstream market in the future.

We recall that GASMOD is a quasi-static model to the extent that it only regards
one time period. This means that we reproduce the base year 2003 and the results

18For details about programming in the MCP format using the PATH solver see Rutherford (1995)
and Ferris and Munson (2000).
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must be interpreted as market outcomes if the upstream and downstream markets cor-
responded perfectly to the characteristics of Cournot oligopoly or perfect competition.
Thus from the proximity of our results to the original data we can derive conclusions
about the actual market structure in the European natural gas market. In the following,
we highlight the general results for the endogenous variables, thereby concluding about
the currently prevailing market structure and effects of alternative market scenarios.

2.5.1 Upstream Market: Exports to Europe and Domestic Production

2.5.1.1 Exports

Table 2.4 reports the results for the exports in the first stage. Compared to the reference
data for 2003 (also see Section 2.3, Table 2.1), in the Cournot scenario, exports from
some traditional suppliers to Europe (Russia, Algeria) decrease while newly emerging
exporters (Middle East, Nigeria) gain market shares. Among the large traditional ex-
porters only Norway, the Netherlands and UK remain at a significant level. They have
a comparative cost advantage both in terms of production as well as transport costs to
the European markets, and can reach a relatively large number of traders in Europe.
Most strikingly, Russia loses a considerable market share in Europe, partly because of
its relatively high production and especially transport costs due to the long distance to
the European market. This is also due to the model formulation of Cournot competition
where large players like Russia have the same strategic “weight” as smaller players like
Nigeria, Trinidad etc. Any buyer is interested in diversifying his supply portfolio in order
to prevent a single exporter from exerting market power. For LNG we may expect an
even greater increase of exports to Europe in the future since costs of LNG shipments
are projected to decrease further in the coming years.

Cournot Perfect EU Reference
Exporter Competition Competition Liberalization Exports Market

Exports Market Exports Market Exports Market to Europe share
(bcm/y.) share (bcm/y.) share (bcm/y.) share 2003* 2003

Algeria 14.7 4.4 66 14.6 66 11.9 57.77 17.6
Libya 4.8 1.4 14.5 3.2 14.5 2.6 0.75 0.2
Egypt 5 1.5 11.9 2.6 11.9 2.2 0 0
Iran 0 0 10 2.2 10 1.8 3.52 1.1
Middle East 13.3 4 26.6 5.9 26.6 4.8 2.43 0.7
Russia 58.8 17.7 196 43.3 134.4 24.3 131.77 40.1
Norway 86 25.8 86 19 86 15.6 68.37 20.8
Netherlands** 66.6 20 0 0 80.4 14.6 42.17 12.8
UK** 59.4 17.8 0 0 81.5 14.7 11.5 3.5
Nigeria 12.6 3.8 22.7 5 22.7 4.1 10.37 3.2
Trinidad 12 3.6 18.7 4.1 18.7 3.4 0 0
Total 333.1 100 452.4*** 100 552.6*** 100 328.65 100

* Source: BP (2004)
** The Netherlands and UK are considered as exporters and as importers. In this table we have removed the
exports to the traders in the Netherlands and UK. However these quantities are available for re-export
(including domestic consumption) in the 2nd stage.
*** Excluding own domestic consumption in UK and the Netherlands. When domestic consumption is included,
total “exports” are higher in the perfect competition than in the EU liberalization scenario as intuition suggests.

Table 2.4: Export quantities and market share (as percentage of total exports to Europe)
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The comparison with the perfect competition scenario confirms that there is strate-
gic withholding of quantities in the Cournot scenario in order to increase the price above
marginal cost levels (also see Section 2.5.2.2 for the prices). In perfect competition,
the higher demand due to lower prices allows market entry and increased market share
of higher cost producers such as Russia and Egypt, given that lower cost producers
such as UK, the Netherlands and Norway reach their capacity limits. LNG and other
non-traditional exporters supply even more natural gas to Europe than in the Cournot
scenario to satisfy the higher demand. The demand increase compared to the bench-
mark scenario is such that even higher cost producers are bound by their transport
capacity (see Section 2.5.4). Since demand in the markets prefers the lowest-cost sup-
plier, exporters first serve the markets which are closest to them (in terms of combined
production and transport costs); in a context of high demand this explains why the UK
and the Netherlands do not export to other European countries but supply only their
domestic traders in the perfect competition scenario.

Finally, we see that a perfectly competitive downstream market (scenario “EU liber-
alization”) would considerably change the outcome. Higher demand in the downstream
market because of lower (competitive) prices triggers considerably higher exports. This
contradicts the widespread thesis that an oligopolistic downstream market is the best
response to an oligopolistic upstream market. Perfect competition in the downstream
market with a given Cournot market on the export side also leads to more diversification
of supplies.

2.5.1.2 Domestic production

Table 2.5 reports the quantities and market shares of domestic production. Domestic
production is endogenously determined by the profit maximizing behavior of the pro-
ducers. We observe that the higher demand due to lower prices in perfect competition
and EU liberalization leads to domestic production being part of the supply portfolio in
more countries than in the Cournot competition scenario. This completes the picture of
a higher demand that needs to be satisfied under the perfect competition assumption. In
both scenarios with perfect competition, domestic production is generally higher than
observed in the reference data. Often domestic production serves the demand when
trade capacities to a country are congested (see Section 2.5.4). This is especially true
in the perfect competition scenarios where higher quantities would have been traded if
physically possible.

2.5.2 Downstream Market: Intra-European Wholesale Market

2.5.2.1 Intra-European trade

Although the results of the first stage for the Cournot scenario may be somewhat sur-
prising (e.g., the low Russian exports), the results of the second stage, and especially
the final consumption, indicate a proximity to the real world situation. Indeed, as is
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Domestic Cournot competition Perfect competition EU liberalization Domestic
producer Domestic Market Domestic Market Domestic Market production

production share production share production share 2003, bcm
(bcm/y.) (%) (bcm/y.) (%) (bcm/y.) (%) (IEA, 2004b)

UK* 27.4 35.9 120 100 38.5 42.2 108.4*

Netherlands* 23.4 42.1 90 80.7 9.6 32.9 73.1*

Spain/Port. 0.3 0.7 0.3 0.7 0.2

France 1.9 3.2 1.9 2.9 1.6

Italy/Switz. 16.3 19.4 16.3 13.4 13.6

Belgium/Lux. 0

Germany 13.2 21.5 26.7 21.1 22.2

Denmark 1 44.7 8.5 100 9.6 86.4 8

Swed./Fin. 0

Austria 2.1

Poland 6 27.8 6.8 38.3 6.8 32.7 5.6

CSH** 3.9 14.7 3.9 3.5 3.9 15.3 3.3

Balkan 4.1 100 4.1 28.9 3.4

Rom./Bulg. 17.5 49.8 17.5 69.3 14.6

Baltic 0

Greece 0.03 0.9 0.03

Turkey 0.6

* Here we report exports from the UK or the Netherlands to the trader in the same country.
** Czech and Slovak Republic and Hungary

Table 2.5: Domestic production quantities and market shares of the domestic producers
in the upstream market

shown in Table 2.6 we generally obtain results for this case that are close to actual final
consumption in 2003. Clearly, this gives an indication to consider the Cournot case as
the most realistic representation of the today’s European natural gas market. The con-
sumption figures in the perfect competition and the EU liberalization scenario generally
are higher than real world data. The notable exception of the UK can be explained by
the prevailing competitive market structure in this country in contrast to continental
Europe.

Looking at particular regions, some interesting features can be discovered (see Table
2.7). For instance, direct exports to Germany (1st stage trade) only come from Northern
Europe, especially Norway. This result is confirmed by sensitivity analyses with different
price elasticities. However, Germany is still consuming Russian natural gas, as in reality,
but which is indirectly supplied via Eastern European (Czech and Polish) and Austrian
traders. Reciprocally, Russia is not directly exporting to Western Europe, but mainly
to Eastern Europe. This is due to the production and transport cost structure. Hence,
the results in GASMOD are driven by economic factors as opposed to trade relations
in today’s reality that are often the consequence of geo-political considerations, the
existence of destination clauses, and long-term contracts. However, the results of our
model point to an increased diversity of supply which is also a political goal in Europe.
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Markets Cournot Perfect EU liberali- Consumption
competition competition zation 2003

UK 49.5 113.3 95.9 95.4
Netherlands 38.9 69.6 56.9 40.3
Spain/Portugal 27.5 39.8 39.4 26.6
France 50.7 60.2 63.3 43.3
Italy/Switzerland 96 115.9 121.1 73.6
Belgium/Luxembourg 16.1 21.3 21.4 16
Germany 100.7 147.4 138.3 85.5
Denmark 0 6.2 5.7 5.4
Sweden/Finland 2 6.3 2.2 5.3
Austria 11.9 15.5 14.6 9.4
Poland 12.6 17.6 16.2 11.2
Czech/Slovak/Hungary 26.3 41.8 36.4 28.8
Balkan 9.7 10 10.5 7.7
Bulgaria/Romania 13.3 29.2 28.9 20.9
Baltic 0 3.3 5.7 5
Greece 2.3 3.7 3.6 2.3
Turkey 0 33.6 33.1 20.9
TOTAL 457.6 734.7 693.4 497.6

Table 2.6: Domestic consumption of natural gas in billion cubic meters (bcm) per year

2.5.2.2 Prices

Figures 2.1, 2.2 and 2.3 report the prices in the upstream market and the downstream
market for some selected countries and for each simulation scenario. One clearly rec-
ognizes the effect of market power in the Cournot scenario (Figure 2.1) where strategic
withholding of production increases prices from one market stage to the next (double
marginalization). When comparing with figures 2.2 and 2.3, one also recognizes a large
price increase of Cournot competition with respect to the market situations involving
perfect competition in the other scenarios.

Prices are not only directly influenced by the market situation but also indirectly by
the availability of import capacity for a market. Markets like the UK or Sweden/Finland
for instance which benefit from the proximity to an exporter (own production or Russia,
respectively) in the first stage cannot be supplied in the second stage due to missing
infrastructure and therefore have to pay a high-mark-up to their local wholesale trader.
This explains the heterogeneity of prices in the Cournot scenario, especially in the first
stage. Clearly, this is a model effect which has to be removed for a more realistic
representation of the European natural gas market, by modeling countries with this
characteristic as competitive markets.19

There are two different aspects to consider in the scenarios with perfect competition
(Figure 2.2): prices are distributed homogenously between the countries, and prices
generally are lower. For both scenarios, the premium added on the import price is

19For some traders, the first stage prices of the Cournot scenario are lower than the corresponding
simulation results of the perfect competition or the EU liberalization scenario. This seems to be a
modeling artifact due to the two-stage structure of the model. Indeed, for the end-market prices we
observe the expected relation of the prices of each scenario.
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CHAPTER 2. A STRATEGIC MODEL OF EUROPEAN GAS SUPPLY (GASMOD)

Figure 2.1: Prices of selected countries (Cournot competition scenario) in US-Dollar per
thousand cubic meters (tcm)

Figure 2.2: Prices of selected countries (perfect competition scenario) in US-Dollar per
thousand cubic meters (tcm)

50



2.5. SIMULATION RESULTS

Figure 2.3: Prices of selected countries (EU liberalization scenario) in US-Dollar per
thousand cubic meters (tcm)

equal to the transport costs of the marginal trader because there can be no oligopolistic
margin added by the traders; often there is only intra-country trade so that the difference
between prices in the upstream and the downstream market equals the assumed intra-
country transport costs (2 US-$ per tcm). Although exporters behave strategically in
the EU liberalization scenario (Figure 2.3) the prices are considerably lower than in the
Cournot scenario and only about 20% higher than in the perfect competition scenarios.
The double marginalization effect in the Cournot scenario visibly leads to higher end-
market prices than having an export oligopoly alone. This leads to the expectation that
enforcing competition in the European market would lead to increased welfare because
it allows higher consumption of natural gas combined with lower prices.

2.5.3 Welfare Effects in Europe

As suggested by economic theory we find larger quantities and lower prices in the market
scenarios with perfect competition compared to the Cournot scenario. This translates
into higher welfare in Europe which has important implications for the market organiza-
tion of the European natural gas sector, especially for the wholesale market. However,
the traditional argument consists in rejecting the need to reduce the market power of only
one of the market stages of a successive oligopoly because the of the bargaining power
effects of the other party. This argument is often brought forward by the European
wholesale traders against regulation of their industry.

However, our findings differ from this argument. As depicted in Figure 2.4, in the
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Figure 2.4: Welfare results for all market scenarios, in US-Dollar

EU liberalization scenario we find a welfare close to the case of overall perfect competi-
tion. Both welfare results are unsurprisingly higher than in the double marginalization
(Cournot) scenario. There are large welfare gains to expect from liberalizing the Eu-
ropean wholesale market of natural gas. In contrast, the additional welfare gain from
having a liberalized upstream export market would be modest (about 0.06%) compared
to the EU liberalization scenario, thus again making a case for enforcing competition in
the European wholesale market.

2.5.4 Infrastructure Capacity Constraints

2.5.4.1 Upstream market

On the upstream market, in the Cournot scenario, the only transport route which is
congested is the Norwegian access to Europe. Norway has relatively modest production
costs, and it is situated closely to high demand in North-West Europe, so that transport
costs are modest, too; thus, Norway is well positioned as a supplier to Europe. Our re-
sults are reflected in reality by the stable reserve situation and the increasing production
capacity in Norway which make it an important exporter for the coming decades with
the need to expand its export infrastructure. Parts of these expansions, compared to
2003 data, are already under way with the opening of the Langeled pipeline to the UK
in 2006.

In contrast, in the perfect competition case and very similar in the EU liberalization
case, there are many exporters which are bound by their actual export capacities (Table
2.8), either pipelines or LNG liquefaction terminals, as of 2003. It is striking that even an
exporter with large export capacities such as Russia reaches the bounds of its capacities.
This result gives an idea of the quantities that would be traded in a fully competitive

52
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market without capacity restrictions as compared to the actual natural gas market. This
also shows the necessity to take into account infrastructure capacities when modeling a
network industry such as the natural gas market.

Exporters Cournot competition Perfect competition EU liberalization
Algeria 22% 100% 100%
Libya 33% 100% 100%
Egypt 43% 100% 100%
Iran 0% 100% 100%
Middle East 50% 100% 100%
Russia 30% 100% 69%
Norway 100% 100% 100%
Netherlands 74% 0% 89%
UK 50% 0% 68%
Nigeria 55% 100% 100%
Trinidad 64% 100% 100%

Table 2.8: Export capacity utilization of each exporter

From To
Netherlands, Belgium, Germany UK
UK, Germany, Belgium Netherlands*
France Spain / Portugal
Balkan (via Slovenia), France Italy / Switzerland
Germany Belgium / Luxembourg
Belgium, Austria* Germany*
Germany Poland
Austria Czech / Slovak Republic / Hungary*
Italy / Switzerland Balkan
Denmark** Sweden / Finland**

* Note that these transport routes are also congested in the EU liberalization scenario.

** Only in the perfect competition and EU liberalization scenarios.

Table 2.9: Congested intra-European capacity (used at 100 %) in the Cournot competi-
tion scenario

2.5.4.2 Downstream market

In Table 2.9 we indicate the congested transport routes within Europe. We focus on the
Cournot scenario as we have identified this as the most realistic representation of today’s
European natural gas market. The large number of bilateral transport routes that are
listed seems surprising. But there clearly exist only a small number of cross-border
natural gas pipelines within Europe, many of them with very limited capacity. Several
studies have already pointed out that this is an important obstacle to the creation of a
competitive Single European market of natural gas (EC (2007), Neumann et al. (2006),
and Ruperez-Micola and Bunn (2007) for the specific link between the UK and the
European continent).20 Although we find a lot of congestion in two directions, this is

20The North American market experiences a similar situation with limited pipeline capacity separating
the continental market into three regions with own price-setting mechanism (cf. Marmer et al., 2007).
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not a necessary result since compressor capacity at a cross-border point may be such
that more gas can flow in one direction than in the other. As discussed above, we observe
in the results that missing transport capacity has a clear effect on prices since the local
wholesale trader can possibly benefit from a quasi-monopoly.

2.6 Conclusions

In this chapter, we have presented a model of the European natural gas market: GAS-
MOD is a static model which structures the natural gas market as a two-stage game
of successive i) exports to Europe, and ii) trade within Europe. In contrast to other
models in the literature we apply a two-stage structure and incorporate an endogenous
determination of domestic production. Infrastructure capacities which are an important
characteristic of a network industry and which may be binding are explicitly taken into
account in the model. We use GASMOD for numerical simulations with reference data
for the base year 2003. We model three different market scenarios: Cournot competi-
tion in both (upstream and downstream) markets, perfect competition in both markets,
and Cournot competition in the upstream market with a downstream market in perfect
competition (EU liberalization).

We find that the scenario of Cournot competition is the most realistic representation
of the current European natural gas market, with total export and final consumption
quantities close to the reference data. However, our results present a more diversified
picture of supplies to Europe, with newly emerging (LNG) exporters gaining market
shares in Europe. This indicates that at present other factors are at play determining
the supply relations in the real world (e.g., long-term contracts, destination clauses,
etc.). With no surprise we find the highest prices, lowest quantities and lowest welfare
in this scenario, thereby confirming the welfare-reducing effect of double marginalization.
The results of several countries in the Cournot competition scenario are influenced by
infrastructure capacity restrictions since a limited access to a market reduces the number
of players which can then exert more market power.

Whereas the scenario of perfect competition is only simulated to benchmark the
results of the Cournot scenario, the scenario of perfect competition in the downstream
market in the presence of an oligopoly in the upstream market merits closer attention.
Indeed this is a situation which could be enforced by the regulation authorities in Europe.
We find that this case has an unambiguous welfare-enhancing effect compared to double
marginalization. This contradicts the thesis that an oligopolistic downstream market
is the best response to an oligopolistic upstream market. Our results also point to
diversified supplies, which is another objective of European energy policy.

The comparison with real world data indicates that the current state of the European
natural gas market is best represented by a scenario of Cournot competition. Deviations
for some countries (e.g., the UK, Sweden/Finland) suggest that modeling their markets
with competitive behavior might be more appropriate, be it in a competitive fringe for
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smaller exporters or traders, or as competitive market because of limited access to the
market (which leads to unrealistically high mark-ups) or in the case of the UK because
of its already successful market liberalization. There are several improvements which
could be included in GASMOD, notably, the infrastructure bottlenecks that we have
identified should be the basis for further investigation and for modeling the dynamics
of the European natural gas market and of investments in its infrastructure. Another
avenue for further research could be the inclusion of stochastic aspects, for example of
demand, as in Zhuang and Gabriel (2008).
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Chapter 3

Perspectives of the European

Natural Gas Markets Until 2025

3.1 Introduction: The European Natural Gas Market

This chapter applies results of the GASMOD model to analyze the perspectives of the
European natural gas market until 2025. The European natural gas market is in the
middle of a deep structural change that comprises both, restructuring and vertical un-
bundling, as well as changing supply relations. Contrary to the reform process in the
U.S., restructuring in continental Europe has only started seriously with the second Eu-
ropean Gas Directive (2003/55/EC, so-called “Acceleration Directive”) whereas the UK
had started the reform of its natural gas sector in the early 1990s already. In continental
Europe, a small number of players still dominate the national wholesale markets; vertical
unbundling is pursued by most member states, though with varying degrees of success.
The individual countries are poorly interconnected, and the limited access to pipeline
capacity prevents liquid hubs from emerging.

The second aspect, supply structures, also plays an important role in the energy
policy debate, and it is the focus of this chapter. Europe is a relatively mature pipeline
market, with a significant increase in LNG regasification capacity and imports over
the last years (IEA, 2004a, 2007). In the next decades, the demand for natural gas
is generally expected to rise, albeit with some uncertainty on the extent given new
developments that may reduce the relative benefit of gas in environmental or cost terms
(e.g. in competition with coal with CCS for power production). In institutional terms,
European gas supplies are also undergoing the global trend from long-term contracts
towards shorter-term trading and a more important role for spot markets. “Energy
supply security” is a particularly sensitive issue in European gas, in particular with a
view to the dominant supplier, Russia.

These have been studied in the previous literature. Several models have indicated
that market power is indeed an issue in the European natural gas market, amongst
them Boots et al. (2004); Egging and Gabriel (2006), and Egging et al. (2008a). Smeers
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(2008) summarized and discussed the papers that develop strategic models of European
gas supply. Hubert and Ikonnikova (2003) and Hubert and Suleymanova (2006) have
focused on the specific role of Russia as a supplier to Europe, and the strategic role of
transit countries such as Ukraine or Poland. OME (2001, 2005) have provided in-depth
figures of potential prices and quantities of gas supply options for the EU. Stern (2007)
provides a balanced discussion of the true “supply security” issues.

In this chapter, we report simulation results for European natural gas supplies to
2025, following the EMF 23 study design (EMF, 2007). We apply a strategic model of
European gas supply, called GASMOD, that was developed in the early phase of the
EMF 23 study, and then slightly adopted to suit the requirements of the EMF 23 study
design. The GASMOD model is described in detail in Chapter 2. We focus on the
results of GASMOD with regard to the EMF 23 Reference case, and most of the EMF
23 scenarios (see EMF, 2007, p. 30). The next section provides a non-technical model
description and discusses data sources and assumptions. Section 3.3 then summarizes
the model results for the EMF Reference case, and five scenarios: higher demand growth,
Russian exports constrained, Middle East exports constrained, Middle East & Russian
exports constrained, and liquefaction constrained. We put particular emphasis on the
future role of Russia, potential alternative supply sources, and model results for the UK
market in transition.

In general, our results suggest rather modest changes in the overall supply situation
of natural gas to Europe. This also indicates that current worries about energy supply
security issues may be overrated:

• LNG will likely increase its share of European natural gas imports in the future,
but stay relatively stable beyond 2015;

• Russia will continue to play an important role as a supplier to Europe (∼ 1/3 of
imports), but it will not play the dominant role that many studies (and politicians)
suggest it might play;

• in the time frame of our analysis (2025), the Middle East will continue to be a
rather modest supplier, and its exports are more likely to be directed to the Asian
and the North American markets;

• the UK is in the process of successfully converting from being a natural gas exporter
to become an importer and a transit node for LNG towards continental Europe;

• congested pipeline infrastructure, and in some cases LNG terminals, will remain a
feature of the European gas markets, but less than in the current situation;

• the diversification of natural gas supplies, already observed in this decade, should
continue and contribute to supply security.1

1This chapter largely corresponds to Holz et al. (forthcoming). My contribution included the model
runs for the various scenarios and major parts of the write-up.
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3.2 The GASMOD Model: Model Description and Data

Specification

The model used is a modified version of the static GASMOD model. It corresponds to
the description in Chapter 2, except for the regional and technology aggregation (pipeline
vs. LNG), the demand function, the time frame and the market power assumptions for
certain countries.

GASMOD is a model of the European natural gas trade on a yearly basis. It is pro-
grammed in GAMS in the mixed complementarity format and solved using the PATH
solver (Ferris and Munson, 2000). We include data for all relevant exporters to Eu-
rope, which can supply pipeline gas and/or LNG (Table 3.1). An exporter can use both
technologies simultaneously, but each technology is modeled as a separate player, con-
trary to Chapter 2 where both technologies were aggregated to one player per country.
The importing market in Europe is represented by a disaggregated representation of
continental Europe, assuming one wholesale company (marketer) per country that can
import from both technologies. Figure 3.1 shows the structure of the model, exemplified
by two exporters (Russia by pipeline and Algeria by LNG) and two European markets
(Germany and France), with imports and wholesale trade between each other. Euro-
pean importers are detailed in Table 3.1 with their import technologies in 2025. In
addition, we include the possibility for endogenous domestic production in all European
countries. Final consumption is aggregated to total demand of all sectors in each im-
porting country. We model the trade relations in bilateral pairs of exporters-importers,
or marketers-final markets,2 and use aggregated and calibrated capacity bounds for each
pair and technology.

GASMOD is a game-theoretic partial equilibrium model of the European natural
gas market. Exports to Europe and wholesale trade within Europe are represented as
successive markets in a two-stage structure. Market power can be assumed in both
market stages, thereby leading to double marginalization of the final customers. We
assume market power to be exerted in a Cournot framework. A Cournot market model
typically yields higher prices than the perfect competition model (or Bertrand models),
thereby giving an incentive to more (higher cost) players to participate in the market.
The results of this equilibrium model correspond to the Nash equilibrium of the Cournot
game in each market stage. The model results must therefore be interpreted as long-
term market equilibrium that does not reflect the short-term adaptation path to the
equilibria. Hence, this model type is also not appropriate to simulate short-term market
shocks.

In Chapter 2 we consider three stylized cases of market power in each market stage in
order to assess the most realistic scenario for the current European gas market: Cournot
competition in both market stages, perfect competition in both market stages, and
EU liberalization (Cournot competition in export market, and perfect competition in

2Note that the pairs are not limited to adjacent countries.
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SPECIFICATION

Region Country Export/Import Technology in 2025
Exporters
Europe United Kingdom pipeline

Netherlands pipeline
Norway pipeline and LNG
Russia pipeline and LNG*

North Africa Algeria pipeline and LNG
Libya pipeline and LNG
Egypt pipeline and LNG

Middle East Iran pipeline and LNG
Iraq pipeline
“Middle East” LNG
(Qatar, UAE, Oman, Yemen)

Overseas Nigeria/West Africa LNG
Trinidad LNG
Venezuela LNG

Importers
West Europe United Kingdom pipeline and LNG

Netherlands pipeline and LNG
Spain and Portugal pipeline and LNG
France pipeline and LNG
Italy and Switzerlands pipeline and LNG
Belgium and Luxemburg pipeline and LNG
Germany pipeline and LNG
Denmark pipeline
Sweden and Finland pipeline
Austria pipeline
Greece pipeline and LNG

Eastern Europe Poland pipeline and LNG
Hungary, Czech and Slovak Rep. pipeline
“Balkan” pipeline and LNG
(former Yugoslavia and Albania)
Romania and Bulgaria pipeline
“Baltic region” pipeline
(Estonia, Latvia, Lithuania)
Turkey pipeline and LNG

* This refers to the Shtokman LNG project and does not include the Sakhalin LNG project in the

Pacific because it can be considered as relatively too expensive to supply to the European market.

Table 3.1: Countries included in the GASMOD model, with possible export/import
technologies by 2025
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Figure 3.1: Stylized representation of the GASMOD model setup

the wholesale market). In line with the market observation we identify the successive
Cournot market model as the most realistic representation, but with exceptions for
certain countries where the double marginalization structure leads to very high prices
and low imports or consumption. Hence, in the GASMOD version used for the EMF
simulations, we use a successive Cournot model with a competitive fringe in the export
market, and the assumption of perfect competition for certain final markets. On the
production market, next to the Cournot players, we assume the small players to be the
competitive fringe (Libya, Egypt, Iran, Iraq, Nigeria, Trinidad, and Venezuela, and all
domestic European producers except the UK and the Netherlands). On the wholesale
market level in Europe, we assume the following markets to be competitive: in the UK,
Denmark, Sweden/Finland, Romania/Bulgaria, the Baltic countries, and Turkey.3

In this chapter, we apply the method of comparative static simulations for the time
period 2003 - 2025. We simulate the years 2003, 2010 and continue in five-year steps
up to 2025. For each year, we adapt the data input, namely the reference demand and
import volumes and prices, the production and transport capacities and costs. In the
absence of founded knowledge about the future market structure, we assume the same
market structure prevailing in all model periods.

In particular, as agreed within the EMF group and based on EIA (2005) projections,
we assume the reference demand volumes (needed to specify the demand function) to

3In reality, these countries, except for the UK, do not have competitive but monopolistic market
structures with generally only one player supplying the final market due to missing interconnection
infrastructure with other countries. However, the downstream monopoly leads to very high prices in
the model results that are not reflected in the real-world data. We therefore decided to assume perfect
competition for these countries that have little impact on the overall European market.
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2003 2010 2015 2020 2025
UK 120 78 51 24 20
Netherlands 80 80 80 80 80
Norway Pipe 86 119 119 119 119
Norway LNG 0 6 11 11 11
Russia Pipe 172 186 186 196 196
Russia LNG 0 0 0 6 11
Algeria Pipe 35 53 53 61 61
Algeria LNG 28 38 38 38 43
Libya Pipe 8 8 8 16 24
Libya LNG 1 4 4 9 14
Egypt 12 23 28 28 28
Iran Pipe 10 10 14 20 20
Iran LNG 0 0 24 36 36
Iraq 0 0 0 10 20
Middle East 36 103 111 120 120
Nigeria 13 34 67 98 98
Trinidad 19 23 37 47 47
Venezuela 0 0 0 0 11
Total Pipe 511 534 511 526 540
Total LNG 108 232 321 393 419

Table 3.2: Assumed export capacities for 2003 to 2025, in bcm per year

increase by 1.8% p.a. in Western Europe and by 2.2% p.a. in Eastern Europe. The
increase of the reference prices (that are also included in the demand function) is based
on the projections by the European Commission (European Commission, 2003) with an
annual growth rate of 0.8% until 2010, of 2.06% between 2010 and 2020, and 1.25%
between 2020 and 2025.4 The export production and transport cost data are based on
OME (2001) for 2003 and OME (2005) for all other periods. They mainly include a cost
reduction over time of LNG supplies relative to pipeline supplies to Europe.

Export and transport capacities are included based on available project data up to
2006, and are reported in Table 3.2. We adopt a rather conservative approach for those
projects that are suggested but not yet constructed and do not include any projects
beyond those known by 2006. Hence, we assume little increase in export capacities to
Europe after 2020. This is consistent with the assumption that the mature European
market will experience a slower demand growth after 2020 because demand substitutions
in favor of natural gas will have taken place by then (e.g., in power generation).

3.3 Results for the EMF Scenarios to 2025

3.3.1 Scenario Overview

We simulated the following scenarios with the the GASMOD model: EMF reference
scenario (with data as described above), a slightly higher demand growth scenario, con-

4Note that as we go to print, current natural gas prices have increased significantly and price forecasts
are heterogeneous as rarely before. Also, higher prices are likely o contractto reduce demand in the long
run. Nonetheless, to assure consistency we stick to the scenarios as defined by the EMF 23 group.
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straint on Russian exports to Europe, constraint on Middle East exports to Europe, and
constraint on liquefaction capacity. Those cases were agreed upon in the EMF group
and are described in EMF (2007).

Figure 3.2 shows the GASMOD results of all scenarios for the last model year (2025).
As underlined in EMF (2007), the European natural gas market demonstrates a lot of
resilience and the overall export picture seems to be similar between the scenarios. In
particular, Europe will rely to a larger extent on imports than today with only about a
sixth from the large domestic producers Netherlands and the UK. Russia will continue
to have an important albeit not dominant role as supplier to Europe with less than a
third of European imports in all scenarios.5 On the other hand, the Middle East with
its LNG exporters Qatar, UAE, Oman and Yemen will play only a limited role because
other LNG producers (Norway, Nigeria and West Africa, Caribbean with Trinidad and
Venezuela) can supply Europe at lower costs. In total, LNG will have a share of about
25% of all imports. This share will be more than double the current share of LNG
in European imports (10% in 2003) and it implies more than a tripling of the LNG
volumes. The relatively large number of potential LNG suppliers to Europe will allow
for a more diversified picture than was prevailing in Europe in the last decades, and
thereby improving the European supply security.

Figure 3.2: Model results of exports to Europe by exporting country in 2025 for all EMF
scenarios (in bcm per year)

Figure 3.3 shows the evolution of natural gas exports to Europe over time. Consis-
tent with the assumption of a growing reference demand, we find growing exports to
Europe. Some exporters can increase their share in the European import portfolio due
to new build and expanded export capacity, especially LNG producers such as Venezuela

5While one third of European imports from Russia may seem high, this is considerably lower than
earlier forecasts. For example, EC (2001) expected over 60% of the European imports coming from
Russia.
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(assumed to be starting in the early 2020s), Iran (starting in 2015; OME, 2005), as well
as Nigeria and Trinidad & Tobago (strong expansions planned in the next years). Figure
3.4 illustrates that the increased share of LNG mainly substitutes pipeline supplies from
other suppliers than Russia, especially the falling UK production.

Figure 3.3: Model results of exports in each model year, EMF reference scenario (in bcm
per year)

3.3.2 The Role of Russia

Russia will continue to supply about one third of the European natural gas imports,
without, however, hitting any export capacity constraint to Europe (see Chapter 4).
This suggests, among other things, that the much debated Nordstream pipeline from
St. Petersburg through the Baltic Sea into Germany lacks an economic justification.6

Hence, the EMF scenario of “Constrained Russian Exports” that consists of limiting
the Russian export infrastructure for all future periods to the existing capacity in 2005
(180 bcm of pipeline capacity) has almost no effect in the model results. The only
impact can be found in later periods, when the planned LNG terminal of the Shtokman
field, is excluded in this scenario and its small LNG volumes are supplied by other LNG
exporters than in the reference scenario.

Russia’s important position is mainly due to the large volumes exported to some West
European countries (Germany, Italy) and especially the strong dependence of Central
and Eastern Europe on Russian natural gas supplies. All Eastern European countries
have dependency rates on Russia of above 50% (e.g., Czech Republic and Hungary for
75%, Poland for 67% of their imports); several rely on Russia for all of their natural gas

6Note that we calculated a long-term equilibrium, but not short-term interruption scenarios. Hubert
and Ikonnikova (2003) and Hubert and Suleymanova (2006) provide a game-theoretic analysis of the
Nordstream project that is based on its strategic value.
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Figure 3.4: Shares of European imports from Russia, other pipeline and LNG in reference
scenario results (in bcm per year)

imports today (Bulgaria, Baltic countries, Slovakia) (BP, 2008). The relative proximity
to Russia and the existing pipeline infrastructure create a lock-in position for Eastern
Europe and only few infrastructure projects are in the discussion to reduce the depen-
dency on Russia. In addition to some projects (with relatively small volumes) of reverse
flows from Western Europe (Germany, Austria), much hope lies on the Nabucco project
with supplies from Iran and possibly some Caspian countries. Given the current financial
and political obstacles to this project, we have not included it in our data set.

3.3.3 The LNG Market (Liquefaction Constraint Scenario)

The West European countries are (geographically) in a more comfortable position than
Eastern Europe because they can rely on a larger number of pipeline exporters (e.g.
Norway, Algeria) and many have a seashore line that allows for access to the interna-
tional LNG market. In addition to the “traditional” LNG importers of the 1990s and
before (France, Italy, Spain, Belgium, Turkey), the 2000s have seen Portugal, Greece
and the UK entering the LNG market with new build regasification terminals. Plans
for more LNG terminals have been advanced for all of the existing importers and for
potential new importers such as the Netherlands and Germany (likely in the 2010-2015
period), Poland, Croatia and Ireland (less likely to be realized soon). Many of the LNG
expansion/construction plans are for the period until 2015. In Figure 3.4 we saw that
the LNG share in European imports increases until 2015 when it reaches a plateau of
approximately 25% where it remains stable for the next periods.
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2010 2015 2020 2025
Norway 0.1 -1.9 -1.4 2.9

(+1 %) (-24 %) (-19 %) (+96 %)
Russia 0 0 -6 -10.3

(-100 %) (-100 %)
Algeria 4.1 10.7 13.6 14.2

(+57 %) (+166 %) (+227 %) (+222 %)
Libya 0 0 -5 -10

(-56 %) (-71 %)
Egypt 0 -4.6 -4.6 -4.6

(-16 %) (-16 %) (-16 %)
Iran 0 -14.5 -11 -5.9

(-100 %) (-100 %) (-100 %)
Middle East 5.7 19.5 21.6 24.4

(+68 %) (+327 %) (+375 %) (+445 %)
Nigeria -11 -13.5 8.5 6.9

(-32 %) (-37 %) (+58 %) (+42 %)
Trinidad 0 -14.1 -23.7 -14.6

(-38 %) (-50 %) (-39 %)
Venezuela 0 0 0 -9.2

(-100 %)

Table 3.3: Difference of LNG exports in “Liquefaction Constraint Scenario” compared
to EMF Reference Scenario, in bcm per year (percentage)

Only in the scenario of “constrained liquefaction”, the Middle East LNG exporters
(Qatar, United Arab Emirates, Oman) can supply a significant share of European LNG
imports. The scenario is defined as limitation of liquefaction capacity to those projects
that were already in operation or under construction at the end of 2005 (EMF, 2007).
Hence, new entrants on the (Atlantic) LNG supply market, such as Russia, Venezuela
and Iran do not start supplying LNG in all periods. Instead, existing LNG exporters,
especially those with large capacities, will replace the lacking LNG volumes albeit at
higher costs and hence with somewhat lower volumes (negative price effect on the import
demand function).

The Middle East with liquefaction capacities of 36 bcm in 2003 and about 20 bcm
more under construction in 2005 obtains an increased market share in Europe in this
scenario. Other LNG exporters that benefit from the restricted liquefaction capacity in-
crease are Algeria and Norway and Nigeria in later periods (Table 3.3). In the reference
scenario, a large part of their LNG exports does not go to the European market but
is available for the North American and Pacific (East Asian) market (not included in
the GASMOD model). The scenario of constrained liquefaction capacity also highlights
which LNG exporters are the preferred suppliers to the European markets in the refer-
ence case, namely those where the expected capacity expansion results over the periods
results in large export volumes and hence in large losses in the “Liquefaction Constraint
Scenario” compared to the “EMF Reference Scenario”. Table 3.3 shows that these are
mainly Trinidad & Tobago, Egypt and Libya. The cost decrease of LNG compared to
pipeline exports plays a major role in explaining the high future export potential.
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3.3.4 Results for the United Kingdom

The United Kingdom is the natural gas market in Europe where several developments
that are characteristic for the entire European market take place “in a nutshell”. First,
the UK market has already undergone a liberalization process to a competitive wholesale
market that the European Commission still struggles to achieve on the European Con-
tinent. Moreover, the UK market does not only experience a strong decline in domestic
production over the course of the analyzed period (assumed to fall to about 1/6th of
its 2003 level in 2025) but also has the strategy to meet (parts of) the increasing need
for imports with LNG. Similarly, decreasing domestic production and increasing (LNG)
imports can be observed in Europe as a whole.

Figure 3.5: Model results for the UK market (consumption, imports, production for
domestic consumption, exclusive exports)

The UK started to develop LNG regasification projects in the early 2000s and has
three operating terminals in 2008 (Milford Haven, Isle of Grain, and an Excelerate vessel
in Teesside). There are expansion plans for these terminals and construction plans for
three or so more regasification ports in the next decade. In total, the UK will have more
than 40 bcm per year of LNG import capacity by 2015. Together with an increased
pipeline import volume from Norway and the Continent (Belgium and the Netherlands),
this will compensate for the decline in domestic production. Figure 3.5 shows that the
UK can potentially keep its natural gas consumption level stable, thanks to the increased
import capacities. The competitive wholesale market with lower prices than on the
monopolistic market further enables the UK consumers to maintain their consumption
levels.
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3.3.5 Infrastructure Bottlenecks in Europe

Several of the trade flows that result from our modeling exercise are constrained by the
assumed infrastructure capacities. This is particularly important for all intra-European
pipeline flows. Figure 3.6 shows a stylized map with the congested border capacities
between the countries in West and Central Europe. Our model data set is based on the
assumption that the current European market structure will persist until 2025, with pre-
dominantly monopolistic, generally vertically integrated (between wholesale trade and
shipping, incl. pipeline ownership) natural gas companies. This market structure has
shaped the existing infrastructure situation in Europe with insufficient liquid intercon-
nection between European countries. The monopolistic wholesale companies that are
also the owners of the network have no incentive to invest in cross-border capacities
because that would give market access to competitors from abroad.

Figure 3.6: Pipeline bottlenecks in West and Central Europe in 2015

3.4 Conclusions

In this chapter, we have presented the reference case simulation and scenario calculations
of the EMF 23 study design, focusing on the supply and demand situation in Europe.
We applied GASMOD, a strategic model of European gas supply. In general, we find
that Europe is likely to increase its supply security through diversification: the number
of suppliers increases over time, and the role of Russia stays within a reasonable range,
with about 1/3 of total imports. We also find that infrastructure availability remains a
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critical issue, mainly for pipelines. This supports policies in favor of higher incentives
for infrastructure investments.

The success story of the UK can be seen as a ”role model” for the future of European
gas supplies. From being a net exporter, the UK has transformed into a gas importing
country, without putting supply security at risk. A competitive industry structure and
appropriate network regulation and investment incentives have favored this transition.
Our model results suggest that Europe need not to be overly worried about increased
import dependence, provided that the institutional framework is adopted accordingly.

Last but not least, let us point out some critical points in the analysis: Demand fore-
casts are uncertain because of gas price changes, but also because of climate protection
policy and the need for low-carbon technology at scale. Also, our results depend upon
the choice of model parameters (e.g. elasticities) and assumptions about new infrastruc-
ture to be built. Upcoming research should move from a comparative static analysis
to a dynamic model with endogenous investment decisions, similarly to Egging et al.
(forthcoming); Zwart (forthcoming) and Lise and Hobbs (2008).
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Chapter 4

How Dominant is Russia on the

European Natural Gas Market? -

Results from Modeling Exercises

4.1 Introduction

Natural gas imports from Russia have recently come into the focus of politics and the
general public, after several incidents questioning the reliability of Russian supplies,
and with the Nordstream pipeline project that is receiving prominent support in Ger-
many. Natural gas imports from Russia to Central and Western Germany today must
be viewed in a two-fold perspective. On the one hand, the European natural gas market
is integrating more and more into the globalizing natural gas market, where liquefied
natural gas (LNG) shipped in vessels connects regional markets around the world. The
traditional pipeline market in Europe is complemented by LNG imports from regions
outside Europe which changes the European supply situation fundamentally. On the
other hand, the European Commission is increasing its efforts in liberalizing the Euro-
pean natural gas markets in order to create a competitive market structure and a truly
functioning internal market. This new market situation in Europe would also create
a new framework for the players on the export market because it will fundamentally
change the supply-demand equilibrium.

We analyze the Russian exports to Europe within these two perspectives. After
having presented the past and current export figures from Russia (Section 4.2), we
argue that the European dependency on Russia is lower than perceived, and that the
Russian market importance will remain limited over the next decades. This is due to the
possibility for Europe to diversify its imports with pipeline and LNG imports from other
suppliers. It is also due to the market structure of the international natural gas markets
where the few suppliers that have natural gas reserves are competing in an imperfect
market. The imperfect market structure gives the suppliers the possibility to sell less
gas at higher prices, which allows market entrance of more and of higher cost suppliers
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(Section 4.4)

Moreover, we discuss the perspectives of an oligopolistic exporter to a liberalized
European market. While the oligopoly in the export market ensures high prices for the
exporter, perfect competition in the downstream markets leads to high demand. The
latter effect (a quantity effect) gives an incentive to the exporter not to strongly withhold
its exports, which in turn ensures security of European supplies (Section 4.5). We use
results obtained with the numerical simulation model GASMOD, presented in Section
4.3, to support our argumentation. In the conclusions, we give some recommendations for
the European energy policy, highlighting the necessity to focus on market liberalization
in Europe.1

4.2 Where Do We Stand - Quantifying Russian Exports to

Europe

Russia and its predecessor, the Soviet Union, has been an important supplier for natural
gas to Western and especially to Eastern Europe since the beginnings of international
natural gas trade in Europe in the 1960s. Today, Russia supplies the major part of
natural gas imports of most Eastern European countries, and several West European
countries like Germany, Austria and France have had long-standing import relations
with Russia. 4.1 gives an overview of natural gas imports to some selected European
countries over the last decade. While it shows the strong dependency of East European
countries on Russian supplies, it also reveals a trend towards diversification of imports.
In recent years, the East European countries could reduce the Russian market share by
importing from suppliers such as Turkmenistan (Hungary, Poland) or Norway (Czech
Republic).

1996 2000 2005
Germany 32.4 41% 34.7 46% 38 42%
Austria 5.7 87% 5 80% 6.8* 78%*
France 11.6 33% 12 29% 9.2 20%
Poland 7 90% 6.6 81% 6.9 66%
Hungary 8.9 100% 7.9 87% 8.8 73%
Czech and Slovak Republic 15.6 100% 14.3 88% 13.8 86%

Source: IEA (2000, 2004b, 2006b) and *BP (2006)

Table 4.1: Imports from Russia in billion cubic meters (bcm) per year and in percentage
of total imports of some selected European countries

The Russian natural gas reserves are significant and are equaled only by the region
around the Persian Gulf. According to recent estimates (BP, 2006), Russia has reserves
of 47,82 trillion cubic meters, which can guarantee production for the next 80 years with
the current technologies and at current prices.2 The large reserves combined with its

1This chapter draws upon Holz (2007).
2We must distinguish between reserves and resources. Reserves are defined as the resources that can
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geographic proximity to Europe “naturally” make Russia a privileged supplier of natural
gas.

Currently, Russia exports about 25% of its production (BP, 2006), all of it west-
wards by pipeline to Europe. Russian natural gas production is concentrated in Western
Siberia, although there are large reserves in East Siberia, too. Only recently, Russia has
started to develop pipeline or LNG export projects in the East, to China (via pipeline)
or the Pacific LNG market (Sakhalin projects).

4.3 Model and Data

We use the GASMOD model, described in detail in Chapter 2. GASMOD is structured
as a two-stage game of successive exports to Europe (upstream market) and subsequent
wholesale trade within Europe (downstream market). We concentrate on the elements
“Production/Exports” and “Wholesale Trade” of the value chain of the international
natural gas industry (the columns highlighted in grey in Figure 4.1) because we want to
analyze the international trade of natural gas. Both sectors can potentially exert market
power, which is included in the GASMOD model. Given the necessity of transport infras-
tructure (pipelines, LNG facilities) for natural gas trade, we include the infrastructure
in the model as well. The availability of transport possibilities into a national market
can be essential for the market structure in a country. If a country is not connected to
the international market, then no other company besides the local incumbent can access
that market and exert competitive pressure.

Figure 4.1: The value chain of the international natural gas sector

We include the same data set as in Chapter 2. We aim at giving an exhaustive
representation of the European market, and therefore include all continental European
countries in the data set (see Table 2.2). Some of the data choices are important to
highlight given the focus of this chapter. For example, we incorporate Turkey because it

economically be exploited with current technologies and at current prices. The rise of prices over the
last years has therefore led to an improvement of the reserve situation. Resources in general comprise
all proven natural gas deposits, but the costs to recover these resources may exceed current prices (e.g.,
remote fields, unconventional resources like methane in ocean water).
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has traditionally been an importer of natural gas and it is becoming a transit country for
(potential) gas exports from Russia (via the Black Sea), Iran, and the Caspian Region to
Europe. As exporters, we include all regions that are currently able to export to Europe,
via pipeline or LNG, or that are expected to do so in the next 20 years. Exports from the
non-Russian Caspian regions (Turkmenistan, Uzbekistan, Azerbaijan, and Kazakhstan)
are treated as exports of Russia because they have to pass via Russia.

As in Chapter 2 and 3, we use cost data from OME (2001) for the base year (2003)
simulations and OME (2005) for the simulations up to 2025. These are long-run marginal
cost data, i.e. data that include average capacity investment and maintenance costs in
addition to operational costs. They combine production costs and transport costs to
the European borders (“border prices”). Remarkably, the cost data between 2001 and
2005 mainly differ for Russian and LNG supplies (Table 4.2). While LNG supplies
have become cheaper due to technological advances, the Russian supplies to Europe are
becoming relatively more expensive. Despite the abundance of natural gas in Russia,
it is costly to produce that gas because the reserves are located in remote areas with
difficult climate conditions, and it is costly to transport to Europe due to the very long
distances.

Country and Costs in USD Costs in USD
region (field) Transport via/to per MMbtu per MMbtu
of origin (OME, 2001) (OME, 2005)
Russia: via Ukraine
Nadym Pur Taz (Druzhba pipeline system) 2.49 2.49
(Western Siberia) via Belarus (Yamal-Pipeline) 2.01 2.01

via Nordstream pipeline to
Germany (to be built) 2.53 2.53

Russia: via Ukraine 1.62 1.53
Volga-Ural basin via Blue Stream and Turkey 1.58* 2.10**
Russia: via Belarus 2.59 2.59
Yamal field via Nordstream pipeline to
(to be developed) Germany (to be built) 3.10 3.11
Algeria LNG to European Mediterranean 2.42 – 2.50 2.12
Egypt LNG to European Mediterranean 2.40 – 2.60 2.15
Libya LNG to European Mediterranean 2.50 – 2.60 2.27
Trinidad and to Western Europe
Tobago LNG (Atlantic coast) 3.00 2.45
Nigeria LNG to Western Europe

(Atlantic coast) 3.00 2.45
Quatar LNG to European Mediterranean 2.80 2.48

* Cost for delivery to Turkey.
** Costs for delivery via Turkey to Bulgaria.

Source: OME (2001) and OME (2005)

Table 4.2: Long run marginal production and transport costs to Europe in US-Dollar
per Million British Thermal Units (MMbtu) of Russia and alternative LNG suppliers
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4.4 Which Market Share for Russia Today and in the Fu-

ture?

We use the GASMOD model to assess the role of the Russian natural gas exports for
the European market given economic drivers. In particular, we are assuming a profit-
maximizing behavior by the market players, which leads them to seek minimization of
their costs and price-setting such that their sold quantity optimizes their profit. The
inclusion of these economic variables gives a long-run equilibrium result which can be
understood as a steady state of the market. We do not include long-term contracts,
which are one characteristic of the European market, as a constraint into the model
because they should be reflected in the long-term equilibrium relations in the model
results. We first compare the hypothetical outcomes of different market structures, and
then run simulation runs until 2025.

4.4.1 Alternative Market Scenarios

In Chapter 2 we showed that the current European natural gas market is well char-
acterized by a Cournot market in the export (upstream) as well as in the wholesale
(downstream) stage. We therefore use the market scenario of a Cournot-Cournot mar-
ket (“Cournot Competition”) as a first benchmark. The results for European imports
from its major natural gas exporters are shown in Table 4.3, where the Cournot compe-
tition results are confronted with three alternative market scenarios: “Perfect Compe-
tition” with perfectly competitive upstream and downstream markets; “EU Liberaliza-
tion” with a Cournot market upstream and a perfectly competitive downstream market;
and “Cournot-Competitive Fringe” where the smaller players on the export market are
assumed to be price-takers (competitive fringe) of the Cournot market formed by the
large exporters and the downstream market is a Cournot market.

We find two striking results in the benchmark scenario of Cournot competition: a
diversity of imports from all supply sources, and smaller Russian exports than in the
reference year. Comparing the results of all scenarios, we find, as suggested by economic
theory, that total exports are the smallest in the scenarios with imperfect competition,
and are higher the higher the degree of competition is. Total export results are close to
the reference values in the Cournot Competition scenario and especially in the Cournot-
Competitive Fringe scenario, which is evidence that these scenarios are representing the
real-world market.

The major European natural gas producers (Norway, Netherlands, UK) are the
biggest supplier in all scenarios and deliver about 50% or more of European imports.
Russia is the second largest supplier with a market share between 20 and 30% of Eu-
ropean imports. While the model results of North African exports generally are about
the same as in the reference year, the supplies from the Middle East and from overseas
could be higher.

The values of Russian exports that can be explained by the economic model are
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Exporter Cournot Perfect EU Libe- Cournot- Reference
Competition Competition ralization Competitive Exports

Fringe 2003
Russia 59 196 134 86 132

(18%) (30%) (22%) (18%) (30%)
Europe 263 296 296 281 234

(68%) (45%) (49%) (59%) (53%)
North 24 92 92 53 59
Africa (6%) (14%) (15%) (11%) (13%)
Middle 13 37 37 14 6
East (3%) (6%) (6%) (3%) (1%)
Overseas 25 41 41 41 10
LNG (6%) (6%) (7%) (9%) (2%)
Total
Exports 384 662 601 476 441

Source: Chapter 2 for the first three market scenarios, BP (2004) for the reference exports.

Table 4.3: Static model results for exports to Europe in bcm per year (market share of
exporter in percentage) for the base year 2003

below today’s levels with 59 and 86 bcm per year, respectively, in the Cournot and EU
Liberalization scenario, compared to 132 bcm reported in 2003. Russian exports are
expensive because of their high production costs and transport costs to Europe, and
this is a major driver of the economic model. Export levels in the 2003 reference year
are to a large extent determined by long-term contracts concluded in the past decades
when the economics of the European natural gas market were different. Especially the
cost reductions of LNG exports over the last years have led to a change of the European
import options.

Other suppliers than Russia export more natural gas than in the reference year, and
we find a rich diversity of imports from all possible exporters to Europe. This diversity
is a result of the model assumption of a Cournot market which results in high prices
and small quantities. The Cournot players, including Russia, are exerting market power
and influencing the price on the European import market by withholding quantities to
their advantage such that their profits are maximal. But while the possibility of the
exporters to exert market power may be considered as negative for the European market
because it results in high prices for the European consumers, it also has a positive effect.
Namely, the high prices attract more producers and a diversity of producers, including
high cost producers. Parts of the alternative supplies come as LNG from overseas, the
Middle East, and North Africa. This diversity of supply sources ensures security of the
European natural gas supplies.

In a more restricted oligopoly (scenario Cournot-Competitive Fringe), the Cournot
players, and among them Russia, benefit from the smaller number of strategic players
with increased exports and higher prices3. However, the existence of price-taking ex-
porters also benefits the European importers as the competitive fringe exporters can

3Prices not reported here.

74



4.4. WHICH MARKET SHARE FOR RUSSIA TODAY AND IN THE FUTURE?

increase their exports until their marginal costs meet the price. The closer proximity
of the results of the Cournot-Competitive Fringe scenario to the reference values can be
considered as evidence that this scenario reflects the current market status quo better4,
and we hence use it for the subsequent simulation runs until 2025.

4.4.2 Russian Exports to Europe Until 2025

Besides assessing the current role of Russia, we also want to investigate the perspectives
for Russian exports to Europe until 2025. We use the GASMOD model with updated
data input in five-year increments.5 We assume an upstream Cournot market with a
competitive fringe, and downstream Cournot markets in Europe with the exception of
a liberalized UK market and perfect competition in small markets. For the demand
for natural gas, we assume a continuous demand increase of 1,64% p.a. for Western
Europe and of 2,2% p.a. for Eastern Europe, based on the demand forecast by EIA
(2004). Infrastructure capacities are updated based on current knowledge of extension
and new-built plans, adopting a rather conservative approach as to which projects will
be realized and when. Due to uncertainty of the infrastructure projects realized beyond
2015, most of the included infrastructure extensions are for the decade until 2015. Total
capacities of exports to Europe are assumed to increase from 619 bcm per year in 2003
to 832 bcm in 2015 and 959 bcm in 2025 with major increases in liquefaction capacity in
the Middle East and overseas (primarily Western Africa), and in pipeline capacity from
Algeria to Europe. On the other hand, only few infrastructure expansion projects for
intra-European transport are currently discussed and could therefore be included in the
model.

The outlook to the medium-term future until 2025 in Table 4.4 confirms the results of
the current market simulations: Europe will benefit from a diversified import portfolio,
and Russia will play an important but not a dominant role. The growing demand for
natural gas will be satisfied by increasing imports, given that domestic production in
Europe will be declining in many countries. LNG imports from overseas (West Africa,
Caribbean) show the largest increase, followed by North African LNG supplies. The
Middle East can not expand its LNG exports but increases its pipeline exports (in 2025
from Iran and Iraq to Turkey). Natural gas production in Europe, especially in the UK,
is declining and hence is the import share of European suppliers (from 59% in 2003 to
37% in 2025). LNG from Norway can find a market in Europe in the next decades, as
can LNG from Russia (Shtokman) that we include in the model starting in 2020.

The Russian market share will slightly increase to satisfy the growing demand for
natural gas in Europe. Eastern Europe (and especially landlocked countries like Hun-
gary, the Slovak and the Czech Republic, Romania and Bulgaria) can not benefit from
an expansion of the international LNG market, but is dependent on Russian gas by

4The specification with a competitive fringe is also found to be the best representation of the European
market in other models, e.g. in Egging and Gabriel (2006).

5These model runs were i.a. prepared for the Stanford University Energy Modeling Forum N◦ 23
(www.stanford.edu/group/EMF/projects/projectemf23.htm), and they are presented in Chapter 3.
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2003 2010 2015 2020 2025
Russia
-pipe 104 116 140 151 172

(24%) (23%) (26%) (27%) (29%)
-LNG 0 0 0 6 10

(0%) (0%) (0%) (1%) (2%)
Europe
-pipe 259 252 229 215 218

(59%) (50%) (42%) (38%) (36%)
-LNG 0 6 8 7 3

(Norway) (0%) (1%) (1%) (1%) (1%)
North Africa
-pipe 22 22 22 30 33

(5%) (4%) (4%) (5%) (5%)
-LNG 21 35 38 43 48

(5%) (7%) (7%) (8%) (8%)
Middle East
-pipe 10 10 14 30 40

(2%) (2%) (3%) (5%) (7%)
-LNG 9 8 20 17 11

(2%) (2%) (4%) (3%) (2%)
Overseas 11 57 74 62 63

(3%) (11%) (14%) (11%) (11%)
Total exports 437 507 546 560 600

Table 4.4: Model results 2003-2025 of exports to Europe in bcm per year and market
share of each exporter in percentage (in parentheses)

pipeline. No alternative pipeline project from the Caspian and Middle East (Iran) re-
gion into Central Europe can currently be assumed to materialize by 2025. In particular,
we do not include the Nabucco project in the model as its realization seems to be uncer-
tain. The Eastern European countries can also not benefit from the increase of pipeline
export capacity from other exporters, such as Algeria, because of limited intra-European
transport infrastructure. Algerian pipeline exports, for example, are locked in the border
countries Spain and Italy because of very restricted pipeline capacity out of Spain (to
France) and Italy (to Austria). Russia hence continues to play an important role for
Eastern Europe.

Western Europe, on the other hand, will be able to satisfy its growing demand
for natural gas with increased pipeline imports from North Africa and Norway and
with LNG from various sources. While Mediterranean countries such as Spain, Italy,
Greece, Turkey, and France have been long-standing LNG importers, other Northern
European countries recently started importing LNG (Belgium already in 1987, the UK
in 2005). Other countries have more or less well-advanced projects of first LNG imports
(Netherlands, Germany, and Slovenia) that were included with different start-up times in
the model. All LNG importers are planning expansions of their regasification capacities
in order to keep up with the expansions on the global liquefaction market. Figure 4.2
shows the increasing imports of LNG in Europe until 2025 when they will reach a market
share of approx. 25%. Most of the increase of LNG imports will already happen until
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Figure 4.2: European imports of Russian gas, and pipeline gas and LNG from other
sources 2003-2025, in bcm per year

2015 when the major regasification capacity expansions will take place.

Among the LNG exporters, the suppliers from overseas will experience the largest
increase in volume and market share. This is due to the relatively advantageous cost
structure of these exporters from the Caribbean and West Africa (see Table 4.2). North
African and European LNG exports will also contribute more than proportionally to the
satisfaction of rising demand and can increase their market share. The LNG exports
from the Middle East, however, will stagnate, due to their relatively high border prices.
Given the limit on regasification capacity in Europe, the European demand for LNG
is primarily satisfied with lower-cost supplies from all other LNG exporters, and the
Middle East only contributes marginally.

4.5 Russian Exports to Liberalized European Markets

The objective of the reform process initiated by the European Commission in the 1990s
is the liberalization of the European natural gas markets that should be organized com-
petitively without allowing the European wholesale companies to exert market power.
This situation is reflected in our simulation scenario “EU Liberalization” with Cournot
upstream markets (the export market cannot be influenced by European regulation) and
competitive European downstream markets. In Chapter 2, we showed that the European
economies would benefit from the EU liberalization with increased welfare. Given this
perspective of a possible market development in Europe, we want to analyze Russia’s
role in a liberalized EU market, and specifically the incentives for Russia to withhold
exports to the European market.
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Figure 4.3: Exports to Europe in bcm per year from all exporting regions in the Cournot
market and the EU Liberalization scenario (market share for each scenario, respectively,
in parentheses)

In Figure 4.3, we depict the European imports for the Cournot and EU liberalization
scenario. Due to the lower prices in the liberalized EU market, total demand and exports
are considerably higher than in the Cournot Scenario (35%). While European production
is bound by capacity restrictions, all other exporters can benefit from the liberalization
with higher exports to Europe. Especially North Africa and Russia can significantly
expand their exports and increase their market shares (27% compared to 19% for Russia).

After the January 2006 disruption of Russian natural gas supplies to Ukraine and
later to Belarus and Georgia, fears in Europe resurged that Russia might use the possi-
bility of withholding its natural gas exports as an instrument of foreign policy, also with
regard to Europe. We therefore want to study the effects of Russian withholding of its
natural gas supplies to Europe. We propose two cases of export limitation: a maximum
capacity of 150 bcm per year (approx. the current export level), and a reduction of its
export capacity to 75 bcm per year. These cases can also be interpreted with respect
to the maintenance of the Russian export infrastructure to Europe. Indeed, much of
the Russian export pipeline system is outdated today and would need considerable in-
vestment in maintenance or even replacement (IEA, 2003). At a different level in the
value chain, the Russian production is in need of investment in the development of new
natural gas fields as the current fields already passed their peak production capacity
(IEA, 2006a). However, the Russian investment efforts so far have been limited.

Figure 4.4 shows that the restriction of Russian exports to 150 bcm per year does
not have any impact in the Cournot scenario and only a small reduction effect in the
EU Liberalization scenario (-3%). There are two reasons for the limited impact of this
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Figure 4.4: Russian profits for different market scenarios and capacity limitation cases
(in million US-Dollar)

restriction: first, the Russian exports in the unrestricted case were below or close to 150
bcm per year (90 bcm in the Cournot scenario and 169 bcm in the EU Liberalization sce-
nario); second, the European countries have the possibility to substitute failing Russian
supplies by natural gas imports from other sources. In the EU Liberalization scenario
with the 150 bcm capacity limit, the LNG suppliers from overseas and the European
exporters are primarily increasing their market share.

The restriction of Russian exports to 75 bcm per year does have a stronger impact on
European imports with a reduction of imports by 3% (Cournot scenario) and 15% (EU
Liberalization scenario). This limitation cannot be entirely compensated by imports
from other sources, mainly due to transport capacity bottlenecks in and into Eastern
Europe. Increased natural gas imports again mainly come from European exporters and
overseas LNG, but the Middle East and North Africa also increase their market share
in the EU Liberalization scenario.

Having assessed these effects of a Russian export constraint, let us examine whether
Russia has an incentive to implement such a constraint. Figure 4.5 reports the profits for
the unrestricted case and the two cases of export capacity restriction. We clearly see that
Russia not only benefits from the liberalization of the EU markets in all cases. This is
due to the fact that the imperfect upstream market can ensure relatively high prices for
exports (price effect for the Russian profits), while at the same time benefiting from an
increased downstream demand where prices are relatively low in the competitive markets
(quantity effect). Figure 4.5 also shows that Russia also has no incentive to reduce its
export capacity to Europe. The limit of Russian exports to 75 bcm per year to liberalized
EU market results in a reduction of profits by 37% compared to the unrestricted case.

The reduction of profits, and hence the incentive for Russia not to restrict its ex-
ports, is smaller in the Cournot scenario with only about 6%. However, as discussed
in Section 4.4, Cournot markets ensure a diversity of supply to Europe and hence a
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Figure 4.5: Exports to Europe with capacity limitation of Russian exports, in bcm
per year and with market shares of each exporter for each scenario, respectively, in
percentage (in parentheses)

“second best” security of supply in case of reduced Russian exports. Again, the cases
of capacity restriction can also be interpreted with respect to transport and production
infrastructure maintenance. In this regard, the liberalization of EU markets will provide
an additional incentive for Russia to maintain its export capacity as the opportunity
cost of not doing so will increase compared to imperfect European markets. Hence, the
European countries themselves have an incentive to increase their efforts for domestic
market liberalization if they want to ensure their natural gas supplies.

4.6 Conclusions

Russia is an important supplier of natural gas to Europe, but its role is less dominant
than generally assumed. In this chapter, we have used a market power simulation model
to assess the role of Russian natural gas exports for the European market. In different
market and simulation scenarios, we have showed that the importance of Russian sup-
plies is smaller than sometimes perceived, especially for the Western European market,
and that Russia is far from being a dominant player on the European market. Let us
detail our conclusions with respect to the following aspects: Russian production devel-
opment, Russian export and transit infrastructure; European transport infrastructure
and European market structure.

First, with respect to the Russian production capacity we have shown that Russia has
an incentive to maintain its current level of export capacity (incl. production capacity
for exports) to benefit from a liberalized European market with high demand. Given
that all currently exploited fields in Western Siberia have reached their peak production
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level, Russia must start developing new fields (IEA, 2006a). This is even more necessary
in the absence of an efficient price signal to its domestic markets, which leads to an
increasing competition for Russian gas between the domestic market and the export
market (Sagen and Tsygankova, 2006).

Second, the incentive for Russia to maintain its export capacity also encompasses its
export and transit pipeline system which today is outdated and in dear need of over-
hauling (IEA, 2003). Third, given the existing export pipeline capacities of more than
180 bcm per year, we do not find a need to build an additional pipeline such as the
Nordstream pipeline, even in the future until 2025. Our simulation results give Russian
export levels below its current export capacities of more than 180 bcm. The current
transit system consists of the pipelines through Ukraine, generally referred to as the
“Druzhba pipeline system” (approx. 150 bcm of yearly capacity), and the pipelines
through Belarus in the Yamal-Europe pipeline system (approx. 30 bcm of yearly capac-
ity), plus some minor pipelines to the Baltic countries and Finland. We showed that
Russian exports in the current market power environment are not bound by the export
capacity. The high construction costs of the Nordstream pipeline that are specified to
be at least 5 billion Euro also shed doubts on the necessity of this pipeline. The applied
game-theoretic literature gives some explanation to the Nordstream pipeline project. It
considers Russia as a player in the transit game with Ukraine and Belarus where it has
an incentive to threat with the construction of the Nordstream pipeline in order to im-
prove its bargaining position (Hubert and Ikonnikova, 2003; Hubert and Suleymanova,
2006). Previous transit options such as the construction of the Yamal Europe pipeline
through Belarus can be seen in the same perspective (Hirschhausen et al., 2005).

Fourth, the supply security for Europe can be enhanced by increasing the transport
capacities to and inside Europe. Increasing regasification and import pipeline capaci-
ties improve the possibility to compensate failing imports from one supplier. Increased
intra-European pipeline capacity would also enable the transit of additional imports to
non-border countries (e.g., to Eastern Europe). Moreover, an increased access capac-
ity to a country can improve its market structure towards more competitive markets
by increasing the number of players in that country. A substitute or a complement
to intra-European pipeline expansion can be the development of liquid markets with
the possibility to swap or hedge quantities between marketplaces instead of physical
transport. This aspect of market development needs further research.

Fifth, we showed that the European countries have a strong incentive to push for
liberalization of their markets to ensure supply diversification and security. EU liber-
alization would come along with increased profits for the exporters and hence increase
their opportunity costs of failing. Moreover, the diversity of supplies that is becoming
reality with the development of the LNG market shows that worries of supply security
are becoming less important. The improvement of European welfare and consumer sur-
plus by liberalizing the European markets should instead be the priority of natural gas
politics.
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Chapter 5

A Dynamic Model of the

European Natural Gas Market

and Network

5.1 Introduction

In this chapter, we present a dynamic partial equilibrium model of the European natural
gas market and network. While partial equilibrium models may not be able to accurately
represent the interaction with other energy markets (e.g., the substition relation of nat-
ural gas and coal for power production), some aspects of the sector can be represented
in more detail than in a general energy system model. In a so-called “network industry”
as natural gas, it is specifically the infrastructure utilization that strongly influences
the market outcomes and can be included in a partial equilibrium model. This chapter
focuses on the modeling of the network in an imperfect, spatially fragmented market
and introduces investments into that network.

Similar to earlier modeling efforts in the literature and in this thesis, we distinguish
the following players active on international natural gas markets: producers and ex-
porters on the upstream market, and wholesale traders on the downstream market. In
addition, a network operator determines the network utilization and investments therein.
We assume that all players are profit maximizers and that their optimization problems
are subject to different constraints. In particular, the players have to respect network
constraints which are introduced to describe the characteristics of the aggregated inter-
national transport system of natural gas into and within Europe. For each optimization
problem, we derive the Karush-Kuhn-Tucker conditions which describe the optimality
point under some assumptions and which together with the market clearing conditions
give a complementarity model. This complementarity model is programmed in GAMS
for simulations with a small data set describing the European natural gas market.

In the following, we first give an overview over the notation (which differs in parts
from the previous chapters) and then describe the static network model GASMOD-
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Net. Then we turn to the investment issue. After presenting the relevant concepts for
investments in a game-theoretic complementarity model, we extend the static network
model to include investments in the network infrastructure (GASMOD-Dynamic). The
chapter closes with a small application of the GASMOD-Dynamic model and an outlook
on further research.1

5.2 Prerequisites

5.2.1 Notation

In this chapter, the notation differs from the one used in Chapters 2 to 4, because the
models presented here have a greater level of detail. From now on, we use the following
notation:

- A incidence matrix of the network

- an demand function parameter (intercept) in market n

- bn demand function parameter (slope) in market n

- bpn border price of exports arriving in importing node n

- Cn total consumption in consuming node n

- cap(·) capacity constraint of different types (in superscript), such as production
and pipeline capacity

- CQfn (yfn) production cost (function) of the

- δt yearly discount factor producer f in node n to produce quantity yfn

- Exp exporter’s problem (used as upper case index)

- f index of exporting producers

- inm investment in transport capacity on arc nm

- κnm multiplier of the investment capacity constraint for arc nm

- λ(·) multiplier of different constraints such as production and pipeline capacity
(type of constraint in superscript)

- m node, m ∈ N , with m 6= n

- N set of all nodes in the network

- n node, n ∈ N , with n 6= m

- p(·) price (recipient in superscript) for each market (dual of respective market
clearing condition)

1I am indebted to Hannes Weigt, Florian Leuthold, Jan Abrell, Ruud Egging and Christian von
Hirschhausen for their helpful comments and support during the development of the models presented
in this chapter.

83



CHAPTER 5. A DYNAMIC MODEL OF THE EUROPEAN NATURAL GAS
MARKET AND NETWORK

- P producer’s problem (used as upper case index)

- qfnm exports of exporter f located in node n to import nodes m

- r index of wholesale companies

- tfeenm endogeneous transport fee to use an arc nm

- TOCnm total costs pipeline operation of pipeline arc nm

- TFCnmt total fixed (investment) costs in arc nm in time period t

- vfnm export flows of exporter f between adjacent nodes n and m, including transit
flows

- wrnm wholesale flows of trader r between adjacent nodes n and m, including transit
flows

- WS wholesaler’s sales problem (used as upper case index)

- xrnm wholesales of trader r located in node n to final market m with m 6= n

- yfn production by producers f located in production node n

- znm total arc flow between adjacent nodes n and m

5.2.2 Network Description

Contrary to the representation of transport in the previous chapters, we now include
an explicit network that is used for transport between exporters and importers and at
the same time between wholesalers and final consumer. In Chapters 2 to 4, we used
bilateral transport capacities between each pair of players. For each pair fr of exporters
and importers and for each pair rm of wholesalers and final consumers we had individual
capacity constraints captradefr and capEUrm , respectively. In practice, this means that we
implemented separate constraints between Russia and Germany, between Russia and
Poland etc. We calibrated these constraints such that the obtained flows would not
exceed the total available capacity on each link, even if this link is used by several pairs
of players (see Chapter 2 for more details).

We assume each country of the European natural gas market to be one node in
the network. Distances between the nodes are approximately the distance between
the centers of the countries (in production countries with clearly defined natural gas
production areas, these production areas will be taken instead of the geographic center
of the country).

The following activities can take place in the nodes of the network: production,
exports, imports/wholesales, and consumption. Each node may also be a transit node
for a certain flow. Figure 5.1 shows a small exemplary graph of the European natural
gas network. For clarity, we assume in Figure 5.1 that the activities take place in distinct
nodes; in reality several activities can be located in the same node n.

Production is carried out in the production node (here: representing Norway, Russia,
and Algeria). The produced natural gas is exported to the import nodes in Europe
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Figure 5.1: Graph of the 3-3-node example network

(here: Germany, France, Italy) along the solid lines. The exports can potentially transit
via another European country before arriving at their final destination. For example,
Russian exports to France will transit through the German node before arriving at the
Italian node.

From their final destination node of import, the imported quantities are re-sold by
the wholesale traders to the final consumption markets (nodes at the very right of Figure
5.1) along the dotted lines. The wholesale trader can sell to the final market of its own
country or to the final market of the other European countries, potentially transiting
through other countries. The two-stage structure of successive exports and wholesales is
predetermined and exporters can not sell directly to the final consumer; this corresponds
to the observed market structure in the European natural gas sector. The consumption
node must be understood as a “virtual” node. It allows for non-zero wholesales from
a wholesale trader located in a certain country to the final consumption market in the
same country. The incidence matrix A of the 3-3-3 network in Figure 5.1 is:

A =



0 0 0 1 0 0 0 0 0
0 0 0 1 1 0 0 0 0
0 0 0 0 1 1 0 0 0
0 0 0 0 1 1 1 0 0
0 0 0 1 0 1 0 1 0
0 0 0 1 1 0 0 0 1

0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0



5.3 Optimization Problems of GASMOD-Net

In this section, we describe the static GASMOD-Net model. It is an extension of the
static GASMOD model with path flows of natural gas. While the approach used in
Chapters 2-4 is no problem for a model with a small data set and a small number of
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external suppliers to an aggregated European importer (e.g., the GASTALE model), it
is less appropriate for a detailed data set with a large number of (European) countries.
Its caveat is to not take endogeneously into account the simultaneous use of a pipeline
link by several players.

The inclusion of wholesalers in addition to exporters in our model makes the prob-
ability of simultaneous use of a link by several players even more likely. Moreover, the
Cournot framework that we identified as a good description of the European natural
gas market in Chapter 2 leads to counterflows in the two directions of a pipeline arc
because the Cournot outcome is not a least-cost solution of demand satisfaction. The
model presented in this chapter is able to account for these counterflows and the ensu-
ing pipeline capacity need that is possibly higher than in a cost minimization model.
Ccounterflows are a phenomenon that can be observed in reality as show the multiple
cross-border points in Europe with pipeline and compressor capacity in two directions
(GTE, 2008). We implemented a similar network representation in a single-stage setting
in the European/World Gas Model (Egging et al., 2008a,b), where only one type of
players, the exporters, uses the pipeline network.

Except for the wholesale trader, we assume all players to behave competitively. The
perfect competitition assumption means that a player maximizes his profit until his
marginal costs equal his marginal revenues (zero profit assumption). Hence, the profit
maximization by competitive players is equivalent to welfare-optimal cost minimization.
We make the assumption of competitive upstream players in order to avoid a possible
multitude of equilibria. In the complementarity framework, this would give an MPEC
or EPEC type of model if we want to solve the model globally and not only for a range
of parameter values (as in the static GASMOD).2 In this thesis, given the lack of general
solution methods for EPECs, we choose a MCP formulation with competitive exporters
here.3 Our focus in this chapter is rather on the integration of the network on a two-stage
market setting.4

In the following, we detail the optimization problem of each type of player, with
a particular focus on the elements related to the network model. From combining the
KKTs of all players and the market clearing conditions we obtain a complementarity
model, GASMOD-Net, that is extended in Section 5.4 to include investments in the
network.

5.3.1 Producer

Each producer f is assumed to maximize his profit. His revenues come from the sales of
total production yfn, minus his production costs CQfn(yfn). The production activity

2For this same reason, we concentrate on the export market in the EGM and WGM model and model
the marketers only with the final demand function adressed to the exporting players (Egging et al.,
2008a,b).

3Formulating and solving the GASMOD-Net and the following GASMOD-Dynamic model as EPECs
will be a topic for further research.

4It can be noted that the assumption of perfect competition leads to larger network needs (and, hence,
investments) than in a Cournot model where quantities are strategically withheld.
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is subject to a capacity constraint for the entire country over the time horizon (here:
one year). The producer sells to the subsequent player in the value-added chain, the
exporter. We assume that production and exports are carried out within the same verti-
cally integrated company f . Hence, producer and exporters do not behave strategically
vis-à-vis each other and the price is determined by their market clearing condition (see
below).

max
yfn

ΠP
fn = yfnm · pPfn − CQfn (yfn) , ∀f, n

s.t. capPn ≥
∑
f

yfn
(
λPn
)
, ∀n

yfn ≥ 0, ∀f, n

(5.1)

The profit maximization problem must be converted into a minimization problem to
obtain the KKT conditions that will be part of the overall complementarity model. We
have:

min
yfn

− yfn · pPfn + CQfn (yfn) , ∀ f, n

s.t. capPn −
∑
f

yfn ≥ 0
(
λPn
)
, ∀n

yfn ≥ 0, ∀f, n

(5.2)

The first-order conditions (FOCs) of this minimization problem give the Karush-
Kuhn-Tucker conditions:

0 ≤ −pPfn +
∂CQfn (yfn)

∂y
+ λPn ⊥ yfn ≥ 0, ∀f, n (5.3)

0 ≤ capPn −
∑
f

yfn ⊥ λPn ≥ 0, ∀n (5.4)

These KKT conditions give the optimal point of the minimization problem if the
problem is convex. Here, it depends on the shape of the total cost function CQfn (yfn).
Few data is available on the costs in the natural gas sector, but the literature gener-
ally suggests that the operating costs of production are characterized by a linear or a
quadratic function (e.g., Golombek et al., 1995) which satisfies the convexity require-
ment.

Clearing between production and exports within the integrated company f located
in node n is obtained if the total quantity produced (i.e. sold to the subsequent market
stage, to the exporters) equals the total quantity purchased and sold by the exporter.
We assume no losses in the export activity5, and hence equality of purchases and sales
of the exporter. There are two main reasons for the assumption of vertically integrated
production and exports with separate optimization problems: i) a vertically integrated

5There are losses in the transport activity which we include in the total operating costs of transport,
cf. Section 5.3.4.
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company corresponds to the observation in most countries and we therefore modeled
a single player in GASMOD (Chapters 2-4). However, producers and exporters have
different revenue and cost structures and we prefer to distinguish them clearly.6 ii) While
distinguishing producers and exporters, one could model them as separate companies.
This would necessitate more complex market clearing conditions between these two types
of players and we deem it not necessary given the real-world observation of vertically
integrated production and export activities.

yfn =
∑
m 6=n

qfnm (pPfn free), ∀f, n (5.5)

We want the equality in this market clearing condition to hold, i.e., the produced
quantity should exactly equal the exported quantity. The dual variable of this equality
is a free price, that is a price that can be negative, positive or zero. However, only a non-
negative price would make sense from an economic point of view.7 This must be ensured
by the data input. Posing the market clearing condition as an inequality condition (which
would enforce a non-negative price in the complementarity format) is the general case,
but Aashtiani and Magnanti (1981) show that, under some monotonicity conditions,
it can be guaranteed that the equality holds. Hence, the inequality constraint can be
replaced by the equality condition, as used here.

5.3.2 Exporter

The exporter f maximizes his profit from selling quantity qfnm to European countries
m ∈ N at border price bpm. The costs of the exporter are the purchasing costs from the
producer at price pfn and the costs to transport the natural gas from the production
node to the European import node in a series of arc flows vnm. For using arc nm a
price tfeenm has to be paid and hence the total transport costs for the exporters are∑
nm

(tfeenm · vfnm).

We include a constraint ensuring the flow conservation for each node and activity of
the player. For each activity of the exporter, market (trade) variables must equal all
physical flow variables. Hence, considering node n as an “export node” of exporter f ,
all export sales out of node n (

∑
m6=n

qfnm) must be equal to all export flows out of node

n (
∑
m6=n

vfnm):
∑
m6=n

qfnm −
∑
m 6=n

vfnm = 0. Similarly, considering node n as an “import

node”, all import trade flows from all other nodes m (
∑
m 6=n

qfmn) must be equal to all

physical import inflows (
∑
m 6=n

vfmn):
∑
m 6=n

qfmn−
∑
m6=n

vfmn = 0. The same constraint must

also hold for the transit nodes, i.e. nodes with no export or import sales activity (e.g.,
for sales of Russian natural gas to Germany, Belarus and Poland would be such transit

6We use the same approach in Egging et al. (2008a).
7In electricity networks, negative nodal prices could be meaningful, too. This is because electricity

flows are not only determined by the economic laws of supply and demand but also by the physical,
so-called Kirchhoff’s laws.
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nodes), where all inflows (
∑
m6=n

vfmn) must equal all outflows (
∑
m 6=n

vfnm). Note that each

node is at the same time in-node for some arcs (i.e. node “n” of arc (n,m)) and out-
node for other arcs (i.e. node “m”) which must be kept in mind for the derivation of
the KKTs.

We have the following profit maximization program of the exporter, including the
flow conservation constraint:

max
qfnm,vfnm

ΠExp
f,n,m = qfnm · bpm −

(
pPfn · qfnm

)
−

∑
(nm)∈KExp

f,n,m

(tfeenm · vfnm) ,∀f, n,m

s.t.

∑
m6=n

qfnm −
∑
m 6=n

vfnm

+

∑
m6=n

vfmn −
∑
m6=n

qfmn

 = 0
(
φExpfn

)
, ∀f, n

qfnm ≥ 0, ∀f, n,m (5.6)

vfnm ≥ 0, ∀f, n,m

The KKTs of the related minimization problem are:

0 ≤ −bpm + pPfn + φExpfn − φ
Exp
fm ⊥ qf,n,m ≥ 0, ∀f, n,m (5.7)

0 ≤ tfeenm − φExpfn + φExpfm ⊥ vf,n,m ≥ 0, ∀f, n,m (5.8)

0 =

∑
m 6=n

qfnm −
∑
m 6=n

vfnm

+

∑
m6=n

vfmn −
∑
m6=n

qfmn

 (
φExpfn

)
, ∀f, n (5.9)

Given the assumption of competitive exporters, the “border price” of the importing
country m, bpm is determined by the market clearing with the subsequent market stage,
that is with the importing wholesale trader r:∑

n

∑
f

qfnm =
∑
r

∑
n

xrmn (bpm free), ∀n ∈ N (5.10)

5.3.3 Wholesale Trader

Each wholesale trader r, located in a node n ∈ N , maximizes his profit from sales to a
final market m 6= n. Node m may be the final market of a different country than the
node of location of the wholesale trader n. The costs that the wholesale trader has to
bear are the costs of purchasing the imports at the border price bpn and the costs of
transport of the flow wrnm between his own node n and the final consumption node m.

A constraint similar to the exporter’s problem will ensure flow conservation for each
node and activity of the wholesale trader. More specifically, this constraint ensures that
all contractual sales out of n and all physical flows out of n are equal:

∑
m6=n

xrnm −∑
m 6=n

wrnm = 0. Moreover, it must ensure that all wholesale imports in node m are equal
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to all physical inflows into node n:
∑
m 6=n

wrmn −
∑
m6=n

xrmn = 0. Just as for exports,

this flow conservation constraint must also hold true for a “transit node” of wholesales:∑
mwrnm =

∑
mwrmn. Note that we assume for each country inside Europe (e.g.,

Germany, France) that it has at the same time a “transit node” within the European
network and a final consumption node (see Figure 5.1). Although these are distinct
nodes in the model graph, no costs of transport are assumed to occur for flows to a final
consumption node because we abstract from domestic distribution costs and focus on
the cross-border natural gas trade.

The wholesale trader’s profit maximization program is:

max
xrnm,wrnm

ΠWS
rnm = xrnm · pCm (·)− xrnm · bpn −

∑
nm

(tfeenm · wrnm) , ∀r, n,m

s.t.

∑
m 6=n

xrnm −
∑
m 6=n

wrnm

+

∑
m 6=n

wrmn −
∑
m 6=n

xrmn

 = 0
(
φWS
rn

)
,∀r, n

xrnm ≥ 0, ∀r, n,m (5.11)

wrnm ≥ 0, ∀r, n,m

where pCm(·) is the final demand function that is taken into account by the oligopolistic
wholesale trader. pCm(·) is replaced by pCm in case the wholesale trader is a price-taker.
No physical constraints apply to the wholesale trader, given that the network constraints
are taken into account by the network operator who passes them through via the price
for arc utilization, tfeenm. The KKT conditions of the related minimization problem of
the wholesale trader are the following:

0 ≤ −pCm(·)− ∂pCm (·)
∂xrnm

xrmn + bpn + φWS
rn − φWS

rm ⊥ xrnm ≥ 0, ∀r,m, n (5.12)

0 ≤ tfeenm − φWS
rn + φWS

rm ⊥ wrnm ≥ 0, ∀r,m, n (5.13)

0 =

∑
m6=n

xrmn −
∑
m6=n

wrnm

+

∑
m 6=n

xrmn −
∑
m6=n

wrmn

 (
φWS
rn free

)
,∀r, n (5.14)

where pCm is the market clearing price and ∂pC
m(·)

∂xr,n,m
= ∂pC

m
∂xr,n,m

= 0 in case the wholesale
trader is a price-taker and does not take into account the demand function. In case of a
strategic wholesaler, the KKTs depend on the demand function. We assume the inverse
demand function to be linear, and defined around a reference point

(
Crefn , pCn

)
. Total

demand in consumption node n, Ccn, is emanating from the final consumers located in
that country (combination of industry, power generation, and commercial/households).
The linear inverse demand function is of the type:

pCn = an + bn · Cn, ∀n (5.15)
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where Cn is the total quantity demanded in node n, bn the slope of the demand curve and
an the intersection (prohibitive price). For the demand function, the following definitions
hold true (here without indices for the nodes for the sake of easier reading):

C = −a
b

+
1
b
· p, ε =

δC

δp
· p
C

=
1
b
· p
C

b =
p

C
· 1
ε
, a = p− b · C

(5.16)

Applying these to the reference point
(
Crefn , pCn

)
, we find the parameters a and b for

the reference year and can specify the demand function parameters:

b =
pref

Cref
· 1
ε

a = pref − b · Cref = pref − pref

Cref
· 1
ε
· Cref

p = pref − pref

Cref
· 1
ε
· Cref +

pref

Cref
· 1
ε
· C

= pref +
1
ε
· pref ·

(
C

Cref
− 1
)

(5.17)

Deriving the inverse demand function pCn with respect to xrmn, we obtain:

∂pn

(∑
r
xrmn

)
∂xrmn

=
1
εn
· p

ref
n

Crefn

= bn, ∀n ∈ N (5.18)

which can be inserted in the KKT (5.12) of a strategic wholesale trader with market
power.

We finally have the following market clearing condition for the final market. This
market clearing is valid in any case, whether or not there is market power:

pCn − an + bn ·
∑
m 6=n

∑
r

xrmn = 0
(
pCn free

)
, ∀n ∈ N (5.19)

5.3.4 Network Operation

The network is operated such that the available capacity on each arc nm is allocated
according to the marginal willingness to pay for the transport by each player using
the pipeline. The players that simultaneously use the network of pipeline and stylized
LNG arcs are the exporters and the wholesalers. Their flows, vfnm of the exporter,
and wrnm of the wholesaler, occur simultaneously on each arc (nm). The total flow
on each network arc, znm, is hence defined as sum of all possible export and wholesale
flows on that arc (nm). In the complementarity model, the following equation amounts
to a market clearing condition between the network operator on the one hand and the
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exporters and the wholesalers on the other hand.

znm =
∑
f

vfnm +
∑
r

wrnm (tfeenm free) ,∀n,m (5.20)

The coordination mechanism of network capacity allocation can be compared to a
coordinated auction for transport capacity. The mechanism assigns the capacities (or
fractions of the total available capacities) of the arcs to those players who have the high-
est marginal willingness to pay for it. We implement this with a network operator that
is maximizing his profit where the revenue comes from congestion (and possibly other
network) charges, minus the actual network operation costs. For a perfectly competitive
profit maximizer, it can be interpreted as a benevolent (independent) transmission sys-
tem operator whose objective is cost minimization (hence, welfare optimization). Indeed,
as shown in Cremer et al. (2003), the profit optimization of the competitive network op-
erator yields the same results as social welfare optimization, under the condition that the
profit optimization problem is convex, so that the FOCs describe the optimal solution.

We assume the capacity to be known in advance (for each period) and to be given
in units of natural gas per period (throughput). As explained in Bjorndal et al. (2007),
who follow de Wolf and Smeers (2000), this is an approximation of the real-world dis-
patch problem of natural gas networks where pressure and other pipeline characteristics
influence the available capacity on a pipeline link. However, Bjorndal et al. (2007) also
argue that “for sufficiently constrained networks, the optimal solution” of the profit op-
timization of the network operator gives the same result as the optimization of social
welfare. This is because the capacity constraint is the determining factor of the optimal
solution in that case. It further supports our choice of a perfectly competitive network
operator.

Assuming a competitive network operator, his profit optimization problem is:

max
znm

ΠPipe
nm = tfeenm · znm − TCnm (znm) , ∀n,m

s.t. capPipenm ≥ znm,
(
λPipenm

)
, ∀n,m

znm ≥ 0, ∀n,m

(5.21)

The KKT conditions of the related minimization problem are equivalent to the coordi-
nation mechanism described above:

0 ≤ −tfeenm +
∂TCnm (znm)

∂znm
+ λPipenm ⊥ znm ≥ 0, ∀n,m (5.22)

0 ≤ capPipenm − znm ⊥ λPipenm ≥ 0, ∀n,m (5.23)

We assume the transport costs to be a linear function TCnm (znm) = anm · znm
where anm is distance-related, dependent on the mode of transport (onshore vs. offshore
pipeline vs. LNG) and includes transport losses. A linear cost function ensures a convex
problem of the network operator.
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Equation (5.22) is equivalent to the standard definition of a transport price as the sum
of marginal costs of delivering the transport service and the congestion price (shadow
variable of an additional unit of capacity) along the arc nm. This standard definition
of the transport price and the capacity constraint could also have been implemented
“stand-alone” without refering to a ficticious player’s optimization problem.

5.3.5 Complementarity Model

Collecting the KKTs of all optimization problems and the market clearing conditions
gives a complementarity model. These are the KKTs (5.3) - (5.4) for the producer’s
problem, (5.7) - (5.9) for the exporter, (5.12) - (5.14) for the wholesale trader, (5.22) -
(5.23) for the network operator and the market clearing conditions (5.5), (5.10), (5.19)
and (5.20).

5.4 GASMOD-Dynamic

5.4.1 Modeling of Investments in Game Theory and the Complemen-

tarity Framework

This section shall serve for clarification of some concepts of investments in game theory
and their equivalents in complementarity modeling. It will become apparent that the
more realistic options to represent investments are computationally hard to solve and
that a more “abstract” option to include investments is needed in an equilibrium model.

The investment decision is part of the overall game in the natural gas sector and its
equilibrium may hence be influenced by the other market stages and vice versa (e.g., via
transported quantities). We have a single, benevolent (competitive) “pipeline operator”
to carry out the investment. There is, hence, no investment “game” strictly speaking (no
strategic investment) as e.g. the investment games in electricity generation with several
players that are investing.

Nevertheless, we have a multi-period, multi-stage game of operations and investment
and it is therefore necessary to understand the different game-theoretical options. Two
different equilibrium concepts are of importance for the modeling of a multi-period,
multi-stage game:

• open-loop equilibrium

• closed-loop equilibrium8

[a] pure closed loop equilibrium

[b] feedback equilibrium.

8In the following we mean the equilibrium solution of a game in closed-loop (open-loop) strategies
when talking about closed-loop (open-loop) equilibrium. The notions of game, strategy and equilibrium
are used interchangeably.
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An open-loop equilibrium is described by Fudenberg and Levine (1988) as the solution
of a game in which the “players need not consider how their opponents would react
to deviations from the equilibrium path”. In other words, the players of one market
stage do not take into account the optimal solution of another market stage. In a
multi-period game with perfect and complete information, this means that the decisions
(investment, operations) of the future periods are taken at once in the initial period. In
complementarity wording, an open-loop game can be solved as a mixed complementarity
model with a standard solver.

For the closed-loop equilibrium, on the other hand, “all past play is common knowl-
edge at the beginning of each stage”[period] (Fudenberg and Levine, 1988). In other
words, each player takes into account the equilibrium solution of all other market stages
when determining his optimal solution, and this in each period. Or, to put it differently,
each player has to determine his reaction function to each possible strategy of all of his
opponents. This gives potentially a very large strategy space, with a high chance of mul-
tiple equilibria. In game-theoretic terms, a closed-loop equilibrium must be a subgame
perfect Nash equilibrium. In complementarity modeling, this amounts to either a math-
ematical or an equilibrium program under equilibrium constraints (MPEC or EPEC,
respectively). While there are some solution algorithms for MPECs (optimization prob-
lem of a single player (e.g., pipeline operator) under equilibrium constraints), there is
little chance today to numerically solve an EPEC (equilibrium problem of a market with
several players under equilibrium constraints).

A subset of closed-loop games are so-called feedback games (Fudenberg and Tirole,
1991), a terminology that comes from control theory. Feedback strategies are only de-
fined for variables which have a positive impact on the payoff function (i.e., are so-called
Markovian strategies). The strategy set of closed-loop strategies may be larger than the
one of feedback strategies because the former is based on all available past information
(Fudenberg and Tirole, 1991). However, because feedback and closed-loop strategies
coincide for most real-world applications, we use both concepts interchangeably.

For resource and natural gas markets, feedback equilibria are mentioned in Eswaran
and Lewis (1985) and a follow-up survey paper by Flam and Zaccour (1989) who compare
feedback (closed-loop) equilibria to open-loop equilibria, both analytically and numeri-
cally. In a dynamic game of resource extraction, Eswaran and Lewis (1985) show that
both equilibrium concepts (open-loop and feedback) coincide analytically for certain
functional forms.9 They also show that for other functional specifications the results for
both equilibrium concepts are rather close numerically. Flam and Zaccour (1989) give
an even stronger conclusion, stating that for the European natural gas market of the
1980s - 2000s, open-loop and feedback equilibrium did coincide, essentially because the
investments to be in place by 2000 were already decided in the starting period (1980s).

9For iso-elastic demand functions, the payoff/profit function in a period must not depend on the
resource stock in that period, which is unrealistic because typically costs depend on the resource stock.
For linear demand functions, all firms must be symetric in their resource stock which is also unrealistic
for the world’s resource markets.
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An open-loop strategy can be interpreted as a “precommitment” strategy given that
the strategy is chosen at once at the beginning of the game and not updated, like in a
long-term contract with fixed quantities.10 Conversely, closed-loop equilibria are some-
times qualified as “credible” because they are sub-game perfect equilibria in each market
stage and period (e.g., Flam and Zaccour, 1989). Eswaran and Lewis (1985) conclude
that their work “lends some additional support to [...] precommitment equilibria in
oligopolistic resource markets”.

For the investment problem more specifically, Murphy and Smeers (2005) give a the-
oretical overview, with an application to investments in electricity generation capacity.
They consider three types of models: a perfect competition model, an open-loop model
which “extends the Cournot model” (and can hence be solved with a standard solver
for Cournot games), and a closed-loop Cournot model that “separates the investment
and sales decision” in a two-stage game (an EPEC, if more than one player decides on
investments). They argue that the closed-loop game is the most realistic representation
of reality and show that its solution falls between the open-loop and the competitive
solution. This paper is only partially relevant for the investment problem in the network
treated here, because it considers strategic generation investment by several Cournot
players. Murphy and Smeers interpret the open-loop model as a situation where the
quantity game is a long-term contract market not a spot market. This interpretation
can also be realistic for the natural gas market where long-term contracts have long been
prevailing, and where investment decisions have often been tied to long-term contracts
due to the very high investment costs.

Lise and Kruseman (2008) for the electricity sector and Lise et al. (2005) for the
natural gas transport infrastructure, propose a variation of the open-loop investment
model which they call a recursive approach. In each period, the investment decision
is taken based on an open-loop optimization of future profits of the upcoming period.
The static market game in each period is run independently from (and in addition to)
the investment game. The investment game updates the capacity constraint. A certain
market structure must be assumed for each future profit optimization.

5.4.2 Investment in the Network: GASMOD-Dynamic

We now describe the functions that will modify the network and its capacities as used
in Section 5.3.4. More specifically, the capacity constraint in the optimization program
5.21 is now endogeneous and obtained by a net present value optimization. We still
consider a single, welfare-maximizing network operator. Hence, the investment is not
strategic.11

As our focus is on the representation of investments in the network (incl. stylized

10Eswaran and Lewis (1985) explain that precommitment strategies are unrealistic in cases like public
resource ownership where the players do not have control and certitude over the time horizon. For this
type of situation, closed-loop games are more realistic.

11For an example of a strategic game of pipeline investments, see Klaassen et al. (2004). They em-
phasize that such a game is characterized by multiple Nash equilibria.
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LNG facilities), we exogeneously fix capacities of production (incl. capacity expansions
or capacity reductions due to deteriorating reserve situation). Endogeneous production
investment could, of course, be included in a later application. We use the one-shot
open-loop optimization approach as in WGM (Egging et al., 2008b). Our ultimate goal
is to implement a large-scale model. However, running multiple optimizations of a large-
scale data set, as in a recursive approach, may be bound by computing capacity. In
GASTALE (Lise and Hobbs, 2008; Lise et al., 2008), this is circumvented by reducing
the data set size (especially the number of exporting and importing countries).

In terms of complementarity modeling, we formulate a MCP problem. Indeed,
there is only one player (the network operator) who determines the optimal capacity
simultaneously with the other players. This is contrary to a multi-stage decision where
the network operator decides ahead of the other players (producers, traders). We as-
sume perfect and complete information of all players about the other players’ behavior.
This means for example that the network operator knows the behavior of the exporters,
wholesale traders etc. in the current and in future periods and can hence derive the
optimal capacity.

The choice of the right investment incentive for the independent network operator is
an important question. While we do not attempt to find the optimal regulatory policy,
we still aim at a consistent representation of investments in the European natural gas
sector. In the WGM model (Egging et al., 2008b), the revenue of the transmission
system operator (TSO) is the future discounted congestion revenue from the new-built
capacity. Similarly, in Hogan et al. (2007), the TSO earns his revenue from selling
long-term financial transmission rights (LTFTRs) to potential capacity users/renters;
the price for the LTFTRs is “related to the expected value of congestion revenues” from
the incremental capacity.12 It can be considered that the congestion price of an arc
reflects the marginal willingness to pay of the using parties (exporters, wholesalers) for
an additional unit of capacity. Having an independent network operator carrying out
the investment is hence equivalent to having the producers and wholesalers as investors
based on their expected payoff of an additional pipeline arc (additional capacity).

Leaving the investment decision with an independent network operator implies that
neither producers nor European wholesale traders are active in the network expansion.
This may seem as a simplification of reality where pipelines often are built and owned by
individual production or trading players or by joint-ventures of several of these players.
However, the European liberalization efforts have increasingly led to the unbundling
and regulation of the natural gas transmission, with the aim of enforcing competitive
pricing and behavior by the transmission system operators. While our results must be
understood as a (normative) indication of where network investments would be welfare-
optimal, they should coincide with the decisions in an effective regulatory regime.

12In Hogan et al. (2007) the transmission system operator also receives a fixed access fee from each
network user, in addition to the LTFTR revenue. This fixed fee may be necessary to cover the investment
costs, although the situation is different in the natural gas sector than in electricity where, due to
Kirchhoff’s laws, some lines may be beneficial although they do not have a positive shadow price.
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We include short-term operating costs of the transport infrastructure in the profit
function of the network operator, as we did in the static model in equation 5.21. In
contrast, in the WGM and Hogan et al. (2007), marginal operating costs are not included
in the future profits. This is an abstraction from reality but the theoretical literature is
unclear on this point.13

The open-loop optimization is based on computing the discounted (= present value)
future profits resulting of the market games in the future periods t + 1, t + 2, t +
3, etc. We assume discrete time periods, following the literature, for example with
five-year-steps. The network system operator optimizes his discounted net profits from
the congestion revenue (net of the investment costs). Since congestion arises from the
network utilization by the market players given their sales and flows, these sales and
flows must be computed for all periods in the NPV optimization horizon.

In the complementarity model, equations (5.3)-(5.4) for the producer, (5.7)-(5.9) for
the exporter, (5.12)-(5.14) for the wholesale trader and the market clearing conditions
(5.5), (5.10), (5.19) and (5.20) remain the same as above, except that they are multiplied
with the discount factor δt the variables and parameters receive a time period index
t. The optimization problem 5.21 of the static GASMOD-Net model is replaced by
the following combined long-term and short-term optimization problem of the network
operator:

max
znmt,inmt

NPVnm = δn ·
∑
t

[tfeenmt · znmt − TPCnmt (znmt)− TFCnmt (inmt)] , ∀n,m, t

s.t. capPipenm +
∑
t′<t

inmt′ ≥ znmt
(
λPipenmt

)
, ∀n,m, t

capInvnmt ≥ inmt (κnmt) , ∀n,m, t (5.24)

znmt ≥ 0, ∀n,m, t

inmt ≥ 0, ∀n,m, t

The KKTs that must be added to the KKTs from Section 5.3.5 are:

0 ≤ δt ·
(
−tfeesnmt +

∂TPC(znmt)
∂znmt

)
+ λPipenmt ⊥ znmt ≥ 0, ∀n,m, t (5.25)

0 ≤ δt ·
∂TFCnmt(inmt)

∂inmt
−
∑
t′>t

λPipenmt′ + κnmt ⊥ inmt ≥ 0, ∀n,m, t (5.26)

0 ≤ capPipenm +
∑
t′<t

inmt′ − znmt ⊥ λPipenmt ≥ 0, ∀n,m, t (5.27)

0 ≤ capInvnmt − inmt ⊥ κnmt ≥ 0, ∀n,m, t (5.28)

The arc capacity capPipenm is augmented in each period by the investment decisions of

13The related literature on natural gas infrastructure investment from the Toulouse School of Eco-
nomics (Cremer and Laffont, 2002; Gasmi and Oviedo, 2007) deals only with regulated capacity expan-
sions as a tool to mitigate local market power.
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the previous periods by the network operator. The investment mechanism is such that
there is a positive capacity increase for arcs nm only with a positive sum of the future
shadow prices on that arc (i.e., a congested arc). In order to detect whether a greenfield
project would be realized, it is necessary to include this arc in the data set with zero
capacity in the starting period. If then λPipenmt > 0, a player would have liked to use this
arc beyond its current capacity. This is an indication that a capacity extension may be
profitable. However, there will only be a positive investment if the total revenues from
congestion fees for that incremental capacity exceed the total fixed costs

∑
t
TFCnmt.

Equation 5.26 shows that there is investment as long as the costs of investing an
additional unit (marginal fixed costs) are covered by the network operators congestion
revenue (and a possible shadow price of limited investment capacity). This is the usual
zero-profit solution in perfect competition. The assumption of competitive behavior by
the network operator ensures that he has no incentive to strategically increase congestion
in order to increase its revenues by withholding capacity.

The exact capacity increase is decided endogeneously and it is assumed to be continu-
ous and capped by an investment limit for each arc in each time period. The assumption
of continuous investment is certainly a simplification, but can be taken in natural gas
transmission where the increase of compressor capacity allows for the increase of trans-
port capacities by small amounts. It is a common assumption in the literature, e.g. Lise
et al. (2005); Perner and Seeliger (2004) because including an integer decision [yes-no]
for an arc construction/extension introduces non-linearities to the model that may result
in the impossibility to find an optimal result.

5.4.3 Application to a Small European Network

We use the small example network shown in Figure 5.1 in Section 5.2.2. The exporting
countries are Russia, Norway, and Algeria, that are the largest exporters to Europe (cf.
Table 2.4 in Chapter 2). As importing countries we include Germany, France, and Italy,
traditionally the largest natural gas consumers in Europe (cf. Table 2.1 in Chapter 2).
In this small application, we model three time periods in 10-year intervals: 2005 (original
data), 2015 and 2025.

5.4.3.1 Data

The focus of this application lies on the network representation. We include the existing
pipeline capacities14 as of 2008 (GTE, 2008).15 Column 1 in Table 5.3 in the subsequent
section shows the included capacites. We allow for expansion of all existing arcs and for

14And the LNG capacities based on past flows between Algeria as exporter, and France and Italy as
importers.

15Overall, there has been little change between the 2005 and the 2008 data, but some cross-border
capacities were expanded. Given the tight intra-European capacities, we wanted to included the largest
capacities available, hence the 2008 capacity data.
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investment in an additional arc between Russia and Italy.16

We use linear costs of transport (unit marginal costs). These costs are higher for
longer and offshore pipelines and for stylized LNG arcs. In the absence of reliable data
on investment costs, we assume the investment costs to be a multiple of the short-term
transport costs.17 This is reasonable because both, short-term and long-term costs de-
pend on the pipeline length, and are higher for offshore pipelines and for LNG terminals.

For production, and more precisely production available for exports, in Russia, Nor-
way, and Algeria, we use own estimates of future production capacities and costs (Table
5.1). We assume production capacities in Norway and Algeria to remain stable and not
to increase considerably, due to the Norwegian resource utilization policy and the un-
certainty on available resources in Algeria. On the contrary, we increase the production
capacity available for exports in Russia in the next decades, assuming that Russia will
be able to tap new fields to substitute for the depleting existing fields, and to reduce
its domestic energy and natural gas demand (with energy efficiency and possibly fuel
switching measures). The increase in potential export capacity from Russia combined
with the possibility to construct a pipeline link between Russia and Italy may lead to
“greenfield” investment in the model.

However, the larger Russian production capacities come from expensive fields around
and in the Arctic Sea (e.g., Shtokman, Yamal). Hence, we schedule the Russian costs
of production to considerably increase, too. On the other hand, production costs in
Norway and Algeria can be expected to increase only slightly due to the well-controlled
technology (in Norway) and the rather favorable production conditions (in Algeria).

2005 2015 2025
Production Production Production Production Production Production

capacity costs capacity costs capacity costs
Russia 180 70 200 90 250 120
Norway 100 65 120 70 130 75
Algeria 80 50 80 55 80 60

Table 5.1: Input data for production capacities (in bcm per year) and unit production
costs (in US-Dollar per tcm)

We use 2005 demand data from IEA (2008b) (industrial end-user prices) and BP
(2008) (consumed quantities). We apply the growth rates published by EC (2008) and
obtained with the PRIMES model to both, price and quantities. This means, we apply
an annual growth rate of about 3% to the individual prices until 2015, and of about
1.5% between 2015 and 2025. For total consumption, the growth rates vary drastically
between the three European countries. In particular, the data includes a reduction of

16This can be thought of as a stylized arc of the Trans-Austria pipeline that transports Russian gas
via Ukraine and the Czech Republic to Austria, which we include with zero capacity in 2005

17In the last years, investment costs in natural gas transmission have been rather volatile. Since 2005,
the natural gas sector saw a large cost increase (increase in prices of materials and engineering services)
which was mainly due to high demand for investments. As this demand is likely to decrease in the coming
years, hand in hand with economic recession and because the large number of current investment projects
in the world may lead to some overcapacities, the investment costs may also decrease again.
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natural gas consumption in Germany after 2015 and at the same time a strong rise in
France and Italy. In the absence of available data on own-price elasticities, we use −1
for all years and countries. Reference prices and quantities and elasticity are used to
construct demand functions for each year and country as described above in Section 5.3.3.

We do not use a discount factor in this small model, but we keep in mind that the
choice of the discount factor, relative to the investment costs, has an impact on the
solution. The GAMS code in the Appendix includes the data as used and discussed
here.

5.4.3.2 Results and sensitivity analysis

Table 5.2 shows the produced and consumed quantities for the model horizon. All
producers keep their production stable (Algeria after an increase in the first period),
below their maximum capacity. This suggests that they are bound by their export
transport capacity but that this is not expanded. Consumption follows the same pattern
as the input data for the demand functions, with a jump in consumption in France and
Italy by 2025 and a drop in Germany.

2005 2015 2025
Production
Russia 128 150 150
Norway 65 65 65
Algeria 35 60 66
Consumption
Germany 153 145 133
France 42 50 56
Italy 33 80 92

Table 5.2: Model results: production and consumption, in bcm per year

In Table 5.3 we report the arc capacities for each model period. The increased
capacities are highlighted in bold font. There is no investment in 2025 (the last time
period in this example) because any increased capacity would not be used. The very
limited original capacities in the starting period lead to a strong investment in the
first period. In several cases, this investment is carried out with 100% of the possible
incremental capacity (from Algeria to Italy, and from Germany to Italy and France).

As could be expected from the observed production quantities, there is hardly any
investment in the export pipelines, with the exception of the Algeria-Italy pipeline. This
is because additional export flows could not be transported beyond the border country
due to limited intra-European capacity. Again, that is why we obtain investments at
the capacity limit for several pipelines between European countries. In particular, the
pipelines from Germany to France and Italy that deliver Russian natural gas are ex-
panded. Moreover, the pipeline between France and Italy receives additional capacity
to satisfy the strong increase in Italian demand. Many other pipelines have positive
shadow values for λPipenmt as well (Table 5.4), but they are not large enough to cover the
investment costs, and hence the investment is not carried out. In particular, the link
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between Russia and Italy is not built despite the high demand in Italy and the positive
shadow value of this link.

Our model includes the downstream wholesale market in addition to the export flows
to Europe. This is a major difference to previous models in the literature. Table 5.5
shows the final sales of the wholesale traders in 2025. The flows (and hence the sales) are
not only determined by the interaction with the final demand but are also constrained
by the infrastructure availability. Moreover, wholesalers and exporters are “competing”
for the transport capacity in the European network and the player with the highest
marginal willingness to pay is attributed the capacity. In our example, this results in no
sales abroad by the Italian wholesaler while the French and in particular the German
wholesaler reach out to their neighboring markets.

We carry out sensitivity analysis with changing the market power by the wholesale
traders, but this does not modify the results. The reason for this is our assumption on
market structure by the exporters in the MCP framework. The assumption of competi-
tive exporters allows them to directly see the final demand (because it is directly passed
on to them) and to satisfy it by selling to the local wholesale trader in the country where
the demand is located. Unless they are restricted by lacking infrastructure, the exporters
sell to the country where the final demand is located, using the intra-European network
and leaving less capacity available to the wholesalers.18

A small application like the one presented in this section is particularly well-suited to
perform some sensitivity analysis in order to better understand the drivers of the results.
Table 5.6 shows the impact on the investment decision by a modification of the following
parameters: reduction of the reference price by 50% (scenario called “demand”), increase
of the investment costs by 100% (“costs”), and increase of the maximum allowed capacity
in each period by a factor 10 (“capacities”).

We reduce the reference prices because the data for 2005 was very high relative to
earlier years, when comparable volumes where consumed. The high prices seem to be
particularly relevant for Italy and France where the data reports higher prices and at
the same time lower quantities than in Germany. Given that we use the same elasticity
in all countries, the demand function is steeper in Italy and France. Indeed, flattening
the demand functions overall has the effect to reduce the investments throughout the
system and in particular after the first period.

The picture looks similar when doubling the investment costs. There are again no
investments in the entire system after the first period. But the demand increase and the
congestion within Europe are strong enough to justify high cost investments to France
and in particular to Italy.

Lastly, allowing for ten times more capacity expansion than in the baseline run
advances all investments to the first period. They are larger in magnitude than in the
other scenarios and the large incremental capacity is then used throughout the entire

18This is an argument in favor of a more complex market and modeling framework, with market power
between the market stages and an EPEC-type of model.
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From To 2005 2015 2025
Russia Germany 150 150 150
Norway Germany 45 45 45
Norway France 20 20 20
Algeria France 10 10 10
Algeria Italy 25 50 56
Germany France 14 29 35
Germany Italy 6 21 27
France Germany 2 2 2
France Italy 2 9 9
Italy France 1.5 1.5 1.5
Germany Germany 500 500 500
France France 500 500 500
Italy Italy 500 500 500

Table 5.3: Network capacities in 2005 (original data), 2015 and 2025 (model results), in
bcm per year

From To 2005 2015 2025
Russia Germany 95.2 132.0
Russia Italy 580.2 464.9 432.5
Norway Germany 8.0 118.2 180.0
Norway France 352.6 386.9 381.0
Algeria France 366.6 400.9 395.0
Algeria Italy 608.2 507.9 500.0
Germany France 343.6 267.6 200.0
Germany Italy 580.2 369.6 300.0
France Italy 235.6 101.0 99.0
Italy Germany 28.8 86.7

Table 5.4: Shadow values of arc utilization

From/To Germany France Italy
Germany 133 12 18

France 44 8
Italy 66

Table 5.5: Wholesales in 2025, in bcm per year

Base Demand Costs Capacities
From To 2005 2015 2005 2015 2015 2025 2005 2015
Algeria Italy 25 6.1 25 25 45
Germany France 15 5.9 15 15 18.4
Germany Italy 15 5.7 15 15 28.8
France Italy 6.9 1.1 1.2

Table 5.6: Results of sensitivity runs on capacity expansion (in bcm per year of new-built
transport capacity)
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model horizon. The direct pipeline between Russia and Italy is again not constructed
because Italy can satisfy its demand from Algeria and potentially with flows of Russian
natural gas via Germany.

5.5 Conclusions

We have developed a complementarity model of a two-stage market with network utiliza-
tion and investment. We applied this model to a small data set of the European natural
gas market. Our results confirm the finding of earlier studies (e.g. Chapters 2 and 3
in this thesis) that especially the transport capacity between European countries needs
to be expanded. The transport of imports from external suppliers to countries beyond
the European border requires sufficient infrastructure which is currently available only
with small capacities. In our example, it is economic for all different parameter settings
to construct more capacity between Germany, the border country with Russia, on the
one hand, and France and Italy on the other hand to deliver Russian natural gas to
them. The arcs necessary to transport Norwegian and Algerian natural gas beyond their
border countries have high shadow values, but are generally not large enough to cover
the investment costs.

Our results also show that the parameter choice is crucial, especially for future
demand and for investment costs. Future demand parameters (forecasted quantities,
prices) strongly depend on the assumptions with which they are obtained, for example
on the future inter-fuel competition and the total energy demand in a climate change
situation. Investment costs have been volatile in the past and depend on such factors as
global demand for investments (materials, engineering) in the same sector and in other
sectors. Hence, for a large-scale simulation model, careful parametrization is necessary.

Our results show the relevance of including the intra-European pipelines and the
downstream wholesale market in a model of the European natural gas market. We argue
that the depicted two-stage market structure is more representative for the European
natural gas market than a sole export market model. To obtain an even more realistic
model, the present MCP model should be reformulated as an EPEC model and a solution
algorithm be developed. The export and import market could potentially be linked with
strategic relations in both directions with bargaining power by the importers vis-à-vis the
exporters, and oligopolistic market power by the exporters via the downstream market.
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GAMS Code of GASMOD-Dynamic

$title GASMOD-Dynamic, Franziska Holz (DIW Berlin) 2008

Sets

n nodes /pn_Rus, pn_Nor, pn_Alg, tn_Ger, tn_Fr, tn_It, cn_Ger, cn_Fr, cn_It/

t time periods /2005 ,2015, 2025/

f producers /Rus, Nor, Alg/

r wholesale traders /Ger, Fr, It/

alias(n,nn,nnn,m);

alias(t,tt);

Parameter

Predecessor(t,tt)

Successor(t,tt);

Predecessor(t,tt)$(ORD(t)<ORD(tt)) =1;

Successor (t,tt) =Predecessor(tt,t);

Parameters

* mapping of players to nodes and nodes to nodes (arcs):

n_prod(f,n) mapping of producers f to their production node pn

/

Rus.pn_Rus 1

Nor.pn_Nor 1

Alg.pn_Alg 1

/

n_export(f,n) mapping of exporters f to all possible import nodes

/
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Rus.tn_Ger 1

Rus.tn_Fr 1

Rus.tn_It 1

Nor.tn_Ger 1

Nor.tn_Fr 1

Nor.tn_It 1

Alg.tn_Ger 1

Alg.tn_Fr 1

Alg.tn_It 1

/

n_WS_home(r,n) mapping of wholesaler r to its home country

/

Ger.tn_Ger 1

Fr.tn_Fr 1

It.tn_It 1

/

n_WS(r,n) mapping of wholesaler r to all possible nodes of location

/

Ger.tn_Ger 1

Ger.tn_Fr 1

Ger.tn_It 1

Ger.cn_Ger 1

Ger.cn_Fr 1

Ger.cn_It 1

Fr.tn_Fr 1

Fr.tn_Ger 1

Fr.tn_It 1

Fr.cn_Fr 1

Fr.cn_Ger 1

Fr.cn_It 1

It.tn_It 1

It.tn_Ger 1

It.tn_Fr 1

It.cn_It 1

It.cn_Ger 1

It.cn_Fr 1

/

demand(n) parameter that assigns the consumption to a certain node cn

/

cn_Ger 1

cn_Fr 1

cn_It 1

/
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arc(n,m) mapping of adjacent nodes to neighboring nodes ("from-to"-direction)

*including arcs that may be constructed after the 1st period, with zero capacity

/

pn_Rus.tn_Ger 1

pn_Rus.tn_It 1

pn_Nor.tn_Ger 1

pn_Nor.tn_Fr 1

pn_Alg.tn_Fr 1

pn_Alg.tn_It 1

tn_Ger.cn_Ger 1

tn_Ger.tn_Fr 1

tn_Ger.tn_It 1

tn_Fr.cn_Fr 1

tn_Fr.tn_Ger 1

tn_Fr.tn_It 1

tn_It.cn_It 1

tn_It.tn_Ger 1

tn_It.tn_Fr 1

/

K_Exp(f,n,m) set of arcs along which the exporter f can transport

K_WS(r,n,m) set of arcs along which wholesale trader r can transport;

K_Exp(f,n,m)$(arc(n,m) AND (n_export(f,n) OR n_prod(f,n)) AND n_export(f,m))=1;

K_WS(r,n,m)$(arc(n,m) AND n_WS(r,n) AND n_WS(r,m)) = 1;

*+++++++++++++++++++++++++++

* capacity limits:

table

cap_P(n,t) capacity of production for exports in node n in bcm per year

2005 2015 2025

pn_Rus 180 200 250

pn_Nor 100 120 130

pn_Alg 80 80 80

;

parameter

cap_Pipe(n,m) transport capacity between nodes n and m in bcm per year

/

pn_Rus.tn_Ger 150

pn_Rus.tn_It 0

pn_Nor.tn_Ger 45

pn_Nor.tn_Fr 20

pn_Alg.tn_Fr 10

pn_Alg.tn_It 25

tn_Ger.tn_Fr 14
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tn_Ger.tn_It 6

tn_Fr.tn_Ger 2

tn_Fr.tn_It 2

tn_It.tn_Ger 0

tn_It.tn_Fr 1.5

tn_Ger.cn_Ger 500

tn_Fr.cn_Fr 500

tn_It.cn_It 500

/

table

cap_Inv(n,m,t) maximum capacity of investment on the arc between n and m per period in bcm

2005 2015 2025

pn_Rus.tn_Ger 60 60 20

pn_Rus.tn_It 30 30 30

pn_Nor.tn_Ger 20 20 5

pn_Nor.tn_Fr 20 20 5

pn_Alg.tn_Fr 25 25 5

pn_Alg.tn_It 25 25 5

tn_Ger.cn_Ger 0 0 0

tn_Ger.tn_Fr 15 15 15

tn_Ger.tn_It 15 15 15

tn_Fr.cn_Fr 0 0 0

tn_Fr.tn_Ger 15 15 15

tn_Fr.tn_It 10 10 10

tn_It.cn_It 0 0 0

tn_It.tn_Ger 15 15 15

tn_It.tn_Fr 30 30 30

;

table

mcq(f,n,t) marginal costs of production as unit costs in USD per tcm

2005 2015 2025

Rus.pn_Rus 70 90 120

Nor.pn_Nor 65 70 75

Alg.pn_Alg 50 55 60

parameters

mtc(n,m) marginal costs of transport as unit costs in USD per tcm

*assumed to stay the same in all time periods, because they are mainly distance-related

/

pn_Rus.tn_Ger 10

pn_Rus.tn_It 13

pn_Nor.tn_Ger 7

pn_Nor.tn_Fr 8

pn_Alg.tn_Fr 9

pn_Alg.tn_It 5
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tn_Ger.cn_Ger 0

tn_Ger.tn_Fr 2

tn_Ger.tn_It 3

tn_Fr.cn_Fr 0

tn_Fr.tn_Ger 3

tn_Fr.tn_It 2

tn_It.cn_It 0

tn_It.tn_Ger 3

tn_It.tn_Fr 2

/

mic(n,m,t) incremental costs of investment in USD per tcm of annual capacity;

*assumed to be distance-related, as short-term costs, and hence multiplied

*with them, but borne over 10 years

mic(n,m,t)=mtc(n,m)*1000/10;

*prohibitively high investment costs in virtual arcs to consumption nodes:

mic(’tn_Ger’,’cn_Ger’,t)=10000;

mic(’tn_Fr’,’cn_Fr’,t)=10000;

mic(’tn_It’,’cn_It’,t)=10000;

table

cons_ref(n,t) reference consumption in node cn in bcm per year

*based on BP for 2005 and EC (2007) Energy Trends for growth rates

2005 2015 2025

cn_Ger 86.2 92.7 91.2

cn_Fr 45.8 47.4 49.4

cn_It 79.1 87.0 90.8

;

table

p_ref(n,t) reference price in node cn in USD per tcm

*based on IEA (2008) for 2005 and EC (2007) for price growth rate

2005 2015 2025

cn_Ger 357 448 487

cn_Fr 393 493 536

cn_It 419 525 571

;

parameters

sigma(n,t) price elasticity of demand in country n

Cournot(n,t) on-off switch of market power for the wholesale trader

*coefficient with the demand function slope in FOC_WS

parameters

*we assume an inverse demand function of the form p = a + b*x
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a(n,t) demand function intercept of each country cn

b(n,t) demand function slope of each country cn

;

*+++++++++++++++++++++++++

*parameters that are changed during runs

Cournot(n,t) =1;

sigma(n,t) =-1;

*p_ref(n,t) =p_ref(n,t)/2;

*mic(n,m,t) =mtc(n,m)*2000/10;

*cap_Inv(n,m,t) =cap_Inv(n,m,t)*10;

*+++++++++++++++++++++++++

a(n,t)$demand(n) = p_ref(n,t)*(1-1/sigma(n,t));

b(n,t)$demand(n) = (p_ref(n,t)/cons_ref(n,t))*(1/sigma(n,t));

display a, b, K_Exp, K_WS, cap_Pipe, Cournot;

Variables

p_P(f,n,t) price between producers and exporters in production node pn

bp(n,t) border price of sales from the exporters to wholesalers r in node n

p_C(n,t) price of final consumption in consumption node cn

tfee(n,m,t) transport fee for using the arc between n and m in USD per bcm

phi_Exp(f,n,t) shadow variable of in=out-flow equality for each exporter f

phi_WS(r,n,t) shadow variable of in=out-flow equality for each wholesaler

Positive Variables

y(f,n,t) production of producer f in production node pn

lambda_P(n,t) shadow variable of production constraint in node pn

q(f,n,m,t) exports of exporter f in node pn to wholesaler r in node tn

v(f,n,m,t) export flows including transit flows between n and m

z(n,m,t) flow on the arc between nodes n and m

lambda_Pipe(n,m,t) shadow variable on transit constraint between n and m

kappa(n,m,t) shadow variable of the investment constraint

x(r,n,m,t) sales of wholesaler r from node tn to final consumer in cn

w(r,n,m,t) wholesale flows including transit flows between n and m

Inv_pipe(n,m,t) Investment in pipeline capacity in period t

;
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*############### FIX REDUNDANT VARIABLES VALUES TO ZERO #####################

y.fx(f,n,t) $(NOT n_prod(f,n)) =0;

q.fx(f,n,m,t) $(NOT (n_prod(f,n) AND n_export(f,m))) =0;

v.fx(f,n,m,t) $(NOT K_Exp(f,n,m)) =0;

x.fx(r,n,m,t) $(NOT (n_WS_home(r,n) AND demand(m))) =0;

w.fx(r,n,m,t) $(NOT K_WS(r,n,m)) =0;

p_P.fx(f,n,t) $(NOT n_prod(f,n)) =0;

bp.fx(n,t) $(NOT sum(f, n_export(f,n))) =0;

p_C.fx(n,t) $(NOT demand(n)) =0;

lambda_P.fx(n,t) $(NOT sum(f, n_prod(f,n))) =0;

lambda_Pipe.fx(n,m,t) $(NOT arc(n,m)) =0;

z.fx(n,m,t) $(NOT arc(n,m)) =0;

Equations

FOC_P(f,n,t) FOC of producer’s optimization

FOC_cap_P(n,t) FOC of capacity constraint of production

MC_P(f,n,t) market clearing production with exports

FOC_Exp(f,n,m,t) FOC exporter

FOC_Exp_flow(f,n,m,t) FOC exporter with respect to flows

FOC_Exp_FC(f,n,t) FOC of flow conservation constraint (in = outflow equality)

MC_Exp(n,t) market clearing exports with imports (wholesales)

FOC_WS(r,n,m,t) FOC wholesale trader

FOC_WS_flow(r,n,m,t) FOC wholesale trader with respect to wholesale flow

FOC_WS_FC(r,n,t) FOC of flow conservation constraint (in = outflow equality)

MC_C(n,t) physical balance of consumption with demand

FOC_Pipe(n,m,t) FOC pipeline operator

FOC_cap_Pipe(n,m,t) FOC of capacity constraint of transport

FOC_inv_pipe(n,m,t) FOC of the investment problem

FOC_cap_inv(n,m,t) FOC of the investment capacity

flow(n,m,t) flow definition over an arc between n and m

;

FOC_P(f,n,t)$n_prod(f,n)..

-p_P(f,n,t) + mcq(f,n,t) + lambda_P(n,t) =g= 0;

FOC_cap_P(n,t)..

cap_P(n,t) - sum(f, y(f,n,t)) =g= 0;

MC_P(f,n,t)$n_prod(f,n)..

y(f,n,t) - sum(m, q(f,n,m,t)) =e= 0;
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FOC_Exp(f,n,m,t)$(n_prod(f,n) AND n_export(f,m))..

-bp(m,t) + p_P(f,n,t) + phi_Exp(f,n,t) - phi_Exp(f,m,t) =g= 0;

FOC_Exp_flow(f,n,m,t)$K_Exp(f,n,m)..

tfee(n,m,t) - phi_Exp(f,n,t) + phi_Exp(f,m,t) =g= 0;

FOC_Exp_FC(f,n,t)$(n_prod(f,n) OR n_export(f,n))..

(sum(m, q(f,n,m,t)) - sum(m, v(f,n,m,t)))

+ (sum(m, v(f,m,n,t)) - sum(m, q(f,m,n,t))) =e= 0;

MC_Exp(n,t)$(sum (f, n_export(f,n)))..

sum(f, (sum(m, q(f,m,n,t)))) - sum(r, sum(m, x(r,n,m,t))) =e= 0;

FOC_WS(r,n,m,t)$(n_WS_home(r,n) AND demand(m))..

-p_C(m,t) - Cournot(n,t)*b(n,t)

+ bp(n,t) + phi_WS(r,n,t) - phi_WS(r,m,t) =g= 0;

FOC_WS_flow(r,n,m,t)$K_WS(r,n,m)..

tfee(n,m,t) - phi_WS(r,n,t) + phi_WS(r,m,t) =g= 0;

FOC_WS_FC(r,n,t)$n_WS(r,n)..

(sum(m, x(r,n,m,t)) - sum(m, w(r,n,m,t)))

+ (sum(m, w(r,m,n,t)) - sum(m, x(r,m,n,t))) =e= 0;

FOC_Pipe(n,m,t)$arc(n,m)..

- tfee(n,m,t) + mtc(n,m) + lambda_Pipe(n,m,t) =g= 0;

FOC_cap_Pipe(n,m,t)$(arc(n,m))..

cap_Pipe(n,m) + sum(tt$predecessor(tt,t), Inv_pipe(n,m,tt)) - z(n,m,t)

=g= 0;

FOC_inv_pipe(n,m,t)$arc(n,m)..

- lambda_pipe(n,m,t) + mic(n,m,t) + kappa(n,m,t) =g= 0;

FOC_cap_inv(n,m,t)$arc(n,m)..

- sum(tt$successor(tt,t), lambda_pipe(n,m,tt)) + mic(n,m,t) + kappa(n,m,t)

=g= 0;

flow(n,m,t)$arc(n,m)..

z(n,m,t) - sum(f$K_Exp(f,n,m), v(f,n,m,t))

- sum(r$K_WS(r,n,m), w(r,n,m,t)) =e= 0;

MC_C(n,t)$demand(n)..

p_C(n,t)- a(n,t) - b(n,t)*(sum(r, sum(m, x(r,m,n,t)))) =e= 0;

model GASMOD_Dynamic /
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FOC_P.y, FOC_cap_P.lambda_P, MC_P.p_P,

FOC_Exp.q, FOC_Exp_flow.v, FOC_Exp_FC.phi_Exp, MC_Exp.bp,

FOC_WS.x, FOC_WS_flow.w, FOC_WS_FC.phi_WS,

FOC_Pipe.z, FOC_cap_Pipe.lambda_Pipe, FOC_inv_pipe.Inv_pipe, FOC_cap_inv.kappa,

MC_C.p_C, flow.tfee

/;

option iterlim = 25000;

solve GASMOD_Dynamic using MCP;

parameter

new_cap(n,m,t)

cap_updated(n,m,t)

WS_inflows;

cap_updated(n,m,t) = cap_pipe(n,m) + sum(tt$predecessor(tt,t), Inv_pipe.l(n,m,tt));

WS_inflows(n,t) = sum(m, sum(r, w.l(r,m,n,t)));

display y.l, q.l, x.l, v.l, w.l, z.l, p_P.l, bp.l, p_C.l, tfee.l, lambda_p.l,

phi_exp.l, phi_WS.l, lambda_pipe.l, Inv_pipe.l, kappa.l,

cap_updated, WS_inflows;
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