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Preface

It is a great pleasure to introduce this Special Issue of The Energy 
Journal which focuses on modeling of natural gas markets. The issues that are 
addressed are complex, the analyses intricate, and the findings often subtle and 
nuanced. The authors draw upon an extensive tool-kit ranging from equilibrium 
models to game theory to non-stationary econometric models in an ambitious 
effort to improve our understanding of these markets. Even a casual review of 
these papers will bear substantial fruit for the reader. A deeper reading will yield 
a plentiful harvest indeed.

The volume consists of papers by twelve research teams that participated 
in a recent Stanford University Energy Modeling Forum (EMF) study of 
international natural gas markets and trade. A number of the papers apply a 
world or regional model to one or more important strategic or policy issue. Others 
discuss important analytical issues, such as market power, interregional natural 
gas prices or North American supply conditions.

This Special Issue would not have been possible without special funding 
from StatoilHydro and the encouragement and advice of their Natural Gas 
Market Analysis Department. EMF and study participants wish to express their 
deep appreciation for this support.  Public dissemination of the ideas embodied 
in this volume is essential if models are to become more credible and useful for 
decisionmaking.  

Broad-based, independent research requires continued support over 
extended periods of time. The Forum also wishes to gratefully acknowledge the 
generous and long-standing support of the following organizations: American 
Petroleum Institute, Aramco Services, BP America, California Energy 
Commission, Central Research Institute of Electric Power Industry (Japan), 
Chevron, Duke Energy, Electric Power Research Institute, Électricité de France, 
EnCana, Environment Canada, Exxon Mobil, General Motors, Lawrence 
Livermore National Laboratory, Ministry of Economy, Trade and Industry (Japan), 
Natural Resources Canada, Southern Company, SUEZ Energy North America, 
U.S. Department of Energy and U.S. Environmental Protection Agency. 

  Adonis Yatchew
Editor-in-Chief, The Energy Journal

vi



Natural Gas Across Country Borders:  
An Introduction and Overview

Hillard G. Huntington* 

In the last several years, market forces and institutions have transformed 

international natural gas markets in fundamental ways. Natural gas today is 

relatively easy to transport over water, and an increasing volume of purchases 

flow through the spot market. As trade grows, regional prices start to move with 

each other. Although one does not need formal modeling to describe these new 

developments, it is also evident that the modeling process improves our basic 

understanding of how these trends reshape the natural gas outlook. 

1. INTRODUCTION

Around the globe, natural gas consuming markets are adjusting to limits 
on their own resources and the need for additional supplies from beyond their bor-
ders. These conditions have ushered in a flurry of new building of pipeline infra-
structure and liquefied natural gas (LNG) plants.1 As natural gas trade grows and 
expands into new producer and end-user markets, regional prices will adjust to the 

1. Jensen (2003) discusses the prospects and key market barriers to the evolving liquefied 
natural gas trade, while Victor et al (2006) evaluate political economic trends underlying this market 
transformation. The latter also includes two chapters by Hartley and Medlock (2006a, 2006b) that 
describe their initial efforts to represent world natural gas markets with the same model they discuss 
in this volume.

The Energy Journal, Special Issue. World Natural Gas Markets And Trade: A Multi-Modeling 
Perspective. Copyright © 2009 by the IAEE. All rights reserved.

* Executive Director, Energy Modeling Forum, Stanford University; email: hillh@stanford.edu. 

The author gratefully acknowledges the helpful comments of a unanimous referee. He also appreciates 
many useful insights from the very open and productive collaboration of the Energy Modeling Forum 
23 working group participants, many of whom are authors in this special issue. Importantly, the usual 
disclaimers apply; the views in this chapter are the author’s responsibility.

1
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new market balances.2 Strong, well-integrated natural gas markets will have sig-
nificant implications for the success of policies geared towards mitigating green-
house gas emissions. Decision makers and analysts can no longer ignore the inter-
regional and dynamic interrelationships that are growing within this industry. 

This volume includes papers prepared by international natural gas mod-
elers and other natural gas experts who participated in a recent Stanford Universi-
ty Energy Modeling Forum (EMF) study on this topic. A previous report discusses 
the main conclusion of the EMF working group (Energy Modeling Forum, 2007). 
Each modeling team simulated scenarios with standardized assumptions and re-
ported back to the group common output variables. Comparison of these results 
led directly to a range of different conclusions about the future natural gas market 
as well as the current state of the available analytical frameworks. For the most 
part, the scenarios represented constraints on various supply options (like Russian 
or Middle Eastern export capacity) or more vigorous demand or economic growth 
around the world.

Two results from this study appeared to be quite pronounced and bear 
some repeating here. First, restricting the total amount of natural gas trade may 
not be the best approach for achieving energy security. There appeared to be broad 
agreement that security could be achieved more effectively by expanding an ef-
ficient, integrated natural gas market. This development would particularly be the 
case if it fostered many different supply options with varying risks of being inter-
rupted by surprise events or geopolitical interests. And second, long-run price 
paths will tend to be more resilient to (and change less with) shifts in underlying 
supply constraints or demand growths in the future than they are today. The key 
determining factor in each model was the response of producers and consumers 
to price deviations from one scenario to another. Higher responses created smaller 
adjustments in these long-run price paths. Generally, a model that showed smaller 
price changes for one set of exogenous changes in market conditions also indi-
cated smaller changes in other cases. 

Rather than asking each modeling team to repeat exactly what they did 
in the study, the editor decided to ask them to produce an interesting paper based 
upon their model. Thus, the range of issues is wider than what the working group 
considered in the study. Since much of the work and interesting discussion also 
included other analyses that did not quite fit neatly into a “model”, we have sup-
plemented these modeler papers with supporting analyses that provide a broader 
appreciation of this growing trend in the natural gas industry. 

2.  Market integration began in the United States, after nearly six decades of complicated field price 
regulation and controls on transmission access (MacAvoy 2000). De Vany and Walls (1993) and Walls 
(1994) noted the trend towards price convergence between some U.S. regions after the Federal Energy 
Regulatory Commission established more open transmission with Order 436 in 1985 and resolved 
take-or-pay contracts with Order 500 in 1987. Beltramo, Manne, and Weyant (1986) offered an early 
spatial model for the North American model and discussed implications for Canadian export policies. 
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2. MODELING FOR INSIGHT

The volume begins with a contribution by Robert Stibolt, who reflects 
upon his long experience in supporting corporate decisions about large energy 
projects. An energy model cannot be credible and useful in a corporate setting 
unless it is based upon certain principles. Stibolt discusses in turn these princi-
ples, starting with a perspective that is decision-focused, embraces uncertainty, is 
fact-based, can navigate the complexity of systems, and recognizes the important 
distinction between insight and unattainable precision. Reflecting upon the most 
recent experience on Wall Street, he argues that the financial collapse demonstrat-
ed not so much a failure of models as a failure of thought. Models provide useful 
insights, but they do not replace thought nor can they be used indiscriminatingly 
for establishing precise forecasts. The danger lies not with using models but rather 
in using them without careful attention to their limitations. 

The second article by Dale Nesbitt and Jill Scotcher follows this same 
theme by demonstrating how a simple spatial framework can generate powerful 
conclusions about integrated energy markets. They initially show the fallacy of 
applying network pricing to any pair of supply and demand regions in an energy 
market. Network pricing requires that the particular supply-demand flow is with-
in the realm of being economically competitive. Next they show that local sup-
ply or demand perturbations in one region will have global effects and permeate 
throughout all regions if the market is well integrated. Transportation costs also 
significantly influence the outcomes, but perhaps in unexpected ways. A global 
reduction in transportation costs may raise prices in many production areas and 
reduce prices in many demand centers. If the story stopped there, it would be 
interesting but hardly surprising. The Nesbitt-Scotcher analysis shows that lower 
transportation costs shifts the relative advantage of different transportation links. 
Links that were previously high cost now gain a relative advantage with a uniform 
percent reduction in transportation costs. And finally, the analysis shows how spe-
cific constraints alter the conclusion relative to a workably competitive market. 
A congested transmission system or a monopolist controlling a segment of the 
transmission line can push prices up well above competitive levels. This paper 
unfolds some of the mystery behind spatial models, which the other papers in this 
special issue use to explore a range of pressing industry problems. 

3. COMPETITIVE WORLD MARKETS 

The next four papers explore a range of interesting results from world 
natural gas models. The first three models represent regional supplies and demands 
in workably competitive markets. The various nodes are linked by explicit pipeline 
and LNG infrastructure. Natural gas trade and regional prices are inextricably linked 
in these systems. Increased trades along certain corridors cause supply and demand 
conditions to rebalance. More trade causes a realignment of regional prices. Gas on 
gas competition emerges as a driving factor in world natural gas markets.
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Finn Aune, Knut Rosendahl and Eirik Sagen use a numerical model of 
international energy markets (coal, oil and electricity as well as natural gas) to 
explore key features of the growing natural gas trade. These authors expect lower 
LNG costs to continue expanding LNG trade and spot purchases into demand re-
gions like the United States and Europe with growing import requirements. Their 
framework contains considerable detail on regional natural gas production and 
international gas transport. A key finding in their analysis is the critical role of 
Middle Eastern natural gas supplies. Unconstrained by political factors, regional 
natural gas prices around the world may not experience much upward movement 
from current levels. If policies and other factors restrict the development of these 
Middle Eastern supplies, however, consumers around the world will see substan-
tially higher prices. 

Justine Barden, William Pepper and Vineet Aggarwal analyze the effects 
of higher oil prices on world natural gas markets. Higher oil prices lead to higher 
production and consumption of natural gas regardless of constraints on future 
gas-to-liquid (GTL) capacity additions. When GTL capacity can be easily built, 
however, higher oil prices cause more natural gas production to be shifted towards 
the production of diesel fuels. Natural gas prices rise under these conditions, caus-
ing reductions in natural gas consumption by powerplants and industrial users, 
who instead shift to less expensive fuels. Oil and natural gas prices will be more 
closely linked in the long run when the development of the GTL infrastructure is 
relatively less constrained.

Russia currently supplies large volumes of natural gas to Europe, is well-
situated to satisfy rapidly expanding demand in Northeast Asia, and has extraor-
dinary potential for developing new resources in the future. Peter Hartley and 
Kenneth Medlock explore the likelihood that Russia will dominate this industry’s 
future with a large model of the world natural gas market with considerable detail 
on competing supply and demand regions. They conclude that Russia’s advan-
tageous position does allow them to influence natural gas trade flows and gain 
excess rents in the near term. The difficulty will be that these efforts will be offset 
by significant and sustained losses in the longer term. The developing global mar-
ket for natural gas implies that disturbances in one location are spread across the 
globe in the same way as articulated in the article by Nesbitt and Scotcher. Inter-
regional competition will become intense if Russia exerts its market power too 
aggressively. Additionally, producers will delay their investment strategies to ex-
tract resources more fully in later periods. They also highlight the Middle East as 
a possible counterweight to Russia. Coordinated action by Russia and the Middle 
East could therefore be a much more significant threat to the energy security of 
the rest of the world. These conditions emphasize that the countries of Western 
Europe, Northeast Asia and North America have a common interest in promoting 
the development of an efficient worldwide market with multiple natural gas sup-
ply options.

In contrast to the competitive markets represented in other world mod-
eling systems, Ruud Egging, Franziska Holz, Christian von Hirschhausen and 
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Steven Gabriel discuss the results of simulating a more collusive behavior by 
some natural gas producing and exporting countries. This possibility is widely 
discussed in the popular press by reference to a country grouping called the gas 
producing and export countries (GASPEC). These authors employ a dynamic, 
strategic representation of world gas production, trade, and consumption between 
2005 and 2030 that allows capacity investments to be determined endogenously 
by market conditions. Their results suggest a much stronger impact on European 
and North American delivered natural gas prices (15-20%) than in the workably 
competitive frameworks. Their analysis reveals that much of the consumer surplus 
transferred away from these major demand centers flows to natural gas producers 
outside of the cartel. These producers receive higher natural gas prices that result 
from the strategic behavior of cartel members. 

4. STRATEGIC BEHAVIOR WITHIN EUROPEAN MARKETS

The Egging, et al, analysis provides an interesting transition to the Eu-
ropean natural gas models, which invariably discard the assumption of workably 
competitive markets in favor of strategic behavior by one or more sets of actors. 
The adoption of this modeling framework by European groups reflects as much 
current energy market conditions as it does any deep-set philosophical orientation 
about modeling. Natural gas trade within Europe is dominated by a few major gas-
producing regions. Russia contributes about 30 percent of current supplies to the 
continent (depending upon how one defines “Europe”) and nearly half of all sup-
plies to one of the principal countries, Germany. In addition, large, strategic firms 
often dominate transactions within individual countries like France and Germany. 
It is difficult to argue the benefits of a workably competitive framework in markets 
where trade and internal operations are often managed by strategic interests.

Wietze Lise and Benjamin Hobbs explore many of these issues further 
with a dynamic spatial model that encompasses endogenous decisions about when 
and how much to increase transport and storage capacity. They explore the op-
portunity for large gas producers to exercise market power in a world with higher 
oil and natural gas prices. Using a dynamic gas market model that accounts for 
demand, supply, and investments in pipeline transport, LNG, and storage, they 
explore the competition between regions as well as the dynamics of transportation 
and storage capacity adjustments that can influence market power opportunities in 
regions with growing demand. They conclude that Russia has the most incentive 
to exercise market power. This strategy will increase regional price differences 
within Europe and encourage pipeline and storage construction across the con-
tinent. They repeat and emphasize a theme developed by Stibolt in the opening 
article. Structural and parameter uncertainty pervade many equilibrium models. 
As a result, they should be used to explore basic insight from considering different 
scenarios and assumptions rather than to develop point projections.

Franziska Holz, Christian von Hirschhausen, and Claudia Kemfert simu-
late the European natural gas market effects through 2025 associated with the 
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EMF 23 reference case and alternative scenarios. They use a strategic model of 
European gas supply that evaluates competition at several layers: upstream natural 
gas producers, traders in each consuming European country (or region), and final 
demand. They report modest changes in the overall natural gas supplies to Europe, 
indicating that current worries about energy supply security issues may be over-
rated. Future LNG trade will likely increase faster than other European natural 
gas imports. This expansion means that Russia will not significantly increase its 
dominance of the European imports. Even so, the Middle East will continue to 
be a rather modest supplier, while the United Kingdom market will successfully 
transform itself from a natural gas exporter to a market with diverse supplies of 
imports. Congested pipeline infrastructure, and in some cases LNG terminals, 
will remain a feature of the European gas markets, although these problems will 
diminish somewhat.

Declining indigenous resources in the United Kingdom and the Nether-
lands will force the European natural gas market to become more dependent on 
a small number of large exporters, who may respond by exercising their market 
power. Gijsbert Zwart explores this two-way interaction between resource con-
straints and market power. Finite resources means that producers who extract now 
will reduce their future opportunities to sell later. If large producers can escalate 
market prices above marginal costs, their decisions will have different implica-
tions for pipeline gas suppliers, indigenous European resources and LNG infra-
structure. The article focuses considerable attention on the short and long-run 
implications of the growing LNG trade within Europe. Constraints on LNG avail-
ability may lead to short-term reductions in output by competing suppliers, if 
they believe that these constraints will endure and drive future prices and returns 
higher. When large producers exert less market power, indigenous resources are 
depleted slightly faster. Zwart concludes by emphasizing the future need to incor-
porate the LNG market endogenously to conditions in both European and other 
regional markets. 

5. ATLANTIC PRICE CONVERGENCE

The next two articles focus on the relationship between North American 
and European natural gas prices over the last 10 years, a period when LNG trade 
was expanding and markets were becoming more integrated. The ability to divert 
cargo from one market to another should result in some convergence of prices in 
the two major markets. 

The weekly prices evaluated by Brown and Yücel indicate coordinated 
movement in natural gas prices across the Atlantic. These results could be evi-
dence that LNG shipments were directly causing this apparent price arbitrage. 
Before accepting this hypothesis, however, the authors consider the relationship 
between natural gas and crude oil prices on each side of the Atlantic. They find a 
long-run relationship between the two fuels in each market. Although natural gas 
and crude oil prices do not equate at any particular BTU price, natural gas prices 
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do move with crude oil prices. Any short-run deviation from the long-run attrac-
tion between the two fuel prices would cause natural gas prices to adjust gradu-
ally over time. This latter result suggests the possibility that crude oil prices may 
be the facilitating mechanism that makes natural gas prices on both sides of the 
Atlantic appear coordinated. 

The daily price series used by Anne Neumann are also consistent with 
regional price convergence across the Atlantic. She applies a methodology (Kal-
man filter) that allows the coefficient for price convergence to vary over time, 
because market integration evolves over time rather than occurs immediately in 
one period. Henry Hub prices for the United States and National Balancing Point 
prices for Europe converge towards the law of one price, where the price differ-
ence is largely due to transportation and transaction costs. Like Brown and Yucel, 
she also adjusts for the price of oil. She removes the effect of residual fuel oil 
prices from the original natural gas prices and provides a decorrelated time series 
for each natural gas price. A convergence process is less evident with these decor-
related series, but she concludes that there still is some evidence that natural gas 
prices on both sides of the Atlantic do move together directly as a result of the 
expanded LNG trade. That is particularly the case in the winter months. Taken 
together, these last two papers suggest that one must account for the relationship 
between natural gas and crude oil prices in trying to establish price convergence 
for natural gas.

6. RESERVE APPRECIATION FOR DOMESTIC SUPPLIES

North America’s recent natural gas experience underscores the important 
role played by domestic supplies, particularly those produced from shale forma-
tions. If domestic supplies are more available and respond more strongly to price 
than expected otherwise, these developments could reduce the net demand for 
new imports through pipelines and LNG projects. Although data on shale devel-
opments is relatively limited, one of the cheapest and most important sources of 
supply is reserve appreciation, i.e., reserve growth in known fields. Kevin Forbes 
and Ernest Zampelli employ a rich database from the United States Minerals 
Management Service (MMS) to estimate the growth in reserves from over 500 
known gas fields in the federal offshore waters of the U.S. Gulf of Mexico (GOM) 
over the period 1975 through 2003. As of 2003, these fields had annual produc-
tion of approximately one trillion cubic feet (Tcf) or more than twice the level of 
LNG imports into the United States. They estimate the annual growth rate in a gas 
field’s natural gas reserves as a function of the age of the field, its initial size, the 
real price of natural gas, water depth, and a set of unobserved field-specific fac-
tors that do not vary with time. These unobserved factors represent a particularly 
challenging econometric problem, because they are strongly collinear with the 
set of individual constant terms for each field that also do not change over time. 
They adopt a three-stage estimation process that estimates fixed field effects in 
the presence of time-invariant variables. The results strongly suggest that the age 
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of the field is not the sole factor in explaining its annual reserve growth. They 
conclude that estimating oil and gas reserve growth using the standard geological 
assumption that the age of the field is the only critical factor may yield a distorted 
assessment of future energy supplies.

7. CONCLUDING REMARKS

The modeling activity described within this volume provides a useful 
perspective on the state of knowledge about existing natural gas markets and 
where our understanding is likely to improve. The current state of best-practice 
modeling in this industry shows promise, particularly in its representation of re-
gional competition between competing resource areas and demand centers and the 
critical role played by transportation infrastructure. At the same time, this model-
ing is expanding and improving its representation of real world markets in several 
ways. One important factor will be future natural gas demand and its substitut-
ability for other more carbon-intensive fuels in a world increasingly concerned 
about mitigating greenhouse gas emissions. A second important consideration is 
the shift from comparative static analysis to dynamic models with endogenous 
investment decisions. This second theme permeates many of the papers that ad-
dress issues, such as resource depletion, dynamic strategic behavior, pipeline in-
frastructure, and the building and extension of LNG facilities. As these modeling 
techniques develop, the model-using community will benefit from much richer 
analytical frameworks for sorting through the major issues in these vastly com-
plicated markets. 
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A Practitioner’s Perspective on Modeling Prices and  
Trade in a Globalizing Natural Gas Market

Robert D. Stibolt*

This paper advances some principles for practical application of natural 
gas models that were used during the EMF 23 study. These principles emphasize a 
decision-focused perspective, embrace uncertainty, demand consistency of model 
results with observable facts, are capable of navigating the complexity of systems, 
and distinguish insight from unattainable precision. The principles are designed 
to foster the assistance of better decision making by models and modelers.

1. INTRODUCTION

In its September 2007 Report 23, Prices and Trade in a Globalizing Nat-
ural Gas Market, the Stanford Energy Modeling Forum (EMF) has once again 
pursued a challenging agenda seeking to combine leading edge thinking on eco-
nomic theory with practical application in order to provide insights that actually 
improve both energy policy and corporate strategic decisions. As the executive 
representing Suez Energy North America,1 Inc. in the study group, the emphasis 
on getting from theory to practical insight was paramount. GDF Suez, after all, is a 
company with large positions within the LNG value chain for whom such insights 
are critical to strategic success. At the same time, industry practitioners must rec-
ognize that sound theory is an essential pre-requisite for practical success.

1.  This company has been renamed GDF Suez Energy North America, Inc. following the merger 
of GDF and Suez into GDF Suez completed in July 2008. The revised designation will be used 
throughout the balance of the paper. The author as of June 15th, 2007 has left GDF Suez Energy North 
America, Inc. to join The Bear Stearns Companies Inc. as Senior Managing Director and Chief Risk 
Officer for Bear Energy LP. He has subsequently joined JP Morgan Global Commodities Group as a 
Managing Director.

The Energy Journal, Special Issue. World Natural Gas Markets And Trade: A Multi-Modeling 
Perspective. Copyright © 2009 by the IAEE. All rights reserved.

* JP Morgan Global Commodities Market Risk. Email: Bob.Stibolt@Stanfordalumni.org.

The author thanks an anonymous referee, Dr. Dale Nesbitt, and Dr. Hill Huntington for useful 
comments. The views expressed are those of the author and do not represent those of JP Morgan. 
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The purpose of this paper is to advance some principles for practical 
application of energy models that were used during EMF 23. These principles, 
which are arguably more philosophical than technical in their nature, include an 
unbending decision-focused perspective, recognizing and embracing uncertainty, 
fact-based rather than subjective, able to navigate the complexity of systems, and 
unequivocally recognizing the important distinction between insight and unattain-
able precision. Models grounded in these principles have in fact been applied in 
the energy industry and the best of them have been systematically successful in 
helping companies make better decisions. The principles offered here are designed 
to foster the assistance of better decision making by models and modelers.

It is said that economics is the science of negative feedback.2 Prices 
always adjust to equate supply and demand. Quantities and capacity additions 
adjust in the face of prices. Proper market modeling and interpretation must al-
ways represent the negative feedback in markets. Although there may be posi-
tive feedback and amplification for some period of time, and protracted positive 
feedback often catalyzes overconfidence in models and results, over the medium 
and long-term there is significant negative feedback in economic systems. Mar-
kets tend to undermine the apparent stability of extrapolated trends. How many 
analysts in the month of July 2008 said that oil and gas prices were never going 
to drop from $140/BBL and $13/MMBtu because the forwards were up in the 
stratosphere and avowed energy experts were singing dirges about the limits of 
resource availability? Many – and while a few may have dissented from the con-
ventional wisdom, the majority did not. Less than three months later in October 
2008 oil and gas prices have declined dramatically to levels predicted by models 
with negative feedback.

The most recent experience on Wall Street, characterized by the severe 
impairment in the value of securitized debt portfolios far exceeding anything that 
the models for these securities anticipated, has sparked further commentary on 
the failure of models.3 However, the more thoughtful commentary on the subject 
seems to have recognized that the present difficulties have not so much been a fail-
ure of models but rather a failure of thought. Models provide useful insights but 
do not provide a substitute for thought and must always be applied with careful 
attention to their limitations. The illusion of precision that from a practical, fact-
based perspective was not realistic was arguably a significant cause of model fail-
ure. The amplification of model risk through errors that are compounding rather 
than diversifying – always an issue in navigating the complexity of systems – was 
another significant cause. 

2. This commentary on negative feedback in markets as well as the high supply/low supply 
example and further observations on scenarios and Monte Carlo models discussed later were all 
suggested by Dr. Dale Nesbitt, President of Altos Management Partners, Inc. following his review 
of early drafts of this paper. Dr. Nesbitt has demonstrated both deep theoretical insight and practical 
expertise over the many years I have worked with him on energy modeling problems as a client at three 
different Fortune 500 energy companies.

3. For example, see Bloomberg Report, January 2008
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There are perhaps useful lessons that energy modelers can learn from 
having observed the Wall Street experience even though the models that “failed” 
were not energy models per se. Brief summaries of each of the five aforemen-
tioned modeling principles and how they apply to prices and trade in a globalizing 
natural gas market follow.4

2. DECISION FOCUS

Several market trends relevant to future company and government infra-
structure investment decisions were highlighted by the study, which consequently 
turned it into much more than just an “academic” exercise. Of most interest from a 
practitioner’s perspective were those trends on which the several models included 
in the study came to a consensus. One important example of this is the conclusion 
that by 2020, given the geographical configuration of the world natural gas re-
source base, LNG imports will capture a greater percentage market share in North 
America than in Europe.5 Along with this comes the related conclusion that North 
American delivered gas prices will be higher than in Europe.6

The evolution of this trend would not be apparent at all from observa-
tions of today’s market conditions, which are characterized by natural gas prices 
higher in Europe and Asia than in North America with higher LNG imports into 
Europe and Asia. The changing dynamic of the Atlantic Basin gas market has sig-
nificant implications for where investments in LNG re-gasification terminals need 
to be made and it appears that EMF 23 has played a useful role in better informing 
such investment decisions.

 In the case of GDF Suez Energy North America, Inc., one of the firms 
providing financial support to EMF 23, these implications have translated into 
concrete actions in the form of investments estimated at more than one billion U.S. 
dollars to develop floating LNG terminals serving both the New England (Nep-
tune) and southeast Florida (Calypso) natural gas markets.7 During 2007, GDF 
Suez was, at 742 billion cubic feet, the largest importer of LNG volumes into both 
Europe and North America and with the completion of Neptune, Calypso, and the 
Fos-Cavaou terminal in France will have a total of 7 LNG terminals operating in 
Europe and North America. In addition, GDF Suez operates 15 LNG tankers with 
another 5 currently under construction. Given the size and significance of LNG to 
their strategy, a strong understanding LNG markets is critical.

4. A presentation on these made at the June 2006 EMF meeting in Berlin is available through the 
EMF.

5. Energy Modeling Forum (2007, p. 6, Figure 4 and p. 10, Figure 7). 
6. P. 22, Figure 17.
7. In addition to benefiting from the insights out of EMF 23, GDF Suez Energy North America, 

Inc. runs its own modeling cases using the MarketBuilder software developed by Dr. Dale Nesbitt, 
President of Altos Management Partners Inc. and MarketPoint Inc. This same software is also used by 
the Rice World Gas Trade Model (RWGTM, but designated as “RICE” in EMF 23), one of and in the 
author’s opinion among the best of the models reviewed by EMF 23.
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3. UNCERTAINTY VS. PRECISION

Of course, even with a consensus view established it would be folly to 
treat baseline model results as a somehow infallible forecast of future market 
evolution. Decision focus also requires a thoughtful consideration of uncertainty 
and how market conditions might evolve differently. One method for addressing 
uncertainty that has gained especially wide acceptance in the energy industry is 
scenario analysis.8

Although EMF 23 explored only a handful of scenarios, the scenarios it 
did explore served both to illustrate how a scenario-oriented approach might be 
applied more broadly and proved to be of some interest per se in the sense of non-
trivial impacts that would change the baseline conclusions. 

An example of such a scenario is restriction of Russian gas supply, ei-
ther because of political gaming (e.g. CPB Model) or the fact of higher estimated 
costs limiting competitiveness (e.g. RICE Model). In this scenario, the ratio of 
European to North American LNG imports increases significantly relative to the 
baseline along with a corresponding change in pricing. The consequences of this 
scenario for a strategy limited to investment in North American re-gasification 
would be quite dire. Industrial companies considering such investments, whether 
energy marketing intermediaries or end-users, would be wise to both undertake 
a comprehensive assessment of the risk that this scenario might occur as well as 
develop a more diversified strategy mitigating the risk.

Scenario analysis is not risk or uncertainty analysis, but it is nevertheless a 
technique oriented in that basic direction. Consider a deterministic model in which 
you run two scenarios characterized as “high supply” and “low supply”. In the high 
supply (deterministic) scenario, every economic player in the model makes invest-
ment, operation, and retirement decisions assuming high supply. The decisions 
predicted by the model are such that every player in the model behaves under the 
deterministic supposition that there is high supply. All the decision makers execute 
a high supply-specific investment, operation, and retirement strategy. Consider the 
low supply case. In the low supply deterministic scenario, every economic player 
in the model makes investment, operation, and retirement decisions assuming low 
supply. The decisions predicted by the model are such that every player in the 
model behaves under the deterministic supposition that there is low supply, and 
the decisions every agent makes are completely different from the decisions made 
in the high supply case. Each scenario has an entirely different decision space for 
every agent. Yet consider what a real world market with true uncertainty is: There 
is a common set of investment decisions in the high and low supply case. Agents 
have to make one set of decisions in the face of forward high supply-low supply 
uncertainty. Agents today make their investment decisions, the coin is flipped, and 
the outcomes occur. One set of decisions – two prospective outcomes. That is the 
way uncertainty truly works. In that world, economic agents trade risk as well as 

8. As outlined, for example, in Schartz (1991).  
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commodity, and the price of each affects the price of the other. Framed with this 
distinction, it seems reasonable to conclude that scenario analysis is but a half-
way house, indeed a valuable but approximate halfway house, on the way to truly 
probabilistic market models. There is a strong need for intrinsically probabilistic 
models, but EMF had none and we are not aware of any in the market.

Even with a “probabilistic model” such as a Monte Carlo model that 
samples from probability density functions and then plays out each sampled sce-
nario, the foregoing problem is not alleviated. Indeed, every individual scenario 
has all the agents thinking deterministically within that sampled scenario. Fur-
thermore, if there is a single probability distribution within a model, there is de 
facto an explicit assumption that every agent in the model sees and agrees on 
a common probability distribution over the uncertain lottery within the model. 
Agents in Monte Carlo models are not allowed to have different information sets 
or probability distributions. They are all forced by construction to have the same 
information set. This is a severe limitation when one thinks of the real world in 
which there are a plethora of information sets. The only way to overcome that 
would be for each and every individual agent to have a different probability dis-
tribution over uncertain outcomes. If there were 1000 agents in your model, you 
would have to sample individually for each agent from his or her private prob-
ability distribution. That simply is not conceptually or computationally tractable. 
However, it is the way uncertainty works.

It is well to consider that economic/market models under uncertainty 
are not a technology that is with us today, within EMF or elsewhere, and scenario 
analysis is a useful halfway house toward that desirable objective.

Scenarios of the type, often seen with colorful names that are assembled 
subjectively by people in groups or panels, are far less useful than the types of 
scenarios addressed here. Scenarios here are completely and totally consistent 
scenarios under a given set of assumptions. The assumptions comprising the sce-
narios are assembled, but the model computes consistent agent behavior under 
that set of assumptions. Analysts are not allowed to postulate both the answers 
and the scenario assumptions. The model gives the answers for the given scenario 
assumptions. This is as it should be. The function of the model is to compute the 
incentive compatible, consistent, integrated market impact. That is what models 
are good at – calculating an incentive compatible solution for all the agents under 
a given set of assumptions, i.e., a scenario. Modelers should never give in to sub-
jective scenarios, nor should decision-makers.

4. FACT-BASED MANAGEMENT

In the modern world of information overload, both the availability of 
information that is truly reliable and the discipline to effectively use it in making 
decisions has become an enormous challenge. Here, “truly reliable information” 
can be defined by a number of characteristics, including that it has been validated 
to a significant degree by empirical methods, is consistent with theories that have 



14  /  The Energy Journal

in turn been so validated, and remains open to the possibility of falsification as the 
result of new and deeper evidence. 

Of course, the knowledge and discipline required to adhere to such a 
high standard can be an inconvenient impediment to fast action, hierarchical sta-
tus, and the perceived comfort and safety in following the herd. Consequently, 
information quality is often not considered in practice or built into organizational 
processes. Research in management science has recently more fully explored such 
decision information quality with some interesting conclusions and insights be-
ginning to emerge.9

Although the focus is inherently narrower, the same information prin-
ciples apply within the discipline of energy modeling. One could reasonably 
frame the question as simply: Can the model explain what we actually observe? 
A somewhat more formal technique for answering this question is back-testing, 
which has been one of the more successful empirical techniques for testing model 
validity (and, therefore, validating the quality of information models provide for 
decisions). The fundamental idea of back-testing is to set up the conditions within 
the model to match what in fact they were at a designated time in the past, run the 
model, and then compare model forecasts for the subsequent period to what was 
actually observed within the same period. 

Of course, back-testing is an imperfect test in that actual history rep-
resents only one of multiple possible scenarios that might have occurred with 
slightly different initial conditions. In order to partially mitigate this issue, a good 
back-test should include tests starting at more than one and ideally as many as 
reasonably possible designated times in the past. However, even with the test-
ing of just one (historical) scenario, useful insights will almost certainly emerge. 
A model forecast and, more broadly, a business strategy that fails the back-test 
must be called into question. Back-testing of energy trading strategies, specifi-
cally those based on technical analysis, could have saved many energy companies 
a great deal of money had it been employed.10

There are more elaborate methods for back-testing models, including 
most importantly techniques based on the combination of synthetic scenario gen-
eration with back-testing. Though more elaborate, these methods rely on essen-
tially the very same principles and will not be fully described here.

Two back-tests relevant for world natural gas markets that were discussed 
in some detail by EMF 23 working groups, though not specifically addressed in 
the executive summary, were locational volume and pricing relationships and oil/
gas relationships.

Historical volume relationships of interest are displayed in Figure 1. 
These show a hierarchy of deliveries with baseload volumes into Distrigas of Mas-
sachusetts (DOMAC), which represents the most constrained and highest priced 
market in the US. As we progress from the northeast US to the Mid-Atlantic 

9. e.g. Pfeffer and Sutton (2006). 
10.  e.g. Stibolt (1987).  
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(Cove Point, Maryland), the southeast US (Elba Island, Georgia), and then to the 
Gulf Coast (Lake Charles Louisiana and Excelerate) we observe a progression in 
the mix of baseload and swing supply shifting from pure baseload in the northeast 
to essentially pure swing in the Gulf Coast. Models with sufficiently refined loca-
tional detail should pick up this dynamic as it is driven by the profile of demand 
and shipping distances. The Rice World Gas Trade Model is an example of one 
that does, so that its locational dynamic has in that sense been partially validated 
by a back-test.

Figure 1. Daily U.S. LNG Imports (2005–2006)

         
In the case of oil/gas pricing relationships, history as displayed in Fig-

ure 2 shows what appears to be a reasonably strong relationship. There is a solid 
theoretical rationale as to why this should be the case as well – specifically, the 
geological, geophysical, exploratory drilling, field development, and production 
engineering resources required for both oil and gas production are both scarce and 
can be shifted from one activity to the other.11 In an industry where production 
decline sets in rapidly in the absence of continuing capital investment this would 

11. Strong empirical support for this relationship is demonstrated using various statistical 
techniques in two recent papers on the subject. See Villar and Joutz (2006) and Hartley, Medlock, and 
Rosthal (2007). 
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suggest that the relationship between the output prices should remain connected.12 
Tested against various oil price scenarios the models in EMF 23 generally cap-
tured this behavior, so this represents an example of another back-test passed.

Figure 2. Historical Energy Price Series, WTI (Crude) and Henry Hub 
(Natural Gas)

 
Tests of model validity should be routinely repeated and expanded where 

possible as a matter of best practice for their successful application.
Having advocated back-testing as a valuable exercise, let me also address 

some possible problems with it. If not done honestly and correctly, back-testing 
can be highly misleading and quite at odds with decision focus. A common mis-
application is to substitute a simpler ”historical validation” test that attempts to 
best match known history (which itself contains intrinsic measurement error) over 

12. The underlying premise accepted here is that price formation is driven by fundamental supply/
demand factors. There has recently been significant political discourse surrounding the impact that 
index fund investments in oil, oil products, and natural gas futures might have on the prices of these 
commodities. Since the funds holding these contracts never take physical delivery i.e. they sell the 
contract instead, they can have no impact at all on pricing at the time of delivery. By “rolling” the 
contract (i.e. selling spot and buying forward) index funds can  in fact maintain a structurally long 
position (which from their standpoint is a diversifying investment rather than a speculative trade), but 
since every futures contract must have both a buyer and a seller, their structural long position must be 
exactly offset by structural shorts. Typically, these structural shorts are producers hedging near-term 
production, which decreases their risk, strengthens their balance sheets and, therefore, at the margin 
should theoretically increase supply. This would imply that lower rather than higher prices should 
result from futures trading activity.
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the entire period reviewed by adjusting the parameters of a multidimensional, 
multiple degrees of freedom model. This is not the same at all as a true back-test, 
which is framed so that at every point in time at which the model is tested only 
information that was available at that time can be incorporated. Indeed, models 
typically have sufficient degrees of freedom to reasonably match any history once 
you have the complete history. The mere demonstration that a model “fits history” 
is far from a convincing test. Since historical validation can be manipulated in 
practice to give fundamentally dishonest and non decision focused results, we 
want to avoid this type of approach.

A further consideration in judging the validity of even properly framed 
back-tests should be an assessment of the fundamental reasonableness or cogency 
of the model’s design per se. For example, do the model’s free parameters and 
input variables correspond to conceptually reasonable and cogent representations 
of the real world processes being modeled or are they simply arbitrary parameters 
and variables with no discernible interpretation or connection? An example of 
such a cogent parameter would be the “efficiency of exploration” parameter esti-
mated in certain oil and gas discovery process models – a parameter that provides 
an estimate of how much better than random drilling an exploration process has 
been. The estimated value of this parameter has a distinct meaning that can be 
reasonably interpreted in light of the actual geoscientific processes by which oil 
and gas is discovered.13

5. NAVIGATING THE COMPLEXITY OF SYSTEMS

This category represents perhaps the greatest value models add for 
the practitioner, albeit with the caveat that the practitioner must be sufficiently 
knowledgeable and experienced in how to interpret modeling results. In complex 
systems there is only a low probability that unguided human intuition can get to 
right answers or even valid insights. “Business intuition” is arguably the most 
overrated attribute of senior energy executives and is particularly susceptible to 
hindsight bias.14

Real world systems typically have numerous linkages creating complex-
ity that often results in surprising counter-intuitive behaviors when the system is 
perturbed. Without the discipline in thinking that models enforce foreseeing these 
counter-intuitive behaviors becomes a far more difficult challenge.

Another problem of complexity – one that challenges the very best of 
models – is that of cascading errors – errors that compound rather than offset. The 
simplest example of this is a present value calculation where an error in the risk-
adjusted rate used to discount cash flows compounds rather than diversifies the 
error. A more complicated example – one that is more systemic in nature – is the 
correlation behavior of energy spread options, which are fundamental to the en-

13. Stibolt (1988).  See also Kaufman (1986). 
14. Kahneman and Tversky  (1979).
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ergy industry.15 The tails of the probability distributions underlying such options 
tend to be associated with scenarios characterized by various degrees of market 
distress that almost by definition imply chaotic behavior and the break-down of 
correlation. Thus, the simple model of correlated behavior fails just when the 
value implications are highest and risk mitigation is most difficult. Furthermore, 
these distressed market effects tend to cascade systemically – often leading to 
much greater levels of loss than models embedding an implicit assumption of 
portfolio diversification would have predicted.16

While there is no “silver bullet” answer to the problem of cascading er-
rors, an awareness of the issue at least can help the practitioner avoid overstating 
the precision of what even the very best model can do.

6. INSIGHT VERSUS PRECISION

An awareness of both the power and limitations of models ultimately 
leads the practitioner to the right place – one in which a balance has been struck 
between the power of strategic insight into complex systemic behaviors that mod-
els help to unveil and the inherent limitations on the precision of forecasts. Stra-
tegic insights out of models are often far more important than the model results 
per se, especially to the degree that they feed into a formal process of strategic 
feedback.

There is something of a paradox in our use of models in that real world 
deviations from model results are often indications of genuinely profitable op-
portunities. This is perhaps turning things around somewhat from the customary 
pattern of thought, but the process actually works. Economic theory suggests that 
we should not see twenty dollar bills lying on the sidewalk. Therefore, when we 
do see such a bill we should probably pick it up. From the practitioner’s perspec-
tive, becoming twenty dollars wealthier is not a failure, but a success.

A more sophisticated version of this is encountered in inter-temporal lo-
cational competition. The best models of inter-temporal locational competition17 
are able to identify the timing of and locations where new facilities (whether pow-
er plants, LNG re-gasification terminals, or gas pipelines and storage) should be 
built. These models are also powerful in understanding how various constraints 
impeding optimal siting might change the dynamic and what the second best op-
portunities would then be. Value is added by identifying the best sites and getting 

15. e.g. the power plant’s “spark spread” or “heat rate” option to convert natural gas to electric 
power or the refinery’s “crack spread” option to convert crude oil to gasoline and heating oil.

16. Arguably, cascading risk in the form of correlation break-down and other systemic effects 
has been a significant element in the “credit crisis” where numerous banks have reported losses far 
exceeding what their Value at Risk (VaR) measures deemed possible.

17. From the author’s perspective, these include many of the models discussed in this volume.  He 
has personally worked with the North American Regional Electric (NARE), North American Regional 
Gas (NARG), and World Gas Models developed by Altos Management Partners using MarketBuilder 
software and the Rice World Gas Trade Model also developed using MarketBuilder software.
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there first to capture the rent. It is indeed the twenty dollar bill on the sidewalk and 
it is interesting how often, even without constraints, it has not been picked up. 

Of course, real asset markets are not efficient in the way that liquidly 
traded securities markets are, which is of course the ultimate source of the value 
arbitrage that a well-run industrial company captures. Thus, the possibility of val-
ue capture identified by the models is very real from the practitioner’s perspective. 
At its very best, the involvement of models in the decision process becomes one 
of strategic feedback. This process, which is closely akin to the feedback loop be-
tween the theoretical and experimental activities in the natural sciences, is one in 
which decisions based on the opportunities identified using the model are imple-
mented, the quality of those decisions and implications for model structure are 
subsequently evaluated based on back-testing, models are improved or enhanced, 
and then new opportunities are identified. As previously noted, this process pays 
close attention to opportunities unveiled by the discrepancy between model fore-
casts and observed market conditions.

EMF 23 involved many hours of working sessions in which many of the 
issues raised here were seriously considered and broadly discussed by experts 
representing a wide spectrum of knowledge and experience in the energy industry. 
Arguably, the opportunity to participate in this process was from a practitioner’s 
perspective every bit as important for understanding the value opportunities im-
plied by the modeling work as was seeing the final report. Perhaps it is not too 
far-fetched a hope for the future that the impact of such forums involving aca-
demic, industry, and government representation can lead to systematically better 
decisions in energy.
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Spatial Price and Quantity Relationships in World  
and Continental Commodity Markets

Dr. Dale M. Nesbitt* and Dr. Jill N. Scotcher**

Modeling world or continental natural gas, oil, coal, or electricity 
requires a representation of the spatial nature of such commodity markets—
multiple interconnected and/or independent source points, intermediate points, 
and consumption points. Spatial commodity models, properly constructed, expose 
the underlying economic fundamentals—prices, basis differentials, flowing 
quantities, and why prices and quantities embrace certain relationships but not 
others. This paper examines spatial market equilibrium from a methodological 
perspective and puts forth results that explain interrelationships of prices and 
quantities of commodity throughout a market of competing/complementary 
supply chains. The objective is to allay common “myths” by counterexample and 
at the same time posit some realities both methodologically and by example. 

1.  BACKGROUND

Samuelson (1952) introduced a number of insights regarding prices 
and quantities in spatial commodity networks. Based on welfare maximization, 
Samuelson (1952) showed that under carefully specified conditions, a linear 
programming problem characterizing the spatial aspects of the multiregional 
economic system is embedded. Samuelson (1952) neither claims nor implies that 
“Competitive markets exhibit netback price relationships among regional prices.” 
We disprove netback relationships by example herein. Samuelson (1952) does 
not imply that “Everyone benefits when transportation congestion is eradicated.” 
We disprove that by example. Samuelson (1952) does not imply that “Supply 
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region prices must be lower than demand region prices by at least the magnitude 
of intervening transportation cost from supply to demand.” That too is disproved 
by example. Samuelson (1952) does not imply that “Transportation cost drives 
a wedge between supply and demand prices, and it doesn’t matter how high 
it gets.” That too is demonstrably incorrect. Samuelson (1952) never asserted 
that “Linear programming is an adequate model of market equilibrium.” This 
paper disproves by example misconceptions about prices and flows in such 
systems by generalizing the Samuelson model to a Walrasian form and applying 
comparative statics.

2.  WALRASIAN EQUILIBRIUM IN A SYSTEM WITH TWO SUPPLY 
REGIONS AND TWO DEMAND REGIONS INTERCONNECTED BY 
A TRANSPORTATION GRID

Consider the spatial structure in Figure 1 in which there are two supply 
regions at the bottom of the diagram (Supply Regions 1 and 2), each containing a 
linear indirect supply function:

 (1)

which is easily invertible to create direct supply functions. 1 There are two demand 
regions at the top of the diagram (Demand Regions A and B), each containing a 
linear indirect demand function:2

 (2)

which is easily invertible to create direct demand functions.3 There is a transpor-
tation system interconnecting each supply region with each demand region.4 We 
postulate that the throughput capacity of each transportation link is unbounded 
(no transportation “congestion”) with no barriers to entry, constant returns to 
scale, no transportation losses, and fixed volumetric costs specific to each route or 
link in the grid in Figure 1 (depicted inside the triangles).5 Figure 1 distinguishes 

1. Both regional producers are assumed to be price takers with no monopolistic-oligopolistic 
market power. 

2. Both regional consumers are assumed to be price takers with no monopsonistic-oligopsonistic 
market power.

3. The results here are not particularly dependent on the specific mathematical forms of the demand 
curves. We have chosen linear forms for computational simplicity. The results herein generalize to 
integrable nonlinear demand curves derived from utility maximization or alternatively to nonintegrable 
nonlinear demand curves inferred from statistical or judgmental methods. 

4. Extension to larger numbers of supply and demand regions with more interconnecting 
transportation links is straightforward. Virtually all commodity markets have an analogous structure, 
be they coal, oil, natural gas, copper, gold, grains, precious metals, livestock, etc.

5. We later relax this no-congestion assumption to analyze what congested transportation means 
for spatial markets.
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four interconnected markets (one each at locations 1, 2, A, and B) each with its 
own distinct price.6

We develop the system of equations/inequalities that characterizes Wal-
rasian equilibrium for Figure 1. The supply and demand relationships are obvious. 
Using transportation link 1-to-A as an example, seen in Figure 1 to cost $1 per 
unit with unlimited capacity available, two conditions must be satisfied:

1. A positive quantity of commodity flows from Region 1-to-A only if 
the price differential across the 1-to-A transportation link is equal 
to or larger than the transportation cost of $1, i.e., q1A > 0 ⇒ pA – p1 
≥ $1

2. If the price differential across the 1-to-A link is strictly less than 
the cost of transportation of $1, zero commodity will be transported 
across that link because the cost of such transportation is higher 
than the market is willing to pay, i.e., pA – p1 < $1 ⇒ q1A = 0.

We write the two foregoing equations for the 1-to-A link (and analo-
gously for the other three links):

6. Our formulation ignores long term contracting or oil indexed contracting such as has occurred in 
LNG markets in recent years. Such contracts are an artifact of scarce LNG liquid supply coupled with 
scarce storage capability in import areas such as Asia and Europe, which are both likely to abate fairly 
quickly in world markets. We anticipate an end to oil indexed contracts in LNG. With the massive 
arbitrage already in LNG markets and spot prices substantially below oil prices, we believe this 
formulation is representative of LNG as well as other commodities delivered by pipeline.

Figure 1. Spatially Distributed Markets—Two Consumption Points and 
Two Production Points Connected by Transportation Grid
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 (3)

Quantity balances for markets A, B, 1, and 2, which must hold in all four 
markets under Walrasian equilibrium, are the following:

 (4)

Twelve equations/inequalities characterize Walrasian equilibrium in Fig-
ure 1, equations (1)-(4). The unknowns are the four prices pA, pB, p1, p2; the four 
quantities qA, qB, q1, q2; and the four transportation link flows q1A, q1B, q2A, q2B.

2.1  Reference Case

The reference case equilibrium is displayed in Figure 2, which can be 
verified by substituting the numbers directly into equations (1)-(4). The figure 
depicts the prices and flows through the various transportation links. We array the 
results from Figure 2 in Table 1 to facilitate comparisons of the reference case 
to subsequent cases. Figure 2 disproves any notion that “netback relationships” 
hold across transportation links in spatial markets. A netback calculation begins 
with the observed price in a demand market (e.g., the price $4.136 in demand 
Region B). Thereafter, the netback calculation subtracts the transportation cost 
$2 entering from supply Region 1 to demand Region B from the price $4.136 in 
demand Region B and argues that the result should be the price in supply Region 
1. According to netback logic, $4.136 - $2 = $2.136 should be the price in supply 
Region 1. Netback reasoning is problematic for market prices, as we shall see 
from the four netback calculations in Figure 2:

is not the market price in Region 2. 
The netback calculation $1.136 is well below the true market price $3.636 in 
region 2.

Alas, netback pricing does not work in this simple two supply-two de-
mand region setting and thus cannot be argued to work in larger, more complex, 
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or more general settings7. Netbacks cannot be argued to work in any setting. Spa-
tially distributed market prices do not obey netback relationships. This has been 

misunderstood since Samuelson (1952), who was very careful to state that the 
complementary slackness conditions in his embedded linear programming model 
governed prices, not netbacks.

Notice in Figure 2 there is zero commodity flow from 2 to A, a link 
across which the netback calculation does not work. The netback calculation does 
not work along this path from 2 to A because the path is not competitive; nobody 
wants to use it. Netback calculations hold along transportation links that experi-
ence positive flows at equilibrium, but not zero flows. 

7. A theorem disproved by example in any setting is a theorem disproved in every setting.

Figure 2. Prices, Quantities, and Flows in the Reference Case

Table 1. Walrasian Quantities and Prices – Reference Case
 Quantity  Price

q1A 1.8636 pA $3.1364

q2A 0.0000 pB $4.1364

q1B 0.4091 p1 $2.1364

q2B 1.3182 p2 $3.6364

q1 2.2727 pA-p1 $1.0000

q2 1.3182 pA-p2 -$0.5000

qA 1.8636 pB-p1 $2.0000

qB 1.7273 pB-p2 $0.5000
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That netbacks do not work is not heretical or unusual in the real world. 
Gas transportation cost from British Columbia to Florida does not affect the price 
differential from British Columbia to Florida. Power transmission cost from Loui-
siana to Maine does not set the price differential between Louisiana and Maine. 
Neither route is economically competitive. Examples abound where netbacks do 
not work. In large spatial networks, predicting which transportation links are eco-
nomically competitive and which are not is an impossible combinatorial problem 
that cannot be solved without a Walrasian model, certainly not using netbacks or 
historical price extrapolations.

There are several other insights from the reference case in Figure 2. First, 
suppliers who commit to netback pricing contract should expect to lose money 
relative to what they could otherwise get. Netback prices along noncompetitive 
transportation routes are lower than market prices in those supply regions. This 
is what noncompetitive transportation cost means—high cost. Suppliers have no 
idea ex ante what transportation routes will be competitive; therefore, they are 
likely to be selling in their supply region at too low a price if they make netback 
agreements. 

Secondly, if a transportation system is mobile and fungible (such as LNG 
or crude oil tankers), there is no reason for netback pricing. Owners of mobile 
vessels can exploit the mobility of their transportation system, and a market pric-
ing rather than netback pricing system should emerge (e.g., an FOB system). An 
FOB system is today germinating with LNG; it has always governed oil. Both 
transportation owners and suppliers get fair market value and do not leave money 
on the table.

Owners of transportation grids, particularly regulated power and gas 
grids, have implemented postage stamp or other non-route-based ratemaking to 
thwart arbitrage of the transportation system. Owners despise trying to predict 
which specific segments of their system will be competitive and used, yet they 
want to recover the entire cost of their system based on whatever portion of their 
system is actually used regardless of where commodity actually flows. They con-
vince regulators to set the rates high enough to recover their entire system cost 
on whatever portion of the system the market elects to use. We illustrate postage 
stamping below.

2.2  Higher Upstream Supply in One Single Supply Region  
(High Supply Case)

What would happen to prices in all four markets in Figure 1 if techno-
logical innovation, a new resource discovery, or a new LNG liquefaction facility 
were to increase supply in one single region, i.e., what if the supply curve in Re-
gion 2 were shifted outward and to the right? Assume in particular that the new 
supply curve in Region 2 has the equation p2=1+3/2q2 rather than the old equation 
p2=1+2q2, all else equal to the reference case, thus representing a highly localized 
supply increase in Region 2. Most agree that one should expect a price depression 
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in Region 2 (where the additional supply occurs) relative to the reference case. 
However, would one expect price depressions to ripple outward from the point of 
initiation (supply Region 2) abated or unabated in magnitude as they go? People 
usually infer (without benefit of analysis) that as a commodity is displaced by 
additional supply in Region 2 and as the displaced commodity seeks alternative 
markets, secondary displacements induce smaller price effects. Tertiary displace-
ments are thought to be more modest still. People seem to postulate therefore that 
price depressions are largest in primary markets, lower in secondary markets, and 
lower yet in tertiary markets. They postulate that price ripples proliferate outward, 
diminishing in magnitude relative to displacements that preceded it. Such intu-
ition is incorrect.

Table 2 depicts the Walrasian equilibrium in the high localized supply 
case in the four left hand columns and calculates the differences between the high 
localized supply case and the reference case in the four right hand columns (high 
localized supply case minus reference case).8 The most striking insight lies in the 
final column—localized high supply causes the same magnitude of price reduc-
tion in every market. There is no damping in magnitude as one moves away from 
Region 2 in which the increased supply occurs. The price depression resulting 
from the increase in supply in just one localized region (Region 2) is exactly the 
same magnitude, namely -$0.07754, in every one of the four regions. The price 
drops by the same magnitude everywhere throughout the spatial network as a 
result of the new supply in just one localized region. The new solution in Table 2 
is governed by 11 of the original 12 equations/inequalities that governed Figure 
1. The only equation that differs is the new supply curve in Region 2. Even one 
single equation in a system can have profound effect on the solution. Even one 

8. Price netback calculations continue not to hold in the high localized supply case just as in the 
reference case. 

Table 2. Quantities and Prices and Differences from Reference Case – 
High Localized Supply Case

High Localized Supply Case  

   Quantity Price 
 Quantity Price Difference Difference

q1A 1.9412 pA $3.0588 q1A 0.0775 pA -$0.0775

q2A 0.0000 pB $4.0588 q2A 0.0000 pB -$0.0775

q1B 0.1765 p1 $2.0588 q1B -0.2326 p1 -$0.0775

q2B 1.7059 p2 $3.5588 q2B 0.3877 p2 -$0.0775

q1 2.1176 pA-p1 $1.0000 q1 -0.1551 pA-p1 $0.0000

q2 1.7059 pA-p2 -$0.5000 q2 0.3877 pA-p2 $0.0000

qA 1.9412 pB-p1 $2.0000 qA 0.0775 pB-p1 $0.0000

qB 1.8824 pB-p2 $0.5000 qB 0.1551 pB-p2 $0.0000



28  /  The Energy Journal

localized increase in supply can have a profound effect on nodal gas prices around 
the world.

How could this be, the same magnitude of price depression everywhere? 
Keep in mind, our model has assumed no transportation restrictions, i.e., unlim-
ited volumetric availability. The fact that price drops by the same magnitude in 
all four markets as a result of a localized supply increase in just one single region 
depends in part (but only in part) on the assumption of unlimited transportation. 
Identical logic would apply to spatial markets much larger in size as long as there 
are no transportation limitations—price depressions will decrease by the same 
magnitude throughout that entire spatial market regardless of the size, extent, or 
location of the supply increase.

There is no damping in the magnitude of price decrease traveling out-
ward from Region 2. Price decreases by exactly the same magnitude in Region A 
even though Region 2 does not send any product at all to Region A in either the 
reference case or the high supply case. Completely disconnected regions experi-
ence precisely the same magnitude of price decrease as do connected regions. 
Commodity displacement induces the same price decrease in a demand region 
that is not served from a specific, local supply increase as one that is served. This 
case disproves any assertion that the existence of a direct, interconnecting trans-
portation link is a prerequisite for a supply change to induce a price depression in 
another region. Displacement of commodity anywhere in a spatial network is suf-
ficient to guarantee an identical price depression everywhere throughout a spatial 
network (assuming no transportation limitations or scale economies). 

In reality, one might observe different magnitudes of price depression in 
different regions when supply in one localized region increases. This might occur 
because of transportation bottlenecks, decreasing returns to scale (or no connec-
tions at all) between regions, or differential losses across transportation links. Real 
world spatial markets can have transportation bottlenecks or decreasing returns to 
scale, and these can cause price damping as one moves further from the original 
point of supply increase. In the real world, we expect price damping to be modest 
in magnitude because transportation systems tend not to be grossly undersized 
relative to market need. Quite the contrary, regulators and regulated companies 
tend to oversize transportation. Transportation tends to be oversized because “pipe 
is cheap compared to gas” and because of Averch-Johnson (1962) incentives.

Increased supply in Region 2 not only changes price, but it also changes 
flows throughout the entire network. Quantity differences in Table 2 indicate com-
modity displaced. Negative signs denote quantity reductions caused by the entry 
of the new supply at Region 2, and positive signs denote net increases. There is 
0.077 more demand at A and 0.155 more demand at B. Reduced prices stimu-
late more demand in both end use demand markets, and by an aggregate total 
of 0.077+0.155=0.232. Total commodity flow through the transportation grid in-
creases by this amount because supply must exactly equal demand. Aggregate 
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production across all supply regions must increase by this amount 0.232.9 Table 2 
shows 0.155 lower production in Region 1 and 0.388 higher production in Region 
2. Because supply region prices are both lower, supply is actually depressed in Re-
gion 1 (in which there is no supply increase). Increased supply in Region 2 com-
pensates for the entire demand increase PLUS the supply suppression in Region 
1. Increased supply in Region 2 (additional commodity at every level of marginal 
cost) displaces production that would otherwise have occurred in Region 1 into 
Region 2. New, low cost supply in Region 2 eradicates a portion of the higher cost 
commodity from Region 1 that was produced in the reference case. Low cost sup-
ply defeats high cost supply independent of the geographical location of the high 
and low cost supply.

Another non-theorem is evident: Supply increases do not necessarily 
cause formerly unused transportation links to flow. Just because there is new sup-
ply upstream from a transportation link (e.g., the link from 2 to A) does not mean 
that the link from 2 to A will flow because of the new surfeit of supply. Flow may 
happen, but there is no guarantee. In this localized high supply case, new supply 
flows along exactly the same old transportation links as always but in larger vol-
umes. New supply does not necessarily germinate new transportation routes.

In the real world, there has been speculation as to what would happen 
to commodity prices if new LNG facilities were built around the world. A new 
LNG liquefaction facility represents an increase in the local supply curve in the 
region in which it is constructed, precisely analogous to our localized high supply 
case. Per our result, as new LNG liquefaction facilities are introduced, commod-
ity price will be reduced in every supply and demand region in the world, supply 
will be suppressed in every other supply region in the world, and demand will be 
stimulated in every other region of the world. The LNG transportation system is 
highly mobile and not undersized relative to whatever flow might be required. 
Unlimited transport capacity at route-dependent transportation costs seems an ap-
propriate representation of LNG (and crude). In such a situation, there is little 
damping of price depression resulting from increased localized LNG supply such 
as that in Region 2 here. Price depressions travel undamped to every producing 
and consuming region in the world, stopping nowhere, and affecting producers 
and consumers everywhere. Lower prices suppress local supply everywhere out-
side the new LNG supply region, new LNG displacing local supply that would 
otherwise have to be produced. Spatial networks are displacement oriented, and 
displacement anywhere drives prices down everywhere. This result heralds the 
fact that no LNG exporter is immune from price decreases resulting from every 
other LNG exporter.

9. If we allowed for commodity losses in transportation, the result could be different. Increased 
supply upstream from a low efficiency, bottlenecked, or constrained transportation system could 
actually cause aggregate consumption losses to increase at the same time that prices decrease 
throughout the system. We have omitted losses from the analysis here.
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2.3   Higher Downstream Demand in One Demand Region  
(High Localized Demand Case)

What happens if demand were stimulated in one of the two localized 
demand regions? This might result from influx of population or industry, a new 
use, emergence of a developing country into an industrialized condition, or rapid 
GNP growth in a specific country. The results are analogous to the high regional 
supply case. Prices in a high localized demand case are higher in every market, 
and by exactly the same magnitude, whether or not those markets are connected 
to the region in which the demand curve has increased. Analogous to supply, de-
mand has a ubiquitous and equal price stimulation effect throughout the entire 
spatial market—every supply and demand region in the world. Netback calcula-
tions continue not to work, and the increase in demand does not necessarily alter 
which transportation links are used. If China or India increase demand, they pull 
up prices by an equal amount worldwide.

2.4   Pro Rata Lower Transportation Cost Along All Routes  
(Low Transportation Cost Case)

Much attention has been given to the possibility of reduced transporta-
tion costs for pipelines, LNG tankers, electric power systems, crude oil tankers, 
etc. Relatively huge pipelines from the Arctic to demand markets (e.g. the 6 Bcfd 
gas pipeline from Prudhoe Bay into the Alberta market) spreads fixed and operat-
ing costs over more and more throughput and therefore reduces volumetric cost. 
More efficient, less costly liquefaction, shipping, and regasification reduce LNG 
supply chain costs to market. To create a low transportation cost case, we reduce 
the cost of transportation by a factor of one half on all the transportation links in 
Figure 1, holding supply and demand curves constant across all supply and de-
mand regions (e.g., reduced LNG shipping cost per mile). Table 3 gives the results 
in this case and differences from the reference case.

Another non theorem emerges: reduced transportation cost across the 
board does not reduce prices everywhere. It does not bestow everyone a win. 
The reduction by one half in transportation cost actually increases price in supply 
Region 1 and demand Region A (in Region 1 quite substantially). The high trans-
portation cost ($2) in the reference case discouraged transportation from supply 
Region 1 to demand Region B. Reduction in that transportation cost directs com-
modity from 1 to B that was not flowing in the reference case. As this occurs, the 
price in demand Region B decreases. There is more supply coming into demand 
Region B than before, and there is a corresponding price reduction in demand Re-
gion B. There is also a price reduction in supply Region 2 because it has a harder 
time competing with the surfeit of inflow from supply Region 1 at the lower trans-
portation cost. Consumers who formerly benefitted from contiguity to low cost 
supply lose out. Consumers who formerly were far from supply win. Producers 
who formerly saw their prices suppressed by high outbound transportation costs 
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win. Producers who formerly served captive markets in contiguous demand re-
gions lose. Any notion that lower transportation cost will be ubiquitously heralded 
is incorrect. The aggregate quantity transported is higher in the low transportation 
cost case. 

The low transportation cost case disproves by example theorems that 
would prescribe how, where, and whether lower cost transportation would re-
duce prices uniformly in demand regions or supply regions. When faced with any 
change in transportation cost, whether universal or local, the entire spatial system 
changes. Consider that not every country or geographic region in the world would 
be an economic beneficiary if the cost of LNG shipping (or the cost of commodity 
transportation via pipeline) were to decrease universally. Not every producer in the 
world would be a beneficiary. Some producers would see higher prices, and some 
producers would see lower prices under reduced transportation cost to market. An 
erroneous belief that a universal reduction in transportation cost reduces all prices 
and increases quantity consumed in all end use regions is just plain wrong.

If transportation were to become free and ubiquitously available (as in the 
next section), a supply-rich country such as Russia would export a huge quantity 
of commodity, and Russian domestic price would rise as such exports increased. 
In the past, commodity price in Russia has been low because of stranded supply, 
poor transportation networks, high costs of transportation, and perhaps restriction. 
Low outbound transportation cost to export points would elevate domestic prices. 
By contrast, if transportation costs fell to zero, United States and other high cost 
suppliers would experience lower prices and lower profits, would produce less, 
and might even exit the business, being replaced by offshore lower cost providers. 
United States consumers would benefit from the lower cost of the imported com-
modity. Winners under lower transportation costs are producers in abundant sup-
ply regions and consumers not near supply-rich regions. Losers are producers in 

Table 3. Quantities and Prices and Differences from Reference Case – 
Half Transportation Cost Case

Half Trans. Cost  

   Quantity Price 
 Quantity Price Difference Difference

q1A 1.8409 pA $3.1591 q1A -0.0227 pA $0.0227

q2A 0.0000 pB $3.6591 q2A 0.0000 pB -$0.4773

q1B 1.4773 p1 $2.6591 q1B 1.0682 p1 $0.5227

q2B 1.2045 p2 $3.4091 q2B -0.1136 p2 -$0.2273

q1 3.3182 pA-p1 $0.5000 q1 1.0455 pA-p1 -$0.5000

q2 1.2045 pA-p2 -$0.2500 q2 -0.1136 pA-p2 $0.2500

qA 1.8409 pB-p1 $1.0000 qA -0.0227 pB-p1 -$1.0000

qB 2.6818 pB-p2 $0.2500 qB 0.9545 pB-p2 -$0.2500
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scarce supply regions and consumers in supply-rich regions. High transportation 
costs are actually advantageous to producers in countries with scarce resources 
like the United States. High inbound transportation costs actually shelter produc-
ers in high cost countries with scarce resources by allowing a higher domestic 
price and high indigenous cost commodity to get to market.

2.5  Equal Transportation Cost (Postage Stamp Transportation)

Suppose that the cost of all transportation links were equal to a common 
value no matter where the commodity originates or terminates, a “postage stamp” 
pricing arrangement. Under postage stamp pricing, there is no way to arbitrage 
the transportation system--prices in the two demand regions are equal, and prices 
in the two supply regions are equal. In the special case in which transportation is 
postage stamped at zero cost (completely free transportation), the quantities and 
prices are those in Table 4. Zeroing transportation altogether has benefited cus-
tomers in Region B and hurt customers in Region A. It has benefited suppliers in 
Region 1 and hurt suppliers in Region 2. Not everyone benefits.

If the postage stamp rate were raised from 0 to $1, total demand is sup-
pressed from 5.45 down to 4.09. There is price increase in the consumption re-
gions from $3.1818 to $3.6364. There is price decrease in the supply regions 
from $3.1818 to $2.6364. Higher transportation cost imposes price increases and 
demand suppression on consumers and simultaneously imposes price decreases 
and supply suppression on producers. When regulators load costs onto transpor-
tation, they suppress both demand and supply. Indeed, someone has to pay for 
it, and both producers and consumers have to do so. There is no free lunch with 
transportation. Indeed, if transportation rises to $4 in our example, demand will 
be suppressed to zero and the market will be stultified.

Table 4. Quantities and Prices and Differences from Reference Case –  
Zero Transportation Cost Case

Zero Transport Cost  

   Quantity Price 
 Quantity Price Difference Difference

q1A - pA $3.1818 q1A  pA $0.0454

q2A - pB $3.1818 q2A  pB -$0.9546

q1B - p1 $3.1818 q1B  p1 $1.0454

q2B - p2 $3.1818 q2B  p2 -$0.4546

q1 4.3636 pA-p1 $0.0000 q1 2.0909 pA-p1 -$1.0000

q2 1.0909 pA-p2 $0.0000 q2 -0.2273 pA-p2 $0.5000

qA 1.8182 pB-p1 $0.0000 qA -0.0454 pB-p1 -$2.0000

qB 3.6364 pB-p2 $0.0000 qB 1.9091 pB-p2 -$0.5000
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2.6  A Single Congested Transportation Link (Congestion Case) 

In recent years, there has been a literal fixation on insufficient transpor-
tation infrastructure in place between certain supply and demand markets, e.g., 
insufficient power line capacity to move power between western and eastern PJM; 
not enough LNG ships running from Australia to Baja to carry the quantity of gas 
the market wants; insufficient pipeline capacity to move Russian gas into eastern 
Europe—the dreaded word “congestion” in the parlance of regulators. (Conges-
tion means undersized transportation capacity relative to what the market wants 
to use.) What if one of the transportation links in the reference case is congested, 
i.e., not as much capacity exists along a link as was utilized in the reference case? 
As we shall see, congestion can allow the owner of transportation rights on a con-
gested link to earn rent, i.e., the price difference across a congested transportation 
link will be seen to exceed the cost along that link. 

To simulate congestion, we return to the reference case in Figure 1 and 
impose an upper bound on the transportation link from supply Region 1 to de-
mand Region A. In particular, we assume an upper bound of 1.400 units flowing 
on this link (lower than the 1.864 units that flowed in the reference case). Such an 
assumption creates congestion along the transportation link from supply Region 1 
to demand Region A and changes all prices and flows throughout the network. See 
Table 5 for the results of this case and comparison to the reference case. 

We begin by examining all four netbacks in this congestion case

Table 5. Quantities and Prices and Differences from Reference Case –  
1-toA Congestion Case

Congestion 1-A  

   Quantity Price 
 Quantity Price Difference Difference

q1A 1.4000 pA $3.6000 q1A -0.4636 pA $0.4636

q1B 0.6667 pB $4.0333 q2A 0.6667 pB -$0.1030

q2A 0.0000 p1 $2.0333 q1B -0.4091 p1 -$0.1030

q2B 1.2667 p2 $3.5333 q2B -0.0515 p2 -$0.1030

q1 2.0667 pA-p1 $1.5667 q1 -0.2061 pA-p1 $0.5667

q2 1.2667 pA-p2 $0.0667 q2 -0.0515 pA-p2 $0.5667

qA 1.4000 pB-p1 $2.0000 qA -0.4636 pB-p1 $0.0000

qB 1.9333 pB-p2 $0.5000 qB 0.2061 pB-p2 $0.0000
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With congestion two netbacks (B back to 1 and B back to 2) work, but 
two (A back to 1 and A back to 2) do not work. In the reference case, three net-
backs worked and one did not. Under congestion, the two netbacks that work 
do so because there is no congestion along these specific links entering demand 
Region B and both flows are positive. These two transportation links are used by 
agents in the market because they are economically competitive; agents are will-
ing pay for these links.

Under congestion, netback A back to 2 does not work and yields a price 
at 2 that is lower than the market price at 2, just as in the reference case. This 
2-to-A transportation link is too expensive to utilize even in this congested case. 
Agents choose not to use this link; there is zero flow along this link; and the 
market will not pay for any use of this transportation link notwithstanding the 
presence of congestion elsewhere in the network. Another non theorem emerges 
by example—congestion does not necessarily fill slack transportation. The 2-to-A 
link was empty in the reference case and remains empty in the congestion case. 
The netback calculation along this link is just as incorrect in the congestion case 
as it was in the reference case. Congestion does not render netback calculations 
correct nor “fill up the empties.”

The other netback that does not work is the one along the congested link, 
1-to-A. The netback from A back to 1 is $3.600-1=$2.600, yet the market price 
of commodity in supply Region 1 is only $2.033. The netback from A back to 1 
gives a higher, not a lower, value than the market price in Region 1. The fact that 
the netback price is higher than the market price implies that owner of transporta-
tion rights along the 1-to-A link (for which he or she only had to pay $1) would 
own an asset worth $3.600-$2.033=$1.567. There is a rent to be realized here. 
Even though there is no market power by assumption in this example, the owners 
of the congested 1-to-A transportation link would be able to earn $0.567 in rent, 
i.e., in “windfall profits” by virtue of owning shipping rights on that link whose 
cost is only $1. The key insight is this—scarcity caused by congestion changes 
prices and flows at every one of the markets, not only those directly upstream and 
downstream from the congestion. Congestion of any single link anywhere in the 
system has global effects on every market and every link throughout the entire 
system. Congestion is not at all a local phenomenon. Congestion allows rent to 
be earned by owners of the congested transportation link even in the absence of 
market power. Owners of rights on congested transportation links would not be 
expected to embrace transportation system expansion.

Congestion has been the subject of controversy in natural gas and power. 
California consumer advocates have argued that the existence of rents along con-
gested inbound pipelines is evidence of “market manipulation” or market power by 
pipeline owners. Our example shows this to be specious; congestion breeds rents for 
owners of a congested transportation link even without market power. Market power 
is not a precursor for congestion, nor is congestion an indicator of market power. 

It is insightful to compare the prices in the congestion case with the 
prices in the reference case as tabulated in the right hand columns in Table 5. 
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Congestion on the 1-to-A transportation link increases price downstream from the 
site of congestion (demand Region A) as compared to the reference case. Conges-
tion of transportation causes elevation of price downstream from such conges-
tion. Customers downstream from points of congestion are losers because of such 
congestion. Winners under congestion include suppliers with preferred positions 
downstream from such congestion who can bypass such congestion.

Congestion is also seen to decrease price upstream from the point of 
congestion and in turn upstream from those points. Because of congestion, supply 
is rendered abundant in regions upstream from such congestion because the com-
modity is “backed up” by the lack of transportation capacity to the downstream 
market in which the commodity is scarce. With congestion, there is too much 
supply vying to get through a “pinch point” to high value downstream markets, 
and such vying causes low prices upstream from the congestion point. Congestion 
sends the signal to producers upstream from the congestion point: “Don’t build 
here! Don’t add capacity here! Debottleneck the congestion point downstream 
so that we get increased market access!” We observe this type of phenomenon in 
LNG and other commodity markets. Consider that the fair market value of natural 
gas in Alaska is close to zero because there is severely congested outbound capac-
ity. Prices throughout the world are higher than they would otherwise be because 
of the bottleneck in Alaska. The same holds true for Russia, Iran, Venezuela, Iraq, 
and Saudi Arabia, all of which have congested outbound transportation and as a 
result suffer low indigenous prices. Prices would be substantially elevated in the 
event of the addition of LNG or other export facilities.

Congestion of the type postulated here creates incentives to add trans-
portation capacity along the congested route or build new capacity directly in 
the downstream demand region in search of the rents along the congested link. 
Region A is the stereotypical “downstream from a congestion point” area. It is 
an area of high price and high margins for new entrants. Developers would be 
incented to build power plants in that region, not regions upstream.

2.7  Market Power Exercised Along the 1-to-A Transportation Link

Transportation of liquids, gas, and power was for a long time in the Unit-
ed States regarded as a natural monopoly requiring regulation and intervention. 
Such is assuredly not true for LNG or crude oil shipping and may not be true for 
backbone interstate gas, oil, and power transmission. This section considers what 
happens if one of the links were owned by an unregulated monopolist. Suppose 
there is a single owner of the 1-to-A link who fully exercises his or her mar-
ket power. How much transportation rent will he or she capture? To what degree 
would he or she be motivated to restrict flows and alter prices? We answer this by 
making a series of substitutions in equations (1)-(4) to eliminate the four prices 
pA, pB, p1, p2 and the four quantities qA, qB, q1, q2 and express everything in terms 
of the four transportation link flows q1A, q1B, q2A, q2B:
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The first equation is the profitability to the owner of the 1-to-A link, so 
a Stackelberg monopolist who owned that link would maximize the first equation 
subject to the second through fourth equations acting as constraints. The solu-
tion, which tells what an untrammeled 1-to-A Stackelberg monopolist would do, 
is summarized in Table 6. Following are the netbacks, which do not work in this 
case either:

Notice that the rent along the pipeline 1-to-A has climbed all the way 
to $2.1389 – 1 = $1.1389. This rent is approximately twice as high as the for-
mer congestion case. Notice further that the monopolist has cut transportation 
throughput to such a degree that the price in ALL four regions—the two supply 
regions and the two demand regions—all increase when the pipeline monopo-

Table 6. Quantities and Prices and Differences from Reference Case –  
1-toA Stackelberg Monopoly Case

Monopoly 1-A  

   Quantity Price 
 Quantity Price Difference Difference

q1A 0.9318 pA $4.0682 q1A -0.9318 pA $0.9318

q2A 0.0000 pB $3.9293 q2A 0.0000 pB -$0.2071

q1B 0.9268 p1 $1.9293 q1B 0.5177 p1 -$0.2071

q2B 1.2146 p2 $3.4293 q2B -0.1035 p2 -$0.2071

q1 1.8586 pA-p1 $2.1389 q1 -0.4141 pA-p1 $1.1389

q2 1.2146 pA-p2 $0.6389 q2 -0.1035 pA-p2 $1.1389

qA 0.9318 pB-p1 $2.0000 qA -0.9318 pB-p1 $0.0000

qB 2.1414 pB-p2 $0.5000 qB 0.4141 pB-p2 $0.0000
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list restricts throughput. The monopolist wreaks havoc on all regions and makes 
money by so doing.

With a monopolist, the sheer magnitude of cutback is seen to be large. 
Keep in mind, the monopolist must not be able merely to cut production, he or 
she must actually unilaterally garner increased revenue and profit as a result of 
such cutback. Monopoly rents do not emanate from “cutting back.” Monopoly 
rents come from making more profit on the reduced throughput than one would 
have made on the entire original flow before cutting back. Monopoly is not cutting 
back; monopoly is unilaterally monetizing any cutback. Monopoly rent has been 
poorly understood in the sense that people forget that the profits from cutback 
have to exceed the profits from no cutback.

3.  CONCLUSIONS

There is no such thing as a local or localized price or quantity effect 
resulting from changes in a spatial network. Alas, conventional wisdom seems 
to assume that all price effects are local and if they proliferate outward, they are 
significantly attenuated as they go. We have shown that changes to demand, sup-
ply, and transportation in one region are transmitted to every geographic region 
throughout the spatial system, and are felt in equal magnitude if transportation 
is abundant. In spatial energy markets, nothing is local. All localized changes 
immediately proliferate throughout the entire interconnected set of supply and 
consumption markets to become universal changes. Even though prices are nodal 
in spatially distributed markets, they are systematically and strongly interlinked. 
No market with existing or prospective transportation is an island. Conventional 
wisdom seems ubiquitously to pine for netbacks to always work. Alas, they do 
not; and entities who rely on them can suffer systematic price discounts, which is 
undesirable and unnecessary. There are no rules of thumb to calculate or explain 
prices. One has to solve equations explicitly and completely, and one cannot side-
step the need for models to do so. There are no shortcuts or experts here.
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Globalisation of Natural Gas Markets –  
Effects on Prices and Trade Patterns

Finn Roar Aune*, Knut Einar Rosendahl** and Eirik Lund Sagen***

The regional natural gas markets are expected to gradually become 
more integrated. The major driving forces are lower LNG costs, more spot 
trade, and increased need for imports into the US and other key markets. In this 
paper we examine various scenarios for a future global gas market, particularly 
focusing on natural gas prices and trade patterns. We use a numerical model 
of the international energy markets, with detailed modelling of regional gas 
production and international gas transport. Scenarios with different assumptions 
about future demand and supply conditions are simulated. Our results suggest 
that trade between continents will grow considerably over the next couple of 
decades, and that prices in the main import regions will remain around current 
levels. However, significant constraints on exports from the Middle East may 
alter this picture.

1. INTRODUCTION

The natural gas markets in different regions are gradually becoming more 
integrated. This globalisation process is due to several reasons. First, the costs of 
transport (especially LNG – Liquefied Natural Gas) have fallen significantly over 
the last 1-2 decades (except for the last few years), and constitute a much lower 
share of the wholesale price of gas than 15-20 years ago (Brito and Hartley, 2007). 
Second, gas reserves in the main consuming areas are gradually reduced com-
pared with annual consumption,1 which implies an upward pressure on domestic 

1.  In the EU, the ratio has fallen from 9 to 6 years since the year 2000 (BP, 2008).
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prices and increased imports of gas. With a larger share of gas reserves located in 
a few geographical locations such as Russia and the Middle East, intercontinental 
trade becomes more profitable. Third, an increase in the share of spot trade means 
that short-term price differences between regions may be more easily exploited by 
re-routing the gas (especially LNG), cf. IEA (2006).2

 In this paper we look into future scenarios for a globalised natural gas 
market. Using a detailed numerical partial equilibrium model of the international 
gas, oil and coal markets, we explore how regional gas prices and trade patterns 
may develop until 2030 under different scenarios about future market conditions. 
Not surprisingly, we find that intercontinental trade will grow considerably over 
the next decades, reducing the upward pressure on gas prices in import regions 
such as Europe and North America. This result depends crucially, however, on 
the absence of constraints in the expansion of the gas industry in the Middle East. 
If the growth in gas production from this region is suppressed, we may see quite 
higher prices from 2020 onwards, and less intercontinental trade.

Our numerical analysis builds on the assumption that the international 
gas markets are liberalised and integrated. This is in contrast with the results in 
Siliverstovs et al. (2005), who find no sign of price integration between the North 
American market and the European/Japanese markets in the period 1994-2003. 
Their findings may reflect that the gas markets in continental Europe and North-
East Asia are not yet fully liberalised. On the other hand, the gas markets in North 
America and the UK have been liberalised for more than a decade, with prices 
linked to liquid spot markets, and Neumann (2007) finds increasing convergence 
of spot prices in the US and the UK based on data for 1999-2007. Moreover, the 
EU has adopted two directives on gas liberalisation over the last decade (EU, 
1998, 2003), although the speed of implementation has been quite slow in several 
key countries (Haase, 2008). With rapid growth in international spot trade, gas 
suppliers may find it easier to sell their gas in new markets, especially in the short 
term. Jensen (2004) claims that a moderate level of spot trade may be sufficient to 
balance the regional markets. Thus, we believe that the international gas markets 
are heading towards a globalised market, although with region-specific prices.

Whereas gas consumption in OECD regions has grown slowly over the 
last decade, consumption outside OECD and the former Soviet Union has in-
creased by more than 5 per cent annually since mid 1990’s (BP, 2008). In China, 
gas consumption more than tripled from 1997 to 2007. A similar picture is seen on 

2.  In contrast to the more liquid crude oil market, LNG spot (or short-term) trade is often defined 
as contract transactions with terms of one year or less (Morikawa, 2008). Although cargo-by-cargo 
spot transactions seem to remain limited for the LNG industry, Trinidad has for several years made 
swap LNG deals to arbitrage from US-Europe price differences. In March 2008, Oman was the first 
Middle East country to redirect LNG cargoes from Europe to a more profitable Asian market (Energy 
Business Review, 21. March 2008). In addition, transactions known as “Equity LNG” and “Branded 
LNG” have entered the business, meaning that a non-consuming buyer enters a mid/long-term contract 
without specifying the cargo destination.These contracts, which could be interpreted as spot or short-
term transactions, accounted for 37% of the LNG contract volumes for the combined Europe and US 
deliveries in 2007 and may reach 64% by 2015 (Morikawa, 2008).  
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the supply side, where gas production in the OECD has been rather constant since 
the turn of the century. On the other hand, production both in the Middle East and 
in Africa has more or less doubled over the last decade. Although intercontinental 
trade has been modest so far, some arbitrage trading has occurred in the Atlantic 
Basin, and the Middle East has to some extent become a swing supplier to both 
South and East Asia and the Atlantic Basin. So far, most of the LNG from the 
Middle East has been shipped eastwards, to India, Japan and South Korea, and 
only about 15 per cent to the Atlantic Basin (BP, 2008).

Besides the studies presented in EMF (2007) (and in this special issue), 
there have been few previous numerical analyses of globalised natural gas mar-
kets. One exception is Rosendahl and Sagen (2009), who examine the effects of 
transport cost reductions on gas prices in different regions (using the same model 
as in this paper). They show that gas prices in some import regions may increase 
when transport costs decline, e.g., because of different choice of transport mode 
or because of different transport distances between trading regions. Numerical 
analyses of the European gas market are found in Golombek et al. (1998), Boots et 
al. (2004) and Egging and Gabriel (2006), whereas MacAvoy and Moshkin (2000) 
and Gabriel et al. (2005) simulate the North American gas market. 

In the following section we briefly describe the numerical model FRIS-
BEE. Then we go on to present the simulation results of future scenarios in Sec-
tion 3. Finally we conclude.

2. MODEL DESCRIPTION 

We use a numerical model of the international energy markets called 
FRISBEE.3 It is a recursively dynamic partial equilibrium model with 13 glo-
bal regions, cf. Table 1. Supply and demand of fossil fuels and electricity are 
modelled in each region. FRISBEE accounts for discoveries, reserves, field de-
velopment and production of oil and natural gas, distributed on regions and field 
groups. Supply of coal and electricity are modelled in less detail. There are three 
demand sectors in the model: ‘Manufacturing industries’, ‘Power generation’, 
and ‘Others’ (including households). All markets clear each year, and annual, re-
gional supply, demand, prices and trade flows are among the outputs of the model. 
Seasonal variations in demand and supply are not included in FRISBEE, which 
means that variations in e.g. trade directions over the year are not captured by 
the model. The base year of the model is 2000, and it is programmed in GAMS 
(Brooke et al., 2005).

3.  See Aune et al. (2005) for a more extensive presentation of the FRISBEE model. Aune et al. 
focus on the oil market, but natural gas supply (and demand) is modelled quite similarly as oil supply, 
so most of the model description carries over. Rosendahl and Sagen (2009) also provide a (more brief) 
description of the gas market modelling. 



42  /  The Energy Journal

Table 1. Regions in the FRISBEE Model
Industrialised regions Regions in transition Developing regions

Canada (CAN) Caspian region (CAR) Africa (AFR)

OECD Pacific (OEP)  Eastern Europe (EEU) China (CHI)

USA Russia/Ukraine/Belarus (RUB) Latin America (LAM)

Western Europe (WEU)  OPEC-Middle East (OPM)

  Rest-Asia (RAS)

  OPEC-Africa (OPA)

Natural gas demand is a function of the end-user prices of all energy 
goods. The own price elasticities for ‘Manufacturing industries’ and ‘Others’ 
are on average around -0.3 in the long run (around -0.1 in the short run). Cross-
price elasticities are in general small. In the long run, gas demand is particularly 
dependent on income growth – (per capita) income elasticities are on average 
around 0.6. The elasticity of population is set equal to one. Finally, a moderate, 
exogenous energy efficiency rate is assumed (0.25% p.a. within OECD and 0.5% 
p.a. outside OECD). Fuel demand in the ‘Power generation’ sector is driven by 
existing capacities and generation costs (including fuel prices) for different tech-
nologies, as well as the electricity price. Substitution possibilities are thus much 
higher in the power sector than in the two end-user sectors. 

Traditionally, the natural gas markets in Europe and to some degree 
Asia-Pacific have been dominated by only a few large players, both upstream 
and downstream, and the markets have been highly regulated. As the gas markets 
become more integrated, the potential for upstream market power diminishes.4 
Moreover, liberalisation processes are taking place both in OECD and non-OECD 
regions (IEA, 2006), and this is gradually reducing the market power of large, 
downstream companies. The extent of spot trade is growing fast, and gas price 
indexation is partially replacing the oil price link in long-term contracts (Cornot-
Gandolphe, 2005).5 Consequently, although it might be seen as a simplification 
of the current market structure, in our future scenarios for the global natural gas 
markets we assume fully competitive and liberalised markets.

FRISBEE distinguishes between (oil and gas) fields in production, un-
developed fields and undiscovered fields. Data on field characteristics are based 
on an extensive database of global petroleum reserves in the year 2000, and data 
on production costs are based on the same source. Supply from developed fields 
in the model is set so that marginal operating costs equal producer prices net of 

4.  Gas exports from Russia (the world’s largest gas holder and exporter) constitute only 5 per cent 
of global production (BP, 2008), and there are concerns about Russia’s ability to stabilize its future 
export volumes (Sagen and Tsygankova, 2008). The potential for market power increases if several 
countries form a cartel, which is one of the alternative scenarios we consider.

5.  Although there is no formal link between oil and gas prices in the model, prices of fossil fuels 
(and electricity) are partially connected through the (small) cross-price elasticities, and through the 
competition between different power technologies (cf. Hartley et al., 2008).
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gross taxes. Operating costs are increasing functions of production, but are gener-
ally low unless production is close to the fields’ production capacity; then they 
increase rapidly. The cost functions are calibrated based on data on production 
costs in different locations.

Oil and gas companies may invest in new fields and in reserve extensions 
of developed fields. Investments decisions are driven by expected net present 
values (NPV), which are calculated for four field categories in each of the 13 
regions.6 Expected NPV depends on expected prices (adaptive), a pre-specified 
required rate of return (set to 10 per cent in real terms), unit operating and capital 
costs, and net and gross tax rates. Unit capital costs are convex in the short term, 
and increase when the pool of undeveloped reserves declines (for new fields), and 
when the recovery rate rises (for reserve extension). 

New discoveries are modelled in a simpler way. The amount of discover-
ies depends on expected prices and expected undiscovered reserves in each region 
(USGS, 2000). 

All arbitrage opportunities are assumed to be exploited in the model, so 
that price differences between two regions never exceed the corresponding trans-
port costs. Unit costs of LNG and pipelines are assumed to be constant in this 
analysis. Both capital and operating costs are included in the cost figures, except 
for pipeline capacities existing before 2007 (where only operating costs matter). 
Total transportation costs are linear functions of the distance between the regions. 
No geopolitical or other constraints are restricting investments in new transporta-
tion capacity in the model. Each year the cheapest transport technology between a 
pair of regions is chosen (i.e., LNG or pipeline). Thus, a region may import both 
via LNG and pipeline transport, but not from the same region. Data on unit trans-
port costs are mainly based on OME (2001). 

3. FUTURE SCENARIOS FOR A GLOBALISED GAS MARKET

In this section we present different scenarios for a globalised natural 
gas market towards 2030. Obviously, there are many uncertainties about how this 
market will evolve, not only to what degree the regional markets will be inte-
grated. Thus, the quantitative results should be interpreted with caution. Perhaps 
most interesting is the comparison between scenarios, which will demonstrate 
the effects of some potentially important driving forces. Table 2 provides a brief 
overview of the different scenarios.

6.  Classification of categories differs across regions, e.g. according to onshore vs. offshore, deep 
vs. shallow water, field size.
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Table 2. Overview of Scenarios 
Scenarios  Key assumptions

Reference Scenario Based on EMF (2007) and EIA (2006)

High Demand Scenario GDP annual growth rate increased by 0.5%

Constrained Export Scenario  Exports from Russia and OPEC-Middle East constrained at  
2005 levels + volumes under construction

Middle East Cartel Scenario  Exports from OPEC-Middle East are set so as to maximise export 
revenues from this region

3.1 Reference Scenario

The Reference Scenario assumes a rather constant real oil price between 
$50 and $60 per barrel, and an annual average growth in world real GDP of 3.8 
per cent (growth rates vary between regions). The global gas market is assumed to 
behave competitively, without any constraints in production, transport or distribu-
tion of gas. Costs of producing gas from a specific field are exogenously reduced 
over time (0.5-1.5 per cent p.a.), but unit costs may still rise because the cheapest 
fields are extracted first. Transport costs are held constant (in real terms) at 2003 
levels. Even though costs of LNG have declined considerably since the beginning 
of the 1990’s, costs have increased lately, and it is hard to know whether further 
technological progress may push the unit costs further down in years to come. 
Energy and environmental policies are fixed at their base year levels, which mean 
that we disregard any effects from the Kyoto protocol and any future climate 
agreements on the gas market. Policies to reduce CO2-emissions vary a lot, and 
may in general have ambiguous effects on gas demand, so it is difficult to say how 
this could have affected the numerical results. Although we refer to this scenario 
as the Reference Scenario, it is not necessarily the most realistic one (more like a 
benchmark scenario).

Figure 1 shows how the wellhead prices develop in selected regions up 
to 2030 in the Reference Scenario. We notice that the prices increase modestly in 
all regions in the second half of this time period, but prices in 2030 are only 10-20 
per cent higher than in 2005 (in real terms). This result reflects that there are suf-
ficient gas reserves in the world (at affordable costs) to meet the expected demand 
growth over the next couple of decades. However, as the cheapest reserves are 
extracted first within each region, the prices of natural gas will tend to rise further 
into the future (despite new discoveries and moderate technological progress).7

The figure further shows that the price differentials between regions are 
rather constant through time. The explanation for this is that the price differential 
between a pair of trading regions is equal to the unit costs of transport between 
these two regions, and these costs are assumed to be constant in the Reference 

7.  Significantly more new discoveries or more rapid technological progress in energy production 
(either for gas or for close substitutes) may counteract this upward pressure on the gas price (which is 
due to gas being a non-renewable resource).
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Scenario. Import regions that are far away (in terms of transport costs) from key 
export regions will typically face higher prices than import regions that are closer. 
That’s why prices in the US and OECD Pacific are higher than in Europe.

Figure 1. Wellhead Gas Prices in Selected Regions in Reference Scenario 
$2000/toe

 
Figures 2-3 show the development in gas production and consumption 

in selected regions in the Reference Scenario. The most striking result in Fig-
ure 2 is the dramatic increase in gas production in OPEC-Middle East. Annual 
growth from 2005 to 2030 is 8-9 per cent, which is due to a very large resource 
base combined with relatively low production costs. Although actual growth since 
2000 has been in the same range (BP, 2008), it may be questioned whether such 
high growth rates are sustainable for 2-3 decades. Thus, two of the alternative 
scenarios we consider assume lower growth rates (either explicitly or implicitly). 
Production in OPEC-Africa also grows considerably, especially in the first half 
of this period, but the growth potential is much more limited than in the Middle 
East. Russia, which holds a quarter of the global gas reserves, also increases its 
production, but only modestly due to high production costs compared with e.g. 
the Middle East.

Another interesting observation from Figure 2 is that gas production in 
the US and Western Europe is only modestly reduced up to 2030 (by 12 and 
19 per cent from 2005, respectively). This is particularly interesting as the R/P-
ratio (reserve over production) in the US was only 11 years at the end of 2007 
(BP, 2008). Remaining reserves in the US have actually increased each year since 
1998 according to BP. This is mainly due to upgrading of non-conventional gas 
resources, which counteracts the more significant reduction in conventional gas 
production. The future growth in non-conventional gas extraction in the US will 
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have significant bearings on global trade patterns in the coming decades. Lower 
than predicted growth potential could lead to much more imports of LNG, where-
as higher than predicted growth rates could make North America self sufficient 
for a longer period of time.

Figure 2. Production of Gas in Selected Regions in Reference Scenario. 
Mtoe/year

Consumption of natural gas increases in all regions in the Reference 
Scenario, but there are significant regional differences (see Figures 3a and 3b). 
Among OECD regions, consumption grows much stronger in Europe (and Can-
ada due to tar sand production) than in the US and OECD Pacific. This may be 
explained by consistently lower prices in Europe than in the other OECD regions 
(cf. Figure 1), which makes gas power more competitive (especially compared to 
coal) in Europe than in the US and Japan.

The strongest growth in gas consumption is clearly seen outside OECD, 
particularly in China where consumption more than quadruples from 2005 to 
2030 (though from a rather modest level). Other parts of Asia, Latin America and 
Africa also experience high growth rates. Gas demand in Russia grows faster than 
in OECD regions, but slower than outside OECD. We have assumed that Russian 
end-user prices are gradually increased in line with official governmental plans, 
and this dampens the demand growth somewhat.

In the Reference Scenario, there is a gradual increase in transatlantic 
trade over the time horizon. In 2020 annual trade over the Atlantic is 114 Mtoe 
per year, and this increases to 325 Mtoe per year in 2030. The volumes of trade 
depend highly on the assumptions about costs of LNG. As costs of liquefaction 
have risen significantly since 2003 (i.e., our benchmark for transport costs), the 
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Figure 3a. Consumption of Gas in Selected Regions in Reference Scenario. 
Mtoe/year

Figure 3b. Consumption of Gas in Selected Regions in Reference Scenario. 
Mtoe/year
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Reference Scenario may overestimate the development in transatlantic trade.8 On 
the other hand, FRISBEE only models annual prices and volumes, and thus short-
term arbitrage options are not taken into account. 

3.2 Alternative Scenarios

In this subsection we focus on three potentially important driving forces 
for the international gas markets. These are economic growth, supply constraints 
and market power (see Table 2). We want to examine to what degree these factors 
may influence the outcome of the gas market.

Figure 4 shows how gas prices in the US and Western Europe are changed 
in the three alternative scenarios (compared with the Reference Scenario). As ex-
pected the prices increase in all scenarios, either because of higher growth in 
demand or because of reduced gas supply. In particular, a constraint on exports 
from the Middle East and Russia at current levels (including volumes under con-
struction) leads to significantly higher prices after 2020. This is not surprising, 
given the production growth in OPEC-Middle East in the Reference Scenario (see 
Figure 2). However, such a constraint seems rather pessimistic, unless there is a 
significant change in the (geo)political situation in the Middle East. 

Figure 4. Percentage Changes in Gas Prices in Selected Regions in 
Alternative Scenarios (Compared to Reference Scenario)

8.  Rosendahl and Sagen (2009) look into the effects on prices and transatlantic trade of different 
assumption about costs of LNG and pipelines.
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On the other hand, cartel behaviour by the OPEC countries in the Middle 
East has only small effects on the gas prices, at least until 2020.9 The reason is that 
OPEC-Middle East reduces its supply (and export) only moderately in the Middle 
East Cartel Scenario; cf. Figure 5. This indicates that there is limited potential 
for market power in a fully integrated global gas market, unless a larger group of 
countries joins the Middle East in this respect (e.g., Russia or OPEC countries in 
Africa). In a less integrated global market, however, OPEC-Middle East may find 
it more profitable to cut back on supply in order to push prices upwards in some 
import regions.

As seen in Figure 5, Russia actually increases production in the Con-
strained Export Scenario, even though its export is constrained at current levels. 
The explanation is simply that Russia’s export is gradually falling in the Refer-
ence Scenario, as growth in domestic demand outpaces its supply growth. This is 
in line with previous studies by e.g. Sagen and Tsygankova (2008). When exports 
from OPEC-Middle East are constrained, prices in import regions increase, and 
thus Russia finds it profitable to increase its export. We further see that production 
in other regions such as OPEC-Africa and the US increase in this scenario. US 
production rises by more than 10 per cent after 2025, which means that the US 
import share of gas in 2030 is reduced from one third in the Reference Scenario 
to only 4 per cent in the Constrained Export Scenario. In Western Europe the cor-
responding import share is reduced from two thirds to about 50 per cent.

Figure 5. Percentage Changes in Gas Production in Selected Regions in 
Alternative Scenarios (Compared to Reference Scenario)*

*OPM: OPEC-Middle East; RUB: Russia/Ukraine/Belarus; OPA: OPEC-Africa

9.  In the Middle East Cartel Scenario OPEC-Middle East introduces a fixed export duty so as to 
maximize the sum of producer surplus (including export revenues), domestic consumer surplus and 
government income.
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The reduced import share in the Constrained Export Scenario is not only 
due to increased domestic production, but also to reduced consumption, cf. Figure 
6. In particular, with higher prices as a result of constrained supply from the Mid-
dle East, natural gas loses significant market shares in the regional power markets. 
Both in the US, Western Europe and China the growth in gas power production 
is reduced, and eventually the level of production starts to fall, too. Coal power 
production increases correspondingly. 

Figure 6. Percentage Changes in Gas Consumption in Selected Regions in 
Alternative Scenarios (Compared to Reference Scenario)

In contrast, in the High Demand Scenario, with higher GDP growth, 
natural gas demand grows faster, particularly in China. Demand growth in OECD 
regions is only moderately increased. Although global GDP in 2030 is 13 per 
cent higher than in the Reference Scenario, global consumption of natural gas is 
merely 3 per cent higher. The increased prices of gas are the main explanation for 
this modest effect.

Gas trade across the Atlantic Ocean develops quite differently in the 
various scenarios, see Figure 7. In the Reference Scenario there is a significant 
growth, particularly after 2015 when production in OPEC-Middle East gets very 
large. Transatlantic trade in the High Demand Scenario is almost similar to the 
Reference Scenario, as most of the demand growth takes place in Asia. On the 
other hand, in the Constrained Export Scenario there is little or no trade across 
the Atlantic as increased prices in North America stimulates own production and 
more imports from Latin America. Eventually, however, imports from across the 
Atlantic Ocean are needed to balance the American market despite high prices 
also in Eurasia. In the Middle East Cartel Scenario, there are small trade differ-
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ences from the Reference Scenario until the end of our time horizon, which is 
consistent with the price and production changes observed in Figures 4 and 5. 

Figure 7. Annual Gas Trade Across the Atlantic Ocean (to North America) 
in Different Scenarios. Mtoe/year

The evolution of global LNG trade follows a similar pattern as transat-
lantic trade. In 2015 LNG trade between regions amounts to 4-5 per cent of global 
gas production. In the Reference and High demand scenarios this share grows to 
8-9 per cent in 2030, versus 6 per cent in the two scenarios with some constraint 
on gas export from the Middle East. In addition to trade across the Atlantic, LNG 
is also shipped to some extent from Latin to North America, and between the 
Asian regions.

4. CONCLUSIONS

Globalisation of natural gas markets will substantially increase the level 
of intercontinental trade, and prices in different regions will become more inte-
grated. Without significant constraints on exports from the Middle East, prices in 
import regions may remain around or just above current levels. These are the main 
results from our numerical simulations of the international gas markets.

The key to the future natural gas markets lies in the Middle East. We have 
seen that a constraint on the export of gas from this region at current levels (includ-
ing volumes under construction) may lead to much higher prices of natural gas 
after 2020. Consumption of gas will grow considerably slower, particularly in the 
power market, leading the way for further increases in coal power production.

However, such a constraint on export is not profitable for the Middle 
Eastern gas producers. If they behave like a gas cartel, maximising their joint 
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consumer and producer surplus (including export revenues), they are more likely 
to choose a moderate reduction in their production growth. In this case, prices of 
gas are hardly increased until after 2020, when there is a moderate price increase 
compared to our Reference Scenario. Expanding the cartel to include other coun-
tries such as Russia or OPEC countries in Africa may increase its market power. 
However, we find that Russia’s export is gradually declining, reducing its poten-
tial gains from any cartelisation.

There are several uncertainties about the future gas markets that are not 
analysed in this paper. We have already mentioned the costs of LNG, which will 
be determinant for the globalisation process. Another crucial factor is the interna-
tional focus on climate change and energy security, which may lead to significant 
policy measures affecting the gas markets. When it comes to climate change, nat-
ural gas is a cleaner fuel than other fossil fuels, but obviously not as carbon-free 
as renewables and nuclear. Thus, a moderate climate policy may stimulate gas 
consumption, whereas a strong policy may have the opposite effect in the long run 
as carbon-free technologies make significant progress.
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Oil prices are notoriously hard to predict, but they are an important 
input in many energy and economic models. This paper explores the effects of 
different oil price assumptions on natural gas markets (production, consumption, 
prices in different regions) in the International Natural Gas Model (INGM). 
Three cases from the INGM are presented: a reference case, a high oil price case 
and a second high oil price case, where gas-to-liquids (GTL) capacity additions 
are constrained. The results show that regardless of constraints on GTL capacity 
additions, higher oil prices lead to higher production and consumption of 
natural gas. However, when GTL capacity is allowed to expand, higher oil prices 
generally lead to higher natural gas prices and to less gas consumption in the 
electric power and industrial sectors as they switch to cheaper fuels and more 
natural gas is diverted to the production of GTLs.

1. INTRODUCTION

Natural gas markets have historically been regional with some linkage 
with international petroleum markets. However, as natural gas transportation ca-
pacity, including pipeline capacity and the capacity to produce, transport and re-
ceive liquefied natural gas (LNG), continues to expand, regional gas markets are 
increasingly becoming linked and moving toward a global market for natural gas. 
The linkages between natural gas and oil markets, and their future evolution, pres-
ent a more complicated picture.

Oil and gas markets are linked in several ways. Natural gas competes 
with oil in several consumption sectors, making oil and gas substitutes. Natural 
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gas liquids (NGLs) are produced alongside natural gas and are then stripped from 
the wet gas stream, with the NGLs sold into oil markets and the dry gas sold 
separately. The GTL process uses natural gas as a feedstock to produce low-sulfur 
diesel and other oil products. Further, oil and gas compete for exploration and 
drilling resources, and many current natural gas contracts base the contract price 
of natural gas on market oil prices. These last two linkages between oil and gas 
markets, however, are not accounted for in the INGM.

The INGM attempts to represent oil and gas competition in several de-
mand sectors as well as the market affects of NGLs and GTLs. These multiple 
linkages between oil and gas markets lead to a complicated relationship between 
oil and gas prices in the model. Higher oil prices, generally, should stimulate in-
creased consumption of natural gas in sectors where it can be substituted for oil. If 
this were the only way in which oil prices affected natural gas markets, one would 
expect the market price of gas to always rise in response to increased oil prices, 
as increased gas demand drives up the gas price and increases gas supply to meet 
the elevated demand, thus balancing the market. However, higher oil prices also 
lead to higher NGL prices and spur increased production of NGLs, and of their 
byproduct, dry natural gas.

Because of how NGLs link oil and gas markets, higher oil prices can 
lead natural gas prices to either increase or decrease depending on the regional gas 
supply/demand situation. If the elevated gas demand attributable to the higher oil 
prices is less than the increased gas supply attributable to the higher NGL prices, 
then for natural gas markets to balance, the gas price must come down to further 
spur demand. If the opposite is true, and the increases to gas demand are greater 
than to NGL and gas supply, then gas prices will rise in response to oil prices, as 
would generally be the case with substitute goods.

Higher oil prices can also spur increased demand for GTLs, thus elevat-
ing demand for natural gas as a feedstock for the process. This increased demand 
for natural gas can push up natural gas prices, leading to lower consumption in 
other sectors which then limits the upward pressure on gas prices, as consumers 
switch to competing fuels. However, the affect of GTLs on gas markets is limited 
by the extent to which global GTL capacity can reasonably expand.

GTL facilities require large upfront capital expenditures and potentially 
many years to recover the investment. Also, there are fewer commercial scale 
GTL facilities in the world and fewer under construction than there are LNG fa-
cilities, or other types of gas assets. This means there is less information on and 
greater risk surrounding what it takes to construct and bring online a commercial 
scale GTL facility. This also means there are fewer experienced personnel to com-
plete such a job. Additionally, because of the significant energy losses in the GTL 
process, sustained low natural gas prices and high product prices are required to 
support the investment. The alternative GTL scenario is a response to these con-
siderable risks and the significant affect of the GTL capacity expansion assump-
tions on the way the model responds to alternative oil price scenarios. 
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2. DESCRIPTION OF THE MODEL 

The International Natural Gas Model (INGM) was developed to enhance 
the Energy Information Administration’s (EIA) long-term assessment of world 
natural gas markets. The INGM simulates the natural gas and LNG markets from 
production, through processing and transportation, to end-use for 60 nodes which 
are detailed in Barden et. al, Table TA-1 and summarized in Table 1, below. The 
nodes are generally defined based on their current or potential significance in the 
world gas markets, as a major producer, consumer or transit location for natural 
gas. INGM uses a linear program (LP) to simulate gas markets with an objective 
of maximizing the cumulative discounted sum of producer and consumer surplus 
in developing the market equilibrium, capacity investment decisions, and capac-
ity utilization (see Hogan, 2002). The INGM simulates demand for natural gas 
and utilization of the capacity in three seasons: Winter, Summer, and Spring/Fall. 
Utilization of capacity can vary between these seasons.

Table 1. INGM Regions
 Number of 
Aggregate Reporting Region INGM Nodes Notes

OECD North America 19 Includes 13 nodes for the U.S.

OECD Europe 4 Turkey and the Iberian Peninsula are separate

OECD Asia 4  Australia’s Northwest Shelf and Australia/New 
Zealand Demand are separate

Non-OECD Europe and Eurasia 8  Includes 6 nodes for Russia, including 3 that 
are supply only nodes

Non-OECD Asia 11 Includes 3 nodes each for China and India

Middle East 6 Saudi Arabia, Iran and Qatar are separate

Africa 4 North and West Africa are separate

Central and South America 4 Brazil is separate

The key components of the model include natural gas and NGL resourc-
es by node, natural gas processing and transport capacity, and demand for natural 
gas and other fuels. Natural gas resources must be discovered and developed in 
INGM, creating reserves which then can be produced. The rate of discovery and 
development is a linear function of remaining economically recoverable resourc-
es, which is a function of the natural gas price and solved simultaneous with the 
natural gas prices. The percentage of economic resources that can be developed is 
constant over time. The base rate of production of reserves (the P/R ratio) is also 
constant over time but the model can increase the P/R ratio at a cost.

INGM accounts for removal of NGLs and the gas used in processing. 
The resulting dry gas can then be transported through a pipeline to a consuming 
node, converted to LNG, or consumed at the node. Natural gas that is transformed 
into LNG must, in an additional step, be transported by tanker along pre-defined 
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tanker routes and then regasified for use or pipeline transport at the destination 
node. Dry natural gas can also be converted to a liquid fuel at a GTL plant. Finally, 
natural gas seasonal storage is simulated to address seasonal variations in regional 
production and consumption.

The capacity and utilization of the gas processing, LNG liquefaction, 
LNG regasification, tankers, pipelines, storage, and GTL facilities are all mod-
eled similarly. Capacity must exist or be added before it can be utilized. Capacity 
additions incur initial development costs, annual fixed costs, and variable costs 
depending upon the utilization of the capacity. The period from the initial decision 
to add capacity until the first date of utilization of the capacity, is usually five to 
six years for land-based assets and four years for LNG ships but varies depending 
on the type of capacity. The investment and operating costs for LNG and GTL 
facilities are provided in Table 2. The utilization of the capacity will result in 
energy use/losses which vary considerably by the asset type and within the asset 
type (e.g. pipeline fuel use). 

Capacity for any asset type will be added and utilized, endogenously, if 
the value of the capacity is equal to the discounted cost of constructing and op-
erating the capacity, including the cost of the natural gas used as feedstock (GTL 
plants) or consumed by the asset. Once capacity is constructed, the utilization 
of the capacity depends on the variable operating costs including the cost of the 
natural gas fuel or feedstock. It is possible for capacity to be built, utilized for a 
number of years, and then left un-utilized due to changing economics. 

Table 2. Investment and Operating Costs for LNG and GTL Plants
Parameter Liquefaction Plant Small GTL Plant Units

Capacity Increment 0.585 0.184 PJ/day output

Planning & Approval Period 2 2 Years

Planning & Approval Costs 0.5 0.5 $MM/yr

Investment Period 3 3 Years

Investment Costs 358.8 344 $MM/yr

Maximum Life 100 100 Years

Fixed O&M Costs 86 0 $MM/yr

Variable O&M Costs 0.093 0.976 $/GJ

Retirement Costs 0 0 $MM

Process Efficiency 92% 65% 

Demand for NGLs and GTL products are assumed to be unconstrained 
globally but demand for natural gas in the power generation and end-use sectors 
are modeled using a logit formulation based on starting demand estimates provid-
ed by EIA from their WEPS+ modeling system. The INGM allows for interfuel 
competition using the following equation:
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 (1)

Where Sr,f,t is the share (fraction) of demand served by the fuel f in region 
r in year t, Pr,f,t is the price of the fuel ($2006/GJ) for the region and year, PAr is a 
calibration variable for the region and fuel and reflects both the ability to use the 
fuel for the sector (e.g., natural gas in road transport) and the regional access to the 
fuel, and α is the price elasticity which takes the values of -0.88 for the residential 
sector, -1.22 for the commercial sector, -2.06 for the transport sector, -1.54 for in-
dustrial cogeneration, -0.92 for industrial feedstock uses, -0.66 for other industrial 
uses, and -2.00 for power generation sector. The high elasticity for the transport 
sector is offset by large regional price adjustments for natural gas for that sector.

3. DESCRIPTION OF THE CASES

The INGM reference case is based on the reference case in the EIA’s 
International Energy Outlook 2008 (IEO2008), the U.S. Department of Energy’s 
long-term assessment of world energy markets through 2030. The IEO2008 con-
sumption projections were used as starting demand numbers for the INGM refer-
ence case. The world oil price path assumptions for the reference case are also 
based on the IEO2008 reference case. That said, the IEO2008 reference case oil 
price path was devised in mid-2007, when oil was trading at about $70 per bar-
rel—substantially lower than the $140 per barrel observed only a year later. In the 
INGM reference case, the 2008 average nominal oil price is set at $100 per barrel, 
falling to $93 for 2009, and continuing to decline to $68 in 2016 before gradu-
ally increasing to a 2030 nominal price of $113 per barrel ($74 per barrel in real, 
inflation-adjusted 2006 U.S. dollars). The price trajectories for the three cases are 
shown in Figure 1 and in Barden et. al., Table TA-2.

The INGM allows the user to place constraints on the expansion of pipe-
lines, LNG facilities, and GTL facilities. In the short run, 2006 to 2015 (or sooner 
depending upon the capacity type), constraints have been used to reflect the status 
of current projects in planning and their potential to be fully developed. In the me-
dium- and long-run, capacity expansions are constrained when the speed at which 
the new capacity expansions occur may be limited—not by supply or demand—
but by the ability to develop potentially massive amounts of capacity in a short pe-
riod of time. For example, pipeline expansions from the Russian-Caspian Region 
are limited to 1 petajoule per day (PJ/day) per year through 2020. Expansions of 
GTL facilities are limited to 0.37 PJ/day per three year period for key producing 
regions. In most cases, however, capacity expansions are not limited in INGM for 
the medium and long run. The constraints on pipeline, processing asset, LNG, 
and GTL capacity expansions are provided in Barden et. al., Tables TA-3, TA-4a, 
TA-4b, and TA-4c .

The 2006 beginning of year reserves and undeveloped resource assump-
tions are provided in Figure 2 and in Barden et. al., Tables TA-5 and TA-6, and 
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are based on a number of sources, including the U.S. Geological Survey (USGS, 
2005a; USGS, 2000) and the U.S. Minerals Management Service (MMS, 2006) 
for conventional resources, and Holditch (2006), Kawata et al. (2001), Rogner 
(1997), UNEP (2002), and USGS (2005b) for unconventional resources. The con-
ventional resource data from the USGS and MMS includes information such as 
field size, drilling depth, water depth (if offshore), and impurity content. This 
information was combined with a drilling/production model and used to estimate 
the cost of exploiting the resource. The sources for unconventional resources were 
combined with estimates of recovery rates and exogenous estimates of develop-
ment costs to estimate the cost of exploiting the resource. The cost estimates and 

Figure 1. Crude Oil Price Assumptions

Figure 2. Reserve and Undeveloped Resource Assumptions 
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resources estimates for both conventional and unconventional resources were then 
input into the INGM as supply curves.

For unconventional resources, the Holditch reference provides estimates 
of gas-in-place after a study of the Rogner, Kawata and Fujita publications. The 
article further asserts that the volume of undiscovered resources is around 10% 
of the total gas-in-place for the United States We increased this estimate based 
on recent activity with U.S. shale gas, where resource finds and development are 
increasing more quickly than was expected in the past yielding undiscovered un-
conventional resources of 8500 EJ globally. In order to develop extraction cost 
curves for these resources, we used average nodal field size distributions and well 
depths from conventional resources. Unconventional resources are discovered, 
developed, and produced like conventional resources using a linear formulation 
with a constant fraction of economic undeveloped resources that can be developed 
in each year and a P/R ratio that can be increased with an increase in cost.

The first sensitivity, heretofore referred to as the HWOP case, modifies 
the reference case assumptions, using a higher oil price path. This price path re-
flects the higher crude oil prices observed in mid-2008, and increases the esti-
mates for future world oil prices consistent with a view of the markets that crude 
oil prices will stay high and increase even more in the future. 

In the HWOP case, the average nominal oil price is set at $127 per bar-
rel for 2008 and $133 for 2009, with prices increasing continuously but gradually 
from that point, reaching a 2030 nominal price of $266 per barrel ($169 per barrel 
in real 2006 U.S. dollars). Price assumptions for NGLs and GTL products are 
adjusted accordingly. The constraints on GTL capacity additions are the same 
in the HWOP case as in the reference case. The second sensitivity, from here on 
referred to as the HWOP_LGTL case, modifies the HWOP case by restricting 
GTL capacity builds after 2015 to only those builds the model chose to make in 
the reference case.1 

4. RESULTS

4.1 Overview/Global Perspective

The reference scenario describes a world where natural gas consumption 
and production increase significantly through 2030 with most of the growth in 
consumption occurring in the developing economies and the growth in production 
dominated by a few exporting regions that have significant natural gas resources. 
As shown in Figure 3, over two thirds of the increase in global consumption of 
natural gas occurs among emerging economies outside of the Organization for 
Economic Cooperation and Development (non-OECD): Asia, the Middle East, 
Africa, and Latin America. Moreover, nearly three-quarters of the growth in natu-

1.  The LGTL case did allow for increased builds prior to 2015 for three regions reflecting current 
project plans.
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ral gas production occurs in the non-OECD Europe and Eurasia, the Middle East, 
and Latin American producing regions.

The majority of additional production from Russia and non-OECD Eu-
rope and Eurasia is transported to consuming regions through pipelines. Some of 
the additional gas production in the Middle East is transported to market through 
pipelines, but a larger share of natural gas from the Middle East and Northern 
Latin American producers is transported in the form of LNG. Annual LNG ship-
ments are expected to increase from 8 exajoules (EJ) in 2007 to over 10 EJ by 
2015 in the reference scenario and stay relatively constant through 2030. The 
reference scenario has limited exports of natural gas from Saudi Arabia, due pri-
marily to the country’s strategy of using natural gas for domestic electric power 
and industrial uses.

4.1.1 Demand

In the reference scenario, total consumption of natural gas, excluding 
reinjected gas, increases from 128 EJ in 2010 to close to 165 EJ by 2030, as shown 
in Figure 4. Nearly two thirds of the growth in consumption is in the industrial and 
power generation sectors. The percentage growth is greatest in the GTL sector, 
which accounts for 17 percent of the growth in total gas consumption. The trans-
portation sector has the next highest percentage growth, but the share of global 
consumption in 2030 is expected to be low due to assumptions that the transport 
fleet will not change dramatically by 2030.

Figure 3. Regional Consumption and Production of Natural Gas for the 
Reference Case

The consumption includes processing losses, own use, pipeline fuel use, and storage fuel use.  The 
production excludes gas reinjected for pressure maintenance.
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Higher world oil prices in the two alternative scenarios make GTL con-
version more attractive and the use of natural gas for GTL conversion increases 
significantly unless constrained, driving up the price of natural gas in the produc-
ing regions and in many consuming regions. This actually results in non-GTL 
natural gas demand declining in many regions versus the reference case despite 
the much higher crude oil prices. The largest reduction in gas consumption is in 
the power generation sector. Figure 5 shows global natural gas consumption by 
sector in the reference scenario and the two higher world oil price scenarios. The 
consumption projections for all three of the scenarios can be found in Barden et. 
al., Table TA-7.

Figure 4. Global Natural Gas Consumption by Sector for the Reference 
Scenario 

Figure 5. Natural Gas Consumption by Scenario and Sector 
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In the HWOP_LGTL scenario, where GTL capacity expansion is limited 
to the capacity expansion in the INGM reference scenario, the natural gas con-
sumption increases in all end-use sectors, but with gas use in some sectors rising 
more than in others. The largest impact on natural gas consumption is found in the 
“Industrial Feedstock” and “Other Industrial” sectors.2 This is because, excluding 
the transportation sector, these sectors account for the greatest use of liquid fuels 
and have the greatest potential for natural gas to displace petroleum liquids. 

4.1.2 Production by Sector

In the reference scenario, the increase in global natural gas production 
comes from both conventional off-shore and tight/shale gas production (see Figure 
6). Conventional natural gas production increases from under 130 EJ in 2008 to 
over 150 EJ by 2030. However due to reporting of current reserves, some uncon-
ventional production is included in conventional production in the model.3 Hence, 
the reported production from the model would tend to underestimate current un-
conventional production and overestimate the percentage increase over time.

The increase in tight/shale natural gas production in the INGM reference 
scenario occurs globally, as shown in Figure 7, and helps limit the growth in im-
ports of natural gas and LNG for OECD North America and OECD Europe.

In the high crude oil price scenarios, the higher crude oil prices not only 

2. The industrial sector end-use consumption is disaggregated into industrial co-generation, 
industrial feedstocks, and other industrial. Natural gas uses in processing, transport (LNG and pipeline) 
and for GTL conversion are all modeled separately.

3. Current estimates of reserves do not differentiate between conventional and unconventional 
forms of natural gas but EIA estimates that 8 TCF of 2006 production in the U.S. is from unconventional 
sources (EIA, 2008). Unconventional natural gas production is currently more limited outside of North 
America

Figure 6. Reference Scenario Global Production by Sector
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increase demand for natural gas but also increase the value of the NGLs in the nat-
ural gas from conventional onshore and offshore resources4, resulting in increases 
in production in all the regions as shown in Figure 8. United States and Canadian 
natural gas production increases in both of the high world oil price scenarios, 
despite small decreases in natural gas prices in those regions.

In both of the high world oil price scenarios, the Middle East represents 
30% or more of the increase in production in 2030 relative to the reference sce-
nario and the non-OECD Europe and Eurasia represents over 24% of the increase. 
This is consistent with significant increases in natural gas prices in the producing 
nodes in those regions, especially in the HWOP scenario. Production increases 

4.  Tight gas and coal bed methane are modeled with no NGL production.

Figure 7. Reference Scenario Regional Production of Tight/Shale Gas

Figure 8. Regional Natural Gas Production

Production is net reinjected natural gas
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significantly in OECD-North America due in large part to the higher value re-
ceived for NGLs.  

4.1.3 Equilibrium/Prices

Comparing the HWOP_LGTL case with the reference case we see the 
complicated relationship between oil prices and gas markets, where higher oil 
prices can lead to either higher or lower natural gas prices depending on the 
node and the supply/demand situation for the node. In North America, for in-
stance, prices decline reflecting the fact that most of the incremental supply in the 
HWOP_LGTL scenario is from domestic production and the value of the wet gas 
is greater due to the higher prices of the NGLs. In Russia, in contrast, the price 
impacts are mixed. The prices in the Russia-Sakhalin and Russia-East regions rise 
due to increases in domestic natural gas demand and increases in exports to China. 
The prices in other nodes in Russia decline considerably, reflecting the increased 
value of the NGLs and the limited domestic and export markets for the additional 
natural gas production. The prices in Qatar increase due to growing GTL capacity 
prior to 2016, but prices in the rest of the Middle East decline due to the NGL ef-
fect on supply. Prices in Japan and other parts of Asia increase because of higher 
LNG prices.

The full impact of the HWOP scenario, where GTL expansion is not 
constrained, is different than in the HWOP_LGTL scenario. The ability to convert 
the natural gas and sell the GTLs at much higher prices results in increased natural 
gas prices at most of the nodes, with significant increases in exporting regions. 
In Qatar and Russia-Sakhalin, the increase in the average natural gas price from 
2015 to 2030 is over $5.00 per gigajoule (GJ). Other producing regions in the 
Middle East, Russia, and the other nations of non-OECD Europe and Eurasia do 
not increase as much since, even with the GTL expansions allowed, the capacity 
additions are still constrained.

The impact of the high world crude oil prices on consuming regions var-
ies as shown in Figure 9 and in Barden et. al., Table TA-8. In the U.S. and Canada, 
the NGL effect is greater than the effect of the crude oil prices on demand, and 
the domestic production increases result in slightly lower natural gas prices. In 
Europe and Asia, the prices tend to be higher relative to the reference scenario, 
by anywhere from $0.40/GJ to $1.00/GJ, since they import a larger share of their 
natural gas, and the prices in these regions are responding to increases in natural 
gas demand, including gas use for GTL production.

4.1.4 Liquefied Natural Gas

Globally, high oil prices lead to more GTLs and less LNG in the market 
as consumption of natural gas for GTLs increases in those nodes where it can, 
including most LNG exporting nodes. Production increases in the LNG exporting 
regions cannot keep up with the increases in consumption of natural gas for GTLs 
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and, in response, LNG production in the high oil price cases falls below that of 
the reference case, as shown in Figure 10. LNG exports still grow over the model 
period in all scenarios, but growth is strongest in the reference scenario. 

In the HWOP_LGTL scenario, total LNG production is only slightly 
reduced from the reference case. Domestic production increases are sometimes 
more than adequate to meet increased natural gas demand in this scenario without 
significant or, in some cases, any increase in imported LNG. An example is the 
decline of natural gas prices in North America where increases in gas production 
are spurred more by the value of the associated liquids than by increased gas de-
mand. In the HWOP_LGTL scenario, the average global LNG price varies little 
from that in the reference case throughout the model projection period, as shown 
in Figure 11. As can also be seen in Figure 11, this is not the case when GTL ca-
pacity additions are not constrained (i.e., the HWOP scenario).

Figure 9. Nodal Natural Gas Prices in 2030

Figure 10. Cumulative LNG Production
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In the HWOP scenario, where GTL expansion is allowed, the effect on 
the LNG markets is more substantial. In some LNG exporting nodes, the new 
GTL facilities act as a demand shock every three years, temporarily increasing 
prices and depressing other demand for natural gas, as well as LNG production.5 
As new GTL capacity comes online, immediate declines in LNG production are 
seen. However, LNG production generally increases in the succeeding two years, 
partially recovering before the next GTL capacity addition. In later years (after 
2025), natural gas production is better able to keep up with the GTL capacity 
additions, and as new GTL facilities come online, the initial decline in LNG pro-
duction is lower than in earlier years (2016 to 2025). This pattern is evident in the 
Africa West node, as shown in Figure 12. The cumulative effects of successive 
declines in LNG production, followed by only partial recovery after each GTL 
capacity addition, add up to a significant loss of LNG from some nodes compared 
to the reference scenario. 

In the HWOP scenario, LNG production increases in some nodes, even 
as it decreases in others, limiting the total decline in LNG production versus the 
reference case. As natural gas prices in the LNG exporting nodes rise above those 
in the reference case in response to increased GTL production, LNG prices rise 
too. The Chinese consuming region (nodes China-Northeast and China-South) 
provides the best illustration of the variations that occur in the LNG market across 
the different scenarios. While in many of the nodes, natural gas prices respond 
little to the increase in oil prices unless GTLs are allowed to increase, in the con-
suming areas of China, the three scenarios each yield a distinct natural gas price 
path, see Figure 13. 

5.  The pattern of three year shocks is based on the scenario assumptions which include constraints 
on GTL builds where 0.37 PJ/day capacity can be built every three years.

Figure 11.  Global Average LNG Price
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Natural gas prices in both of the high oil price cases disconnect from 
the reference case after 2009, first reflecting increased prices on LNG and then 
as Chinese production increases reflecting the increased value of the NGLs. After 
2015, the natural gas prices in the two high oil price scenarios begin to diverge, as 
the increased GTL production in the HWOP scenario leads to higher global LNG 
prices than in the HWOP_LGTL scenario where GTL expansion is constrained. 
Additionally, beyond 2015, natural gas prices in the consuming areas of China 
are still higher than prices in the reference case. High oil prices, even without 
the effect of increased GTL production, generally cause LNG demand to rise in 

Figure 12.   LNG and GTL Production in Africa West in the HWOP 
Scenario

Figure 13. Average Natural Gas Prices in China’s Consuming Areas
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Asia, where many countries are unable to increase production to meet increased 
demand. Also, as previously mentioned, global LNG production in the HWOP_
LGTL scenario is slightly reduced, increasing the net demand for natural gas and 
hence its price. In response, LNG and natural gas prices in China rise above those 
in the reference scenario.

5. CONCLUSIONS AND FURTHER WORK

The model provides reasonable responses to high oil price scenarios, 
although some results were unexpected. With higher oil prices, natural gas de-
mand rises as consumers switch from oil to natural gas whenever possible. If GTL 
capacity can expand significantly in response to high oil prices, then natural gas 
prices will rise more than if there are limits on GTL expansion. Also, the increased 
gas consumption for GTL use and the higher natural gas prices reduce demand in 
other sectors, especially the power generation sector, where less expensive alter-
natives to natural gas are available. The most unexpected result from the model 
was that natural gas prices fall in some regions in response to higher oil prices. 
This is, however, reasonably explained because natural gas production increases 
in these regions are driven more by the high value of the associated natural gas 
liquids than by increased demands. 

The results presented here are part of testing the INGM model and do not 
represent the opinions or projections of the EIA. Further model enhancements are 
planned, including the capability to implement carbon tax scenarios to assess the 
impact of potential global greenhouse gas legislation on world natural gas mar-
kets. In the future, the model is to be used for world natural gas supply projections 
for the International Energy Outlook and to support LNG supply projections for 
the Annual Energy Outlook, both published annually by the EIA.

REFERENCES

Barden, Justine, William Pepper and Vineet Aggarwal, “Key Assumptions and Results: Appendix 
Worksheets for INGM Model,” Energy Modeling Forum Working Paper WP 23.3, Stanford Univer-
sity, 2008, available at http://emf.stanford.edu/publications

EIA, 2008, Energy Information Administration (EIA), International Energy Outlook (2008). DOE/
EIA-0484(2008) (Washington, DC, June 2008), See http://www.eia.doe.gov/oiaf/ieo/index.html. 

USGS (2005a). USGS National Assessment of Oil and Gas Resources Update (November 2005), 
“Conventional Oil and Gas Resources”. See http://energy.cr.usgs.gov/oilgas/noga/index.htm.

USGS (2000). United States Geological Survey, World Petroleum Assessment, 2000. See http://pubs.
usgs.gov/dds/dds-060/assmap.html

Mineral Management Services (2006). “Undiscovered Economically Recoverable Resources, Assess-
ment of Undiscovered Technically Recoverable Oil and Gas Resources of the Nation’s Outer Con-
tinental Shelf’

Hogan, William W. (2002). Energy Modeling for Policy Studies, Operations Research, Vol. 50, No. 1, 
50th Anniversary Issue. (Jan.-Feb.), pp. 89-95.

Holditch, Stephen A. (2006). ‘Tight Gas Sands’, Journal of Petroleum Technology, June 2006.
Kawata and Fujita (2001). “Some Predictions of Possible Unconventional Hydrocarbons Availability 

Until 2100,” Society of Petroleum Engineers, SPE Paper 68755, 2001.



The Impact of High Oil Prices  /  71

Rogner, H.H. (1997). “An Assessment of World Hydrocarbon Resources,” Annual Review of Energy 
and Environment, vol. 22, pp. 217-262.

UNEP (2002). World Energy Assessment: Energy and the Challenge of Sustainability, “Chapter 5. 
Energy Resources”, See http://stone.undp.org/undpweb/seed/wea/pdfs/chapter5.pdf

USGS (2005b). USGS National Assessment of Oil and Gas Resources Update (November 2005), 
“Continuous Oil and Gas Resources, inclusive of Coal-bed gas resources”. See http://energy.cr.usgs.
gov/oilgas/noga/index.htm.



72  /  The Energy Journal



73

Potential Futures for Russian Natural Gas Exports

Peter R. Hartley* and Kenneth B. Medlock III**

Russia is a dominant supplier of natural gas, especially to Europe, and 
has the resources to become even more dominant in the future. Nevertheless, we 
show that Russia’s ability to influence the world natural gas market is limited in 
the longer term by competition from alternative suppliers.

1. INTRODUCTION

According to the U.S. Energy Information Administration (EIA), Russia 
is the largest natural gas supplier, with dry gas production in 2006 of 23.2 trillion 
cubic feet (tcf) representing over 20% of global output. Russia could also sig-
nificantly expand production. The Oil and Gas Journal (OGJ) reported Russian 
proved natural gas reserves of 1,680 tcf in 2007, and the United States Geologic 
Survey (USGS) reports a mean estimate of undiscovered, technically recoverable 
natural gas resources of 1,168 tcf and an additional 358 tcf of potential reserve 
growth in existing fields, yielding a total of more than 3,200 tcf of recoverable 
natural gas resource.

In 2006, Russian exports, primarily to Europe, equaled 7.8 tcf. Europe as 
a whole now relies on Russia for about one-quarter of its natural gas supply with 
the reliance of some countries even higher. For example, Russia supplies over 
one-third of Germany’s requirements, and East European and Baltic countries, 
which were closely integrated with Russia in the Communist era, are even more 
dependent.

Gazprom produces more than 80% of Russia’s natural gas and controls 
access to Russia’s domestic natural gas pipeline system. While renegotiating ex-
port prices to Ukraine in the winter of 2006, when demand in both Ukraine and 
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Western Europe was high, Gazprom temporarily reduced supply to Ukraine.1 
While the principal motivation may have been a desire to raise Ukrainian prices 
closer to European netback parity, the move was widely interpreted as an attempt 
to interfere in Ukrainian politics. In addition, the event substantially raised energy 
security concerns among European consumers.

Concern is also mounting over Russia’s ability to meet its future contrac-
tual commitments. Although Russian natural gas production was about 10 per-
cent below 1992 levels by 1997, it was above 1992 levels by 2005. Nevertheless, 
strong growth in domestic demand and exports has required Russia to increase its 
imports of gas from Caspian states. This, however, may not be sustainable, and 
prompted the Ministry of Industry and Energy to state in October 2006 that Russia 
could face a natural gas shortage as early as 2010.

Growth in domestic production requires new investments, but Gazprom 
is restricted in its ability to use external capital. In addition, Gazprom has diffi-
culty generating internal investment funds since more than 70% of its production 
is sold domestically at highly subsidized prices (currently approximately $0.80 
per thousand cubic feet (mcf) according to EIA (2008)).

In late 2006, the Russian government proposed a gradual increase in 
natural gas prices to market-based levels and in May 2008, the government ap-
proved tariff increases of up to 28.6% in 2008, followed by 19.9% in 2009, 28% 
in 2010, and 40% in 2011. Fearing the inflationary consequences, the government 
has stopped short of the original goal of complete liberalization by 2011, at least 
for the industrial sector. 

Even with price increases, gas production may not be sufficient to satisfy 
demand in the short-term. In addition, a commitment to raise future prices may 
perversely discourage production in the near term. To the extent that Gazprom 
can sell less natural gas domestically at current low prices (for example, through 
quantity rationing or by ceding market share), it will have more gas to sell at fu-
ture higher prices.

Russian natural gas production in 2006 was 2.4 percent above 2005 out-
put, but Gazprom’s share declined from 85.9% to 83.9%. Novatek, Lukoil, and 
Rosneft collectively had total production capacity of about 6.4 tcf per year in 
2006, or about one-third of Gazprom’s output. The production share of indepen-
dent producers is expected to increase in coming years as the Ministry of Industry 
and Energy has stated that Russian independent producers are expected to sup-
ply more than half of the country’s industrial needs by 2015 (Blagov (2007)). 
However, growth of output from these independents may require investments in 
pipeline capacity, and, perhaps more importantly, full access to Gazprom’s exist-
ing pipeline infrastructure.2

1. The incident is being repeated in January 2009.
2. Access is vital to expanded use of associated gas, rather than simply flaring it, and both former 

President Vladimir Putin and current President Dmitry Medvedev have publicly demanded that 
Gazprom facilitate third party access.



Potential Futures for Russian Natural Gas Exports  /  75

Over half of Gazprom’s production comes from mature fields in West Si-
beria that are declining at an average rate of 0.7 tcf per year according to a recent 
International Energy Agency report (IEA (2006)). Gazprom therefore needs to 
develop new fields. According to Glazov (2007), total domestic production must 
increase substantially by 2030 to meet projected domestic demand and contracted 
exports. This will have to come from a combination of Gazprom’s own produc-
tion, the production of independents, and imports from Caspian states. 

In 2005, Gazprom entered a joint venture to construct the offshore pipe-
line Nordstream to transport gas through the Baltic Sea from Russia to Germany.3 
Gas supply is projected to come from the Yuzhno-Russkoye oil and gas reserve in 
the Yamal Peninsula, and the Ob-Taz bay and Shtokmanovskoye fields.4 In 2007, 
Gazprom also announced plans to develop two other fields in the Yamal penin-
sula to supply existing pipelines through Ukraine and Belarus and financed partly 
by projected revenues from the price increases to those countries. Finally, Gaz-
prom has also announced plans to upgrade production and transmission systems 
in Eastern Siberia with a goal of exporting to China (Gazprom (2008)). Despite 
these announcements, the projects are not much beyond the planning stage and, 
therefore, the future of Russian gas exports remains uncertain.

In this paper, we use the Rice World Gas Trade Model (RWGTM) to 
compare the behavior of the world natural gas market in a Reference Case with 
corresponding outcomes under three scenarios for disruptions to Russian produc-
tion and exports:
Scenario 1: Yamal peninsula and Kara Sea resources remain undeveloped
Scenario 2: Russian exports are severely, but only temporarily, reduced in 2010, 

perhaps for political reasons
Scenario 3: Asian pipeline infrastructure from Russia remains undeveloped

2. THE RICE WORLD GAS TRADE MODEL

The RWGTM is a dynamic spatial equilibrium model of the world natu-
ral gas market grounded in geologic data and economic theory (see Hartley and 
Medlock (2006) for more detail).5 The RWGTM proves and develops reserves 
from existing fields and undiscovered deposits, constructs pipelines and LNG de-
livery infrastructure, and calculates prices to equate demands and supplies while 
maximizing the present value of producer rents within a competitive framework.

The resource data underlying the model is based on the USGS World 
Resource Assessment 2000 and data for existing reserves from the OGJ database. 
Capital and operating costs for resource development were derived using data 
from the National Petroleum Council (NPC (2003)). The costs of constructing 

3. Gazprom’s partners in the project are BASF/Wintershall, E.ON Ruhrgas and N.V. Nederlandse 
Gasunie.

4.  See http://www.nord-stream.com/en/ for more detail.
5. The model is constructed using the MarketBuilder software from Altos Management Partners. 

For the sake of brevity, we limit our discussion herein of the technical aspects of the model.
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new pipelines and LNG facilities were estimated using data for past projects avail-
able from the EIA, IEA and various industry reports.

Demand for natural gas varies exogenously with economic development, 
population growth and the price of competing fuels, and responds endogenously 
to the equilibrium price of natural gas. Data used in estimating the demand rela-
tionship were obtained from the EIA, the IEA, the World Bank, the United Na-
tions, and the Organization of Economic Cooperation and Development.

The model has over 290 demand and 180 supply regions. Regional de-
tail varies based on data availability and a country’s size and likely influence 
on the global natural gas market. For example, large consuming and producing 
countries, such as China, the U.S., India, Russia, and Japan have extensive sub-
regional detail.6

Model output includes regional natural gas prices, pipeline and LNG 
capacity additions and flows, growth in natural gas reserves from existing fields 
and undiscovered deposits, and regional production and demand.

3. REFERENCE CASE

The Reference Case supply projections in Figure 1 indicate Russia will 
remain the largest single producer throughout the model time horizon.7 It remains 
the largest single supplier of natural gas to the European market, primarily by 
pipeline, but it does see a slightly diminished market share as LNG and other 
pipeline supplies compete into Europe. European consumers have supported the 
proposed Nabucco pipeline, carrying natural gas from the Caspian states to Eu-
rope via Turkey, as a way of lessening dependence on Russia. The Reference Case 
implies, however, that Turkey only becomes a significant corridor for natural gas 
imports to Europe once Iraqi supplies are developed.8 The “East of the Caspian” 
group of countries (Kazakhstan, Turkmenistan and Uzbekistan) export gas pri-
marily through Russia. Moreover, exports to western China via Kazakhstan do not 
appear economic, although the option is allowed in the model. 

 Figure 2 focuses on the Russian exports by source and destination. The 
figure indicates that most growth in Russian exports originates from Eastern Rus-
sia and is destined for Northeast Asia. Eastern Siberian natural gas begins flowing 
into Northern China at the beginning of the next decade and eventually flows into 
the Korean peninsula as pipeline capacity is developed. Incremental production in 
the west comes primarily from supply developments in the Yamal Peninsula, Kara 
Sea, and Barents Sea, and serves to replace declining production in the mature 
fields in West Siberia, the Russian Caspian, Volga Urals and Black Sea. 

6.  More information is available upon request.
7. The figures generally present the data in regional aggregates in order to clearly discern trends.
8.  The cases all assume that political turmoil in Iraq prevents development there until 2015.
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Figure 1. Reference Case Supply

Figure 2. Russian Exports by Origin (Basin Aggregates)
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Again referencing Figure 1, we see strong supply growth in the Middle 
East, with its share of world production projected to rise from about 12% to more 
than 18% by 2025 and more than 24% by 2035. The largest Middle East exporters 
are Qatar, the United Arab Emirates (UAE), Iran, and eventually Iraq. Although 
Figure 1 shows very strong supply growth in Iran, demand growth also is strong 
in part because Iran uses natural gas to assist with oil production thus mitigating 
Iran’s ability to export natural gas. Nevertheless, Iranian natural gas is eventually 
exported as LNG from the mid 2020s, and longer term export growth comes largely 
via the development of a pipeline to Pakistan and India beginning in 2025. Flows 
from northern Iran to Azerbaijan, Armenia and Turkey are also expanded, but are 
highly dependent on developments in Turkmenistan. Iraq eventually becomes the 
dominant source of exports by pipeline from the Middle East, exporting natural 
gas produced in the northern and western provinces to Europe through Turkey.

Figure 3, summarizes LNG exports. Russian production in the Sakhalin 
region is exported as LNG, but also is eventually exported via pipeline to Japan, 
Northeast China and the Korean peninsula. In the Atlantic Basin, Barents Sea 
production eventually facilitates LNG exports beginning in the mid-2030s, but the 
majority of the gas produced in the region is exported via the Nordstream pipeline 
to Germany. Once Russia is supplying both the Atlantic and Pacific basins, it plays 
a key role in global price arbitrage since the netback price from sending supplies 
in any direction must be the same. Although the producing basins are not directly 
interconnected, they have common points of downstream reference, especially 
once a pipeline connecting east and west is constructed in the early 2030s.

Figure 3 also shows that overall growth in LNG supply is strongest from 
Australia and the Middle East, with the latter projected to supply from 25–30% 
of LNG shipments beyond 2035. Since the Middle East has better access to the 
sea than Russia, Turkmenistan or Kazakhstan, but is at a relative disadvantage for 
supplying exports via pipeline, until Iraqi production grows dramatically from 
2025, most Middle East exports are in the form of LNG. Qatar is the largest ex-
porter of LNG from the Middle East until the late 2030s. Qatar is the beneficiary 
of first-mover advantage, largely due to its vast reserves and openness to Western 
interest, and thus is an early leader in the export of LNG. Other resource-rich 
countries must delay entry until prices increase enough to justify the substantial 
fixed costs of incremental infrastructure. Early entry would drive down prices 
and lead to inadequate returns on investment. Roughly half of Middle East LNG 
production is projected to flow into the Atlantic Basin. 

Figure 4 illustrates the Reference Case demand projections. The tradi-
tional markets of North America, Europe and the FSU are the largest consum-
ing regions. The fastest growing region, however, is Asia, where demand growth 
exceeds 6% per year through 2020. Hence, global gas flows shift toward Asia 
over time. Figure 5, which summarizes global LNG imports, shows Chinese LNG 
imports growing substantially through 2030, commensurate with its rapid demand 
growth relative to its indigenous supply. In fact, LNG imports grow such that the 
market share plateaus at about 30% of the Chinese gas market around 2020, thus 



Potential Futures for Russian Natural Gas Exports  /  79

indicating the importance of LNG for incremental demand growth over the next 
decade or so.

Figure 3. Reference Case LNG Exports

Figure 4. Reference Case Demand
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As demand growth in North America, Europe and Asia outstrips domes-
tic supply, LNG imports into these regions generally see substantial growth. The 
availability of unconventional gas supplies, in particular shale gas, in the United 
States delays substantial growth in imports until after 2025.9 Thus, the utilization 
rate of capacity that is either existing or under construction will remain low for a 
while. Beyond 2025, imports into the U.S. Lower 48 begin to grow. In addition, 
a substantial amount of LNG imported into Mexico and Canada is redirected to 
serve demand in the U.S.

In Europe, strong demand growth and dwindling domestic supply stimu-
lates imports from many sources. Europe imports gas by pipeline from Africa, the 
Middle East, and Russia and also as LNG from North and West Africa, the Middle 
East, South America, and eventually, the Russian Arctic. 

Figure 6 summarizes overall trade in natural gas, showing the rapid 
growth in exports by the Middle East and imports by Western Europe, Northeast 
Asia and, after 2025, North America. Russian exports are projected to decline 
from 2008, with a modest recovery beginning in the early 2010s and continuing 
until 2040 when exports are projected to be just less than twice what they were in 
2008 (see Figure 2). The majority of the growth comes from gas directed to Asia.

Figure 7 presents a few selected price paths from the model. Prices at 
Henry Hub and the National Balancing Point (NBP) are of interest because these 
are liquid points commonly used for contract and derivatives trading. Prices at 
the German-Austrian border are of interest because they are the highest prices 
in Europe, and are often used to evaluate pipeline projects from Russia and the 
Caspian. This particular location represents the balance point in Europe between 
flows from the North Sea, LNG imports, flows from North Africa and flows from 
Russia and other former Soviet Republics. The two prices in Northeast Asia (To-
kyo and Beijing) represent the other major markets served by Russia. The Sydney 
price has been included to indicate how low prices can be in an exporting country 
with high transport costs.

Figure 7 indicates that prices in different locations tend to move closely 
together beyond 2012 as LNG trade eliminates arbitrage opportunities. Prices in 
Japan and China move closely together until the late 2020s while they both rely 
on LNG from similar sources. Beyond that date, Chinese prices rise toward prices 
in Eastern Europe as China becomes more dependent on imports from Russia via 
pipeline. It is important to note here that prices in Southeast China (not pictured) 
do not experience this phenomenon as the region remains more heavily linked to 
LNG. Long run prices at Henry Hub and NBP are closely related after 2010 as 
LNG of similar cost provides marginal supply to each.

9.  Shale assessments were developed from literature from the Association of American Petroleum 
Geologists, the Potential Gas Committee, and the USGS. The assessment of shale that is technically 
recoverable in the U.S. and Canada totals to 324 trillion cubic feet. Development costs are constructed 
using industry data on break-even economics in each of the 27 plays represented. More information is 
available from the authors upon request.
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Figure 5. Reference Case LNG Imports

Figure 6. Reference Case Gas Trades
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4. SCENARIO ANALYSIS

4.1.  Scenario 1: Yamal Peninsula and Kara Sea Resources  
Remain Undeveloped

In this scenario, we prohibit the development of natural gas resources in 
the Yamal peninsula and Kara Sea, thus removing 440 tcf of the estimated 1,168 
tcf of Russia’s technically recoverable natural gas from potential development. 

Figure 8 depicts the changes in supply relative to the Reference Case. 
The decline in overall Russian production becomes more pronounced over time 
and eventually reaches more than 6 tcf per year by 2040. Russian production in 
the Southwest and East rises slightly, but the increased production, especially in 
the Southwest, is not sustained. The East of Caspian countries exhibit a persistent 
positive supply response, but fall short of offsetting declines in Russia. Production 
in Europe and the remaining FSU countries increases in the near term but declines 
slightly beyond the early 2030s.

Figure 8 also shows that a range of other countries exhibit increases in 
supply. The most prominent among these are Iran, Qatar and the rest of the Middle 
East. In some of these cases, however, supply declines in some years, so some 
supply increases can also be regarded as intertemporal shifts in production (these 

Figure 7. Reference Case Selected Prices
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regions or countries have been represented on the figures using darker borders.
Figure 9 focuses on Russian exports. Imports from the East of Caspian 

countries increase relative to the Reference Case. Those supplies fill Russian pipe-
line infrastructure to Europe vacated by reduced Russian production. The slight 
increase in the East is driven by the fact that the lack of Russian supplies tends 
to lift prices in Europe and increase competition for LNG. Thus, as prices rise, 
incremental eastern Russian supplies become more attractive.

The demand changes relative to the Reference Case in Figure 10 are dis-
tributed fairly evenly across the globe as LNG and long distance pipelines trans-
mit price changes to all regions. This has varying impacts across regions dictated 
by factors such as differences in marginal supply and demand elasticities and the 
ability of alternatives to take market share from gas. Nevertheless, the largest de-
clines are in Russia and neighboring regions dependent on Russian exports, such 
as the rest of the FSU, China and Europe.

Figure 11 illustrates the change in prices relative to the Reference Case 
in select locations. The largest price changes are on the German-Austrian border, 
where the supply shortfall from Russia has greatest impact on the locations pre-
sented in the figure. Prices in Beijing also rise substantially beyond 2030 as higher 
priced imported LNG replaces East Siberian natural gas that is now diverted west. 
Similar movements in prices in the remaining locations reflect the fact that they 
are all linked to LNG prices at the margin.

Figure 8. Supply Changes under Scenario 1
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Figure 9. Changes in Russian Exports by Origin under Scenario 1

Figure 10. Demand Changes under Scenario 1
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Figure 11. Selected Price Differences in Scenario 1 

Figure 12. Changes in LNG Exports in Scenario 1 
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Figure 12 indicates the effects of reduced Russian supply on global LNG 
exports. Russian LNG exports are lower beyond 2025 as supplies from the Bar-
ents Sea are diverted to pipeline infrastructure. Iran sees the greatest expansion of 
LNG exports. The decline in LNG exports from Norway may appear anomalous, 
but it accommodates increased pipeline exports to Europe that replace lost Rus-
sian imports.

Reduced pipeline flows from Russia to Europe are offset, to some extent, 
by increased LNG imports to Europe. Figure 13 indicates that LNG imports into 
Western Europe rise collectively by as much as 0.256 tcf per year, or 700 million 
cubic feet per day, which is similar to the capacity of an average-size LNG import 
terminal. 

The large decreases in LNG imports into the U.S. are noteworthy. The 
added competition for LNG supplies tends to raise price everywhere. This tends 
to raise domestic production in North America while lowering demand, thereby 
reducing North American LNG imports.

4.2. Scenario 2: Russian Exports are Severely Reduced in 2010

In this scenario, we consider an abrupt but temporary suspension in 2010 
of roughly one third of the Reference Case Russian natural gas exports to Europe. 
The idea is to simulate a four-month cut-off of Russian supplies to Europe that 
could be prompted by political forces or result from severe physical outages.

The immediate impact is large increases in European prices (by over 
90% at the German-Austrian border and almost 10% in the UK). Price increases 
in the Ukraine would be larger had we not assumed that the Ukrainian government 
would respond to the emergency by imposing non-price rationing equal to 20% of 
the Reference Case Ukrainian demand.

While the resulting price spike generates large rents for Russia in the 
short run, the scenario highlights the longer term risks for Russia. Europe re-
sponds to the short-term disruption by reducing demand and increasing supply 
and imports from elsewhere. While the ability to do so is limited by available 
infrastructure in the short term, the cut-off changes the growth and distribution 
of natural gas demand within Europe for many years to come, reflecting the au-
toregressive nature of demand in the RWGTM. This ultimately reduces Russian 
exports to Europe through 2020. Therefore, Russia sacrifices future revenue for 
short-term gain.

Figure 14 indicates the changes in supply relative to the Reference Case. 
While Russian supply is significantly lower in 2010, so is supply from the East 
of the Caspian countries whose production is captive to Gazprom’s infrastructure. 
Alternative export routes across the Caspian and through Turkey, south through 
Iran, or east to China would allow these countries to escape the effects of Russia’s 
curtailment of exports, but no such options exist in 2010. 

Figure 14 also reveals that the sum of lost Russian production from 2010 
through 2020 is almost as great as the cut-off itself. Beyond 2030 Russian sup-
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Figure 13. Changes in LNG Imports in Scenario 1

Figure 14. Supply Changes under Scenario 2
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plies exceed the Reference Case as they replace declining production elsewhere. 
The East of Caspian countries increase supply beyond the late 2020s. 

The cut-off of Russian supply in 2010 is also offset to some extent by 
increased supplies from Eastern Europe, Ukraine and the U.S., which then persist 
for the next decade. The U.S. is a major source of supply increases in the period up 
to 2020, but production then declines after the late 2020s. A number of countries, 
including Iran and Iraq, exhibit supply responses that are negative in some years 
and positive in others (all indicated by darker borders in the figure), reflecting 
intertemporal shifts in production and export patterns.

The change in supply in the years preceding the shock is the result of 
producers anticipating the shock and beginning to develop supplies accordingly. 
However, given the lead times for development, they do not have enough time to 
fully adjust supplies to counter the Russian disruption. This can be viewed as the 
anticipatory element of rising tensions between Russia and Ukraine or Russia and 
Europe more generally.

As referenced above, since demand responds dynamically to prices, the 
high prices caused by the supply disruption continue to reduce demand below the 
Reference Case for several years. Figure 15 indicates that the response is greatest 
in the Ukraine and other countries in Europe east of the German-Austrian border 
as these are the countries that are most directly affected by the disruption. De-
mand in most other locations increases in some years and declines in others, but 
the overall changes in any one country tend to be small.

Figures 16 and 17 illustrate the changes in LNG exports and imports. To 
begin, it is apparent that the increase in aggregate LNG imports in 2010 exceeds 
the increase in global LNG supply. The primary explanation is that Middle East 
LNG exports destined for the U.S. are diverted to Europe. Slight increases in 
LNG exports from ASEAN and Australia in 2010 also displace some Middle East 
exports to the Far East. The reduction in the average distance of LNG shipments 
reduces the losses from LNG transport.

Australia and Russia (especially after the late 2020s) are prominent 
among countries increasing their supply of LNG. The UAE produces less LNG 
relative to Reference Case beginning in the late 2010s, as do Qatar, Norway and 
South America from the mid 2020s. The reductions in the UAE and Qatar are 
partially compensated by increased production from Iran. The U.S. and Europe 
experience most of the net declines in LNG imports beyond the late 2020s. The 
large increase in Russian exports of LNG in the 2030’s displaces some exports 
from Norway. Increased Russian exports into the Atlantic basin later in the time 
horizon also compensate for the reduced exports from South America.
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Figure 15. Demand Changes under Scenario 2

Figure 16. Changes in LNG Exports in Scenario 2
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4.3  Scenario 3: Asian Pipeline Infrastructure from Russia Remains 
Undeveloped

In this scenario, we prohibit the development of pipelines from Russia to 
Northeast Asia (specifically China, Korea and Japan). Since no such infrastructure 
currently exists, by preventing these greenfield expansions we are able to discern 
the costs of political barriers to developments that the Reference Case results in-
dicate are commercially viable. 

Figure 18 presents the changes in supply relative to the Reference Case, 
and Figure 19 focuses on changes in Russian exports. We see that East Siberian 
resources that are shipped to Northeast Asia in the Reference Case are instead 
eventually redirected west, although higher transport costs to market result in low-
er East Siberian production. The increased flow of East Siberian supplies to the 
west slightly reduces production in West Russia and the East of Caspian countries. 
However, imports from the latter expand beyond 2030. Proposed pipelines from 
the Caspian region to China remain undeveloped even through they are allowed. 
In Figure 18 we also see a slight increase in Chinese domestic supply as a result of 
higher prices. The Middle East – Iran in particular – is once again a major source 
of marginal supply, especially beyond 2025. Qatari output expands in all years, 
but the increases are larger after 2030.

Figure 17. Changes in LNG Imports in Scenario 2
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Figure 18. Changes in Supply under Scenario 3

Figure 19. Changes in Russian trade under Scenario 3
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Figure 20 indicates that the supply shortfall from decreased Eastern Rus-
sian production is met largely by Russia itself as Sakhalin supplies that were ex-
ported as pipeline gas in the Reference Case are instead exported as LNG. Higher 
Asian reliance on LNG also stimulates greater LNG production in Australia up to 
2025, and in Iran and Qatar in all years, with the greatest increases beyond 2025.

Figure 21, which depicts changes in LNG imports relative to the Refer-
ence Case, shows that world LNG imports expand in the aggregate, with China, 
South Korea and Japan taking the majority of the increase. Europe and Turkey 
experience most of the reductions in LNG imports. This shift is facilitated by 
increased pipeline flows from Russia to the West.

Figure 22 reveals that an absence of Northeast Asia pipeline infrastruc-
ture primarily reduces demand in China as it no longer benefits from lower-priced 
Russian pipeline gas. The main beneficiaries are consumers in Russia and its im-
mediate neighbors, which all benefit from lower prices. The increased demand 
in North America is facilitated by lower demand for LNG in Europe as pipeline 
imports from Russia grow.

Figure 23 shows that the largest price increases occur in China. Prices 
actually decline slightly in Central and Eastern Europe and in the Former Soviet 
Union countries as supplies are bottlenecked in Russia forcing prices down and 
shifting supplies westward. 

Figure 20. Changes in LNG Exports in Scenario 3
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Figure 21. Changes in LNG Imports in Scenario 3

Figure 22. Changes in Demand under Scenario 3
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5. CONCLUDING REMARKS

We opened the paper by noting Russia’s dominant status in the world 
natural gas market. It is currently the world’s largest natural gas producer and 
has extraordinary potential for developing new resources. Russia also has a long 
history of exporting natural gas to Western Europe and is well-situated to satisfy 
rapidly expanding demand in Northeast Asia.

However, there is growing unease, especially in Western Europe, that 
Russia may be financially unable or unwilling to meet European demands. The 
recent cut-offs of Russian supply to Ukraine, and similar threats to Belarus in 
order to forcefully renegotiate prices and settle outstanding debt, have heightened 
West European concerns over Russia’s future reliability as a major supplier. Rus-
sia’s seemingly successful strategy in maintaining Central Asian dependence on 
Russian pipelines for transporting exports to European markets has only added to 
Western concerns.

The general implication of our analysis, however, is that Russia may 
have less ability to adversely affect West European gas markets than at first ap-
pears to be the case. In fact, any effort to gain excess rents in the near term will 
likely be offset by significant and sustained losses in the longer term. More gener-
ally, the developing global market for natural gas implies that disturbances in one 
location are spread across the globe. Intertemporal substitution by producers and 
demand response also reduces the effects of shocks in any one period.

Our results also highlight the importance of the Middle East as a possible 
counterweight to Russia. Coordinated action by Russia and the Middle East could 
therefore be a much more significant threat to the energy security of the rest of the 

Figure 23. Selected Price Differences in Scenario 3
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world. In addition, our analysis highlights the common interest that the countries 
of Western Europe, Northeast Asia and North America have in promoting the de-
velopment of an efficient worldwide market for natural gas.
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Representing GASPEC with the World Gas Model

Ruud Egging*, Franziska Holz†, Christian von Hirschhausen†** 
and Steven A. Gabriel***,*

This paper presents results of simulating a more collusive behavior of 
a group of natural gas producing and exporting countries, sometimes called 
GASPEC. We use the World Gas Model, a dynamic, strategic representation 
of world gas production, trade, and consumption between 2005 and 2030. In 
particular, we simulate a closer cooperation of the GASPEC countries when 
exporting pipeline gas and liquefied natural gas; we also run a more drastic 
scenario where GASPEC countries deliberately hold back production. The results 
show that compared to our Base Case, a gas cartel would reduce total supplied 
quantities and induce price increases in gas importing countries up to 22%. 
There is evidence that the natural gas markets in Europe and North America 
would be affected more than other parts of the world. Lastly, the vulnerability of 
gas importers worldwide is further illustrated by the results of a sensitivity case 
in which price levels are up to 87% higher in Europe and North America.

1. INTRODUCTION

The scenario of a cartel of natural gas producers, sometimes called a 
“GASPEC”, is an important issue in international natural gas trade and has oc-
cupied a central role in the Energy Modeling Forum 23 study (EMF 2007). The 
three countries with the biggest natural gas reserves account for more than 50%: 
Russia: 25%, Iran: 16%, and Qatar: 14% (BP, 2008). Dwindling gas reserves in 
worldwide consuming countries contribute to worries over future gas supplies. 
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Although the world’s reserves-to-production ratio is about 60 years, it is much 
lower for North America (10 years) and Europe (24 years). Over the years, many 
countries have become largely dependent on importing gas and due to depletion 
of reserves more countries will rely on imports to cover significant parts of their 
gas consumption. Security of supply has become a concern of import-dependent 
countries, encompassing both infrastructural risks as well as political and eco-
nomic uncertainties (Stern, 2007).

Proving the existence of cartel behavior in real markets is difficult. Sal-
ant (1976) and Pindyck (1978) were among the first to address the market power 
of OPEC in the oil market. Al-Qahtani et al. (2008) provide an extensive literature 
overview of the research related to the role of OPEC in the global oil market. 
To the best of our knowledge there is no model available to-date to adequately 
characterize the effects of cartel behavior in the world gas market. So far, the treat-
ment of a potential gas cartel has been mainly qualitative, with some quantitative 
support from models that were not originally designed for such an analysis. For 
example, Perner and Seliger (2003) introduce cartel behavior “by hand” in an 
otherwise competitive model of international gas trade. They show lower pipeline 
expansion by the cartel members and higher investments by the fringe; LNG ex-
pansion proceeds slower in the Cartel Case, too. Since Perner and Seeliger (2003) 
assume Russia not to be part of the cartel, comparisons should be drawn with care. 
The difficulty of implementing cartel behavior in models of international gas trade 
was also the reason why, despite some discussion, no “Cartel Case” was explicitly 
included in the EMF 23 scenario design (EMF, 2007).

Another important issue for future natural gas trading is the develop-
ment of capacities, both upstream (i.e., in natural gas production, pipelines, and 
LNG liquefaction capacities), and downstream (i.e., regasification terminals, stor-
age, and distribution pipeline systems). Major investments in infrastructure will 
be necessary in the coming decades to transport additional volumes of natural gas 
over increasingly longer distances, requiring several trillions of dollars of invest-
ment (Cayrade, 2004, Finon and Locatelli, 2008 and IEA, 2003). However, so far 
research has not explicitly considered the impact that different market structures 
could have on infrastructure expansions.

In this paper, two important topics in the longer-term future of the natural 
gas industry are explored: the potential collusion between some exporting coun-
tries, and investments in infrastructure. The World Gas Model (WGM), a dynamic 
strategic representation of world gas production, trade, and consumption between 
2005 and 2030 is used for the analysis. WGM is an extension of the European Gas 
Model described in Egging et al. (2008). The main contribution of this paper is: 
i) to illustrate how and where market driven infrastructure expansions will occur 
over the next decades; and ii) how more collusion in the global natural gas market 
could affect capacity expansions, trade-flows, consumption, production and price 
levels in the period up to 2030. 

The organization of this paper is as follows: in Section 2 there is a brief 
discussion of the likelihood of the formation of a cartel by a group of exporting 
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countries. Section 3 illustrates some technical modeling aspects and the main fea-
tures and extensions of the World Gas Model, including mixed complementarity 
problem (MCP) and cartel modeling, as well as an introduction to the endogenized 
investment decisions. Section 4 describes the data and the cases analyzed our 
Base Case and a Cartel Case, for the period 2005-2030. In addition, a scenario is 
run where the production capacities of certain exporting countries are constrained 
exogenously. Section 5 provides a discussion of results and their interpretation. 
Lastly, Section 6 provides conclusions and possible future research directions.

2. FROM GECF TO GASPEC?

The development of the “Gas Exporting Countries Forum” (GECF) has 
spurred concerns about the potential formation of a cartel on the world natural gas 
market. The GECF was formally set up in 2001. Since then, it has developed into 
a formal organization with broadening membership.1 Several GECF countries are 
also OPEC members.

Is there a real danger of the GECF becoming a cartel, with a prominent 
role such as OPEC in the petroleum industry? The literature is divided on this issue, 
and so are industry experts and politicians. On the one hand, it is argued that the 
danger of a cartel is high. Observers point to the fact that OPEC, created in Septem-
ber 1960, also was slow in becoming a serious organization, but became so in the 
wake of the world oil market turmoil in 1973. Recent moves of individual countries 
show a tendency towards collusion in gas as well. Thus, Darbouche (2007) indi-
cates closer Russian-Algerian gas cooperation, based on an extensive Memoran-
dum of Understanding. According to Darbouche (2007), the GECF suffers from a 
weak institutional and organizational structure, but these conditions could change 
with Russia’s recent involvement. Ehrman (2006) shares this view, when describ-
ing various possible structures that a gas cartel could evolve to. She addresses how 
ties among the GECF countries have gradually strengthened and become more for-
mal over the past few years, as well as some actions taken by the member countries 
to enhance information exchange and natural gas market analysis.

On the other hand, one might argue that parallels between GECF and 
OPEC are artificial, and that the gas markets are less subject to market power than 
the world oil markets. It is argued that the long-term contracts in the gas business 
would make short-term oligopolistic behavior unrealistic. Also, the interests of 
the GEFC members, ranging from Iran to Norway (as observer) might be too di-
verse to pursue joint action (Hallouche, 2006). Finon and Locatelli (2008) analyze 
several possible forms of collusion, focusing on Russia. They conclude that in the 
short-term the chance of a successful cartel with just a few members is low since 

1. In 2008, the GECF comprised Algeria, Bolivia, Brunei, Egypt, Equatorial Guinea (observer), 
Indonesia, Islamic Republic of Iran, Libya, Malaysia, Nigeria, Norway (observer), Qatar, Russian 
Federation, Trinidad & Tobago, United Arab Emirates and Venezuela. At the end of 2008, the members 
of the GECF established and formalized a collaborating structure to cooordinate their investments and 
supply strategies.
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the barriers to entry in the European market are rather low for Gazprom’s main 
competitors. In particular, the North Sea production is a competitive force that 
may counter-balance the Russian position in the next 20 years. Last but not least, 
it can be argued that the oil price indexation of many traditional gas contracts 
already emulates cartel (OPEC) behavior. See also Wagbara (2007) on different 
interpretations of the GECF.

3. MODELING ASPECTS

3.1  An Equilibrium Model of Natural Gas Markets: the World Gas Model

The World Gas Model (WGM) is a multi-period mixed complementar-
ity model for the global natural gas market, allowing for capacity investments in 
the liquefied natural gas (LNG), pipeline and storage sectors. The model contains 
more than 80 countries and regions and covers about 98% of world wide gas pro-
duction and consumption. It is an equilibrium model that includes game-theoretic 
elements by allowing for Nash-Cournot market power of individual producers 
(via their dedicated trading arms) as well as for collusion among groups of natural 
gas suppliers.

For each market covered, three seasons are modeled (low, peak, high 
demand) with the market participants including producers and their marketing 
and trading arms (traders), pipeline operators2 and storage operators, LNG lique-
fiers, regasifiers, tankers (implicitly), marketers (implicitly), and consumers in 
three sectors (residential/commercial, industrial, and power generation) via their 
aggregate inverse demand functions. These players, except for LNG tankers, 
marketers and consumers, are modeled via convex optimization problems whose 
necessary and sufficient Karush-Kuhn-Tucker (KKT) optimality conditions when 
combined with market-clearing conditions comprise a market equilibrium formu-
lation (Gabriel et al., 2005ab; Egging and Gabriel, 2006; Egging et al., 2008). The 
optimization problems of the players are typically profit maximization objectives 
subject to operational/engineering constraints, with all players except for the trad-
ers and the regasifiers being price-takers in the production, transportation, and 
storage markets. By contrast, the traders and regasifiers are allowed to behave 
strategically in multiple countries and can withhold gas to downstream customers 
to maximize their profits.

The producer sells gas directly to its dedicated pipeline trading arm (trad-
er) as well as to the LNG liquefier. The trader then sells to the storage operator 
and the marketer, the latter being the interface with the three consumption sectors 
(residential/commercial, industrial, power generation). Each trader can be active 
in different countries, namely all those countries that he can reached by pipeline. 
The liquefier sells to a regasifier at an LNG import terminal. The regasifier in turn 

2. For technical reasons, the functions have been split into two transportation players: one for 
operations and one for investment decisions.
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sells to the storage operator and the marketer. The storage operator, finally, sells 
to the marketer taking advantage of seasonal arbitrage by buying gas in the low 
demand season and selling it to the marketer in the high and peak seasons.

Modeling traders as separate participants increases model transparency 
by clearly splitting production and export activities. Examples of traders in this 
sense in today’s natural gas marketplace include Gazexport for Gazprom (Russia) 
and GasTerra for NAM (Nederlandse Aardolie Maatschappij, Netherlands).

3.2  Mixed Complementarity Problems and Investments

To compute market equilibria often the mixed complementarity problem 
(MCP) formulation is used (Facchinei and Pang, 2003). Each of the players (e.g., 
producers) is represented by a profit maximization problem subject to engineer-
ing or operational constraints. If players act non-cooperatively à la Nash-Cournot, 
then they need to take into account the actions of their competitors in this profit 
maximization. Taking together all the Karush-Kuhn-Tucker (KKT) optimality 
conditions for the players, combined with appropriate market-clearing conditions, 
then gives rise to a MCP.

Typically, MCPs for computing market equilibria do not include invest-
ments as decision variables. There are at least two reasons for this. First, invest-
ments are usually discrete choices corresponding for example to build/not build 
decisions or integer levels of the investment. If the integrality restrictions are 
taken into account at the same time as the MCP, the resulting problem is difficult 
to solve and in some cases there may not be a solution. Several examples that 
do combine these two aspects of market equilibria include the work of García-
Bertrand et al. (2005, 2006) and Gabriel et al. (2006) in which electric power 
markets are modeled with the ability to keep/reject certain generators based on 
market conditions.

A second reason that investments are not always combined with MCPs is 
that there is a sequential aspect that must be considered. Typically, the investment 
decisions are made first, for example corresponding to long-term planning. Then, 
the market is considered with a fixed set of investments or network. This usually 
leads to a two-level problem which can be computationally more challenging than 
a MCP. In practice, researchers often either fixed the level of investments exog-
enously or take a continuous relaxation of the integer restrictions but mostly in the 
context of solving an optimization problem and not a MCP. In this paper we have 
adopted the latter relaxation approach since combining investments with MCPs is 
already a challenging strategy. Lise et al. (2008) adopt a similar approach but with 
less detail for the market players. 

The following illustrates how the investment decisions have been imple-
mented in the MCP framework. Consider an economic agent in a simplified multi-
period setting. The agent has perfect foresight and must decide on his sales SALESy 
and capacity expansions Δy in each year y. The selling price πy is exogenous to the 
agent, and his costs are given by a convex function: cy(SALES). The initial capac-
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for future cash flows. The mathematical formulation for this simplified problem is 
as follows (symbols in parentheses are dual prices):
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3.3 Representation of Market Power in WGM

In the present configuration of the World Gas Model, the market power 
lies with the pipeline trading arm of the producer (trader) and with the last ele-
ment of the LNG value chain, the regasifier. This differs from the version of the 
World/European Gas Model in Egging et al. (2008) where only the traders exerted 
market power due to the focus on the European pipeline market. Both types of 
players, traders and regasifiers, are chosen for modeling reasons because they are 
the agents that face the final demand function emanating from the market (market-
ers). Facing the final demand allows them to manipulate it (that is, to take it into 
account in their profit optimization program) in case they exert market power. In 
modeling terms, there is a one-stage market game which can be expressed as a 
mixed complementarity problem (MCP). Figure 1 shows the possible routing of 
natural gas flows in the market game, via the pipeline trader or the LNG chain.

The standard definition of a cartel is that several producers jointly maxi-
mize their profits, that is, they maximize a single profit function given their indi-
vidual cost functions. Given the current structure of our model, and the fact that 
a full-fledged cartel is unlikely to emerge soon, we model a close cooperation 
(or: collusion) between the members of the GECF, deploying the following ap-
proach: 

via one single cartel trader for all cartel member producers (as opposed to one 
dedicated trader for each producer);

cartel members by selling LNG via one single cartel regasifier in each importing 
country;

exert no market power.
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It should be noted that this is only an approximation of a standard cartel 
with one single monopolistic supplier as cartel supplies are split into pipeline and 
LNG supplies.3 

4. DATA AND CASE DESCRIPTION

4.1  Base Case – Data and Calibration

The period considered for the case runs is 2005 to 2030, in five-year 
steps. 2035 and 2040 have also been included in the model data to allow for a 
sufficient payback of the investments in the last years, but no results are reported 
after 2030. The model has been calibrated to projections of the future energy 
markets, namely PRIMES forecasts for Europe (European Commission, 2008) 
and POLES forecasts for the rest of the world (European Commission, 2006).4 
These sources are used to determine the (exogenous) production capacities and 
the reference consumption quantities and prices of the demand function. POLES 
projections include a worldwide increase in natural gas production and consump-
tion of 70% in 2030 relative to 2005. 

Since the POLES projections are on a regional level rather than on coun-
try level, an assessment has been made to determine benchmark production and 
consumption levels for countries and regions included in the model. The model 
has been carefully calibrated to match observed production and consumption vol-
umes in 2005 (BP 2007, IEA 2006 ) and to reflect a world wide average whole-
sale market price close to $180 per 1000 cm3, allowing for regional differences 

3. The stability of the cartel is not modeled here.
4. While the PRIMES and POLES forecasts have the advantage of being officially approved 

forecasts, we have not been able to verify some of the underlying assumptions. In particular, it 
seems that their forecasts of natural gas production are optimistic, and not necessarily constrained 
by reserve availability. All scenarios require large capacity expansions in liquefaction, re-gasification 
and pipelines.

Figure 1. Natural Gas Export Chains



104  /  The Energy Journal

(BP, 2007).5 For future years an effort has been made to reflect the PRIMES and 
POLES projections within about 5% deviation on a regional basis as well as for 
the major consumption and production countries. The calibrated worldwide Base 
Case consumption (production) in 2005 is 2368 (2435), and 3757 (3905) bcm in 
2030, and a wholesale price of $375.6 An average yearly reference price increase 
of 3%, in accordance with POLES projections is used. 

 For infrastructure capacities (pipelines, LNG liquefaction and regasifi-
cation terminals, storage), project and company information from various sources 
(e.g., Oil and Gas Journal, GSE database at www.gte.be, EIA)7 has been em-
ployed. This information was used to include existing additional capacities since 
2005 and also considered when assessing the maximum allowable capacity ex-
pansions per period for the Base Case. 

4.2  Cartel Case – Main Assumptions

In the following, we refer to the cartel as “GEC” (Gas Exporting Coun-
tries). The countries included in the cartel are the current full members, plus the 
observer Equatorial Guinea, and the Central Asian countries with large export 
potential. To implement the cartel every regasifier in the model data set had to 
be split up into two parts. One part, with full market power, to import from GEC 
countries; and a second perfectly competitive part, to receive LNG shipments 
from countries not included in GEC. Therefore an assessment had to be made to 
divide the base year regasification capacities and the allowed capacity expansions 
in future years. For the first and second model year (2005 and 2010) contractual 
obligations were explicitly considered when dividing up existing re-gasification 
capacities. For future years the allowed capacity expansions were set equal to 
80% of the base values for the total regional regasification to represent ‘GEC’- 
regasifiers, and 30% of the total regional regasification to represent the other re-
gasifiers. A rationale for these values is that the GEC members currently have a 
market share of about 80% of LNG exports; but 30% (instead of 20%) allows 
non-GEC members to invest more and supply more LNG to countries from which 
GEC would withhold LNG supplies.

5.  All reported prices are in $2005/1000 m3.
6. WGM model accounts for losses in liquefaction, regasification, storage and pipelines. 

Consumption in WGM is corrected for ‘own consumption’ in the energy sector as reported by the IEA 
(www.iea.org/Textbase/stats/prodresult.asp?PRODUCT=Natural%20Gas).

7. We thank the Energy Information Agency for sharing data regarding seasonality of consumption 
and probable pipeline capacity expansions.
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5. RESULTS AND DISCUSSION

5.1  Results Overview

A first look at some variables at a global level shows the significant im-
pact of the cartel on the world natural gas market. As can be expected, the cartel 
reduces the total world production of natural gas (Figure 2) and increases the aver-
age price level (Figure 3) compared to the Base Case until 2030. All figures show 
the results for both cases (Base Case BC, and Cartel Case CC) for each five-year-
period; the cartel members are designated by “GEC”. The average price difference 
between the Cartel and Base Case is rather modest, which is a consequence of the 
specification of the Cartel Case with a Cournot fringe of non-cartel suppliers in 
addition to the cartel members. Hence, the average price in the Cartel Case is not 
as high as it would be in a “pure” cartel market with a competitive fringe.

Figure 2 shows the relative importance of the cartel members in the world 
natural gas market: they have a share in total production of about 50% in the start-
ing year 2005, and this share increases to about 60% in 2030. Depending on the 
case, the GEC share in total production is somewhat lower in the Cartel Case due 
to the withholding strategy of the cartel members. As economic theory predicts, 
the cartel members can increase the prices and hence their profits by withholding 
quantities from the market. 

As can be expected, given the importance of LNG exporters among the 
cartel members, the cartel impact is particularly manifest in the LNG market. Sec-
tion 5.2.1 shows that the impact on the pipeline market is mostly felt in Europe. 
Figure 4 shows the liquefaction quantities for the cartel and the non-cartel liquefi-
ers. The cartel members produce considerably lower quantities in the Cartel Case 
than in the Base Case. Because the withholding strategy is also adopted in the 
investment behavior (see Section 5.3) the non-GEC liquefiers can increase their 
market share over time and more than in the Base Case.

Figure 2. Yearly Production by GEC and Non-GEC (bcm)
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The cartel members have an incentive to collude because their joint profit 
optimization yields higher joint profit levels than the sum of individual oligopo-
listic profits. Figure 5 shows that the model results reflect this behavior. The cartel 
members (GEC) obtain higher profits in the Cartel Case than in the Base Case in 
all model periods. The difference between the Cartel and Base Case is increasing 
over time because the withholding strategy in investments is felt more and more 
strongly with tighter and tighter capacities. 

Figure 3. Volume-weighted World Average Gas Price

Figure 4. Yearly Liquefaction by GEC and Non-GEC Liquefiers (bcm)
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Interestingly, also non-cartel members obtain higher yearly profits in the 
Cartel Case than in the Base Case. This is due to a positive price and a positive 
quantity effect. First, the overall higher price level induced by the cartel withhold-
ing strategy also applies to the sales of the non-cartel suppliers. Second, the non-
cartel members can partly fill in the gap with natural gas supplies where the cartel 
members supply less than in the Base Case. This allows the non-cartel members 
to increase their quantities compared to the Base Case. Price and quantity effects 
combined lead to higher profits of the non-cartel members in the Cartel Case.

Figure 6 shows the consumer surplus in the world natural gas market. 
An increasing demand for natural gas is assumed (increase of reference quantities 
and prices in the demand functions for each period) which triggers an increasing 
consumer surplus over time. As can be expected, the higher price regime in the 
Cartel Case leads to a lower consumer surplus than in the Base Case. Again, the 
difference between the Base and Cartel Cases is the strongest at the end of the 
time horizon when the investment withholding is felt more keenly.

5.2  Regional Developments: Demand Side

In the following, the demand side of markets in Europe, Japan and North 
America, three regions with very different characteristics, are analyzed.8

8.  See the appendix for an overview of which countries are included in these regions.

Figure 5. Indicative Yearly Profits Upstream (billion 2005 US-$)
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5.2.1  Europe

The European natural gas market can be characterized as a mature pipeline 
market with increasing reliance on LNG. Some countries are significant producers 
(Norway, United Kingdom, and the Netherlands), but most countries greatly rely 
on gas imports to cover domestic gas demand. Natural gas demand is projected to 
continue to grow on the European continent until 2030, but decline afterwards. In 
some countries demand reductions are anticipated earlier, which could affect the 
willingness of market players to invest in capacity. Table 1 shows for the years 
2010, 2020 and 2030, for both cases, the total yearly consumption level of Europe 
(as well as Japan and North America), and the origins of the gas supplies to cover 
the demand: domestic production, LNG imports (and the share of GEC therein), 
and pipeline imports (and the amount bought from GEC members). 

Table 2 shows the wholesale prices in the three regions for the three 
reported periods. The relative price increase in Europe is the most severe of the 
regions analyzed, although the Base Case prices (due to accessibility and proxim-
ity of the pipeline suppliers) are much lower, and the Cartel Case prices are still 
lower than in Japan and North America.

The numbers for supplies and price changes show that the impact of a 
cartel could be severe; in later years even more. The decreasing own production in 
combination with the increasing demand makes the import dependency higher,and 
the supply position of GEC stronger. LNG imports from other suppliers can only 
partially compensate for the volumes withheld by GEC. 

Figure 6. Indicative Global Yearly Consumer Surplus in Both Cases 
(billion 2005 US-$)



Representing GASPEC with the World Gas Model   /  109

5.2.2 Japan

Japan is the largest LNG importer in the world and will probably remain 
so for a number of years. Among the three regions analyzed, it is affected the least 
by a cartel. The high prices in the Japanese market make it very attractive for 
exporters. In later years LNG imports decline, however only after a pipeline from 
Sakhalin has been put in place. 

5.2.3 North America

Production rates in North America are expected to start declining after 
2010. Canada will for awhile continue to export to the U.S., and a pipeline from 
Alaska could lessen the immediate pressure on the market. To meet the projected 
consumption levels, a large number of LNG import terminals would have to be 
put in place in rather short term.

In 2010 North America as a whole is still close to self-sufficient. The 
almost one-fourth lower LNG imports from GEC members in the Cartel Case ver-
sus the Base Case are partially compensated by non-GEC suppliers, and the price 
impact of the cartel is negligible. However, in later years, the impact becomes 
more severe, with price increases of 7% to 14%. 

Table 1. Consumption and Breakdown of Gas Supplies (bcm /year)
  Europe   Japan   North America  
 CC BC Δ CC BC Δ CC BC Δ

2010

Consumption 518 554 -6% 97 100 -4% 759 770 -1% 
Production 286 275 4% 3 3 0% 715 713 0% 
LNG Imports 71 71 0% 91 95 -4% 53 65 -19% 
GEC 63 64 -3% 61 68 -10% 50 65 -23% 
Pipeline Imports 166 212 -22%       
GEC 160 208 -23%      

2020

Consumption 582 635 -8% 103 106 -3% 772 809 -5% 
Production 257 226 14% 3 3 0% 612 604 1% 
LNG Imports 67 47 44% 81 84 -4% 165 210 -21% 
GEC 55 41 33% 44 54 -18% 135 175 -23% 
NetPipeInflows 262 367 -29% 16 16 0%    
GEC 235 346 -32% 16 16 0%   

2030

Consumption 616 667 -8% 104 113 -8% 741 801 -7% 
Production 225 203 11% 3 3 1% 512 496 3% 
Regasification 71 27 160% 64 73 -12% 231 304 -24% 
GEC 55 22 148% 48 63 -23% 164 239 -31% 
NetPipeInflows 320 437 -27% 35 35 0%    
GEC 272 393 -31% 35 35 0%   
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5.3  Regional Developments: Supply Side

The collusion in the Cartel Case leads to a notable reduction in total 
output compared to the Base Case. In this section, the focus is on selected suppli-
ers both from the GEC (Algeria, Qatar, Russia) and others (Norway, Netherlands, 
Australia). This section also gives some insight into whether there is a shift in 
trade flows due to collusive behavior. In addition to a general reduction of trade 
flows from GEC countries, a shift of flows from cartel to non-cartel members 
can be expected as the latter may replace quantities withheld by the GEC. This is 
particularly true in Europe, which is affected by the cartel in both the pipeline and 
the LNG markets. Europe has the advantage, however, of having some important 
domestic producers (e.g., Norway, Netherlands) that can fill in considerable sup-
plies, albeit within their reserve and production capacity limits.

5.3.1  Gas Exporting Countries Forum: Qatar, Algeria, Russia

Figure 7 shows the total sales of three selected GECF producers (Qatar, 
Algeria, and Russia) in the Base and Cartel Case, split into pipeline and LNG 
sales. For all three producers, and similar to the global picture, the difference in 
output between CC and BC becomes larger over time, due to the withheld invest-
ment in previous periods. 

For Algeria, the share of LNG sales in the Cartel Case decreases over 
time (from 37% in 2005 to 22% in 2030) and relative to the Base Case (29% in 
2030). This can be explained by the following two points: first, Algerian LNG 
supply is relatively more expensive than its pipeline: second, there are lower cost 
LNG suppliers in the cartel that will preferably export more in order to minimize 
the total cartel supply costs. 

Qatar, which is one of the most important cartel members with a very 
large liquefaction capacity in all model periods increases its LNG exports by a 
factor of approximately five in both cases between 2005 and 2030. Hence, the im-
pacts of the Cartel Case on the Qatari output are especially strong. In 2030, when 
the difference to the Base Case is the largest, Qatar’s output is 24 bcm (12.5%) 
lower. Although Qatar is a large LNG supplier, it also delivers some volumes to 
the domestic market and via pipeline to Oman and the United Arab Emirates, but 
the share of these pipeline sales decreases over time.

Table 2. Wholesale Prices in Three Regions ($2005/1000 m3)
year  Europe   Japan   North America  
 CC BC Δ CC BC Δ CC BC Δ

2010 280 243 15% 339 334 1% 331 324 2%

2020 379 312 22% 428 422 1% 465 433 7%

2030 521 437 19% 551 524 5% 606 533 14%
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Russia is the largest of all suppliers to Europe and its participation in the 
GECF has evoked concern in Europe relative to supply security. Our model results 
show a limited effect of the Cartel Case, however, with Russia reducing its total 
exports by only 53 bcm (7%) relative to the Base Case. Interestingly, Russia does 
not fully use its liquefaction potential in the East (Sakhalin) and West (Baltic Sea, 
later Shtokman) and exports only 29 bcm at its peak (2020 and 2025, Base Case) 
via LNG. This is due to the relatively high costs of liquefaction operation and 
investment in Russia. Russian pipeline supplies, however, remain to a large extent 
available for the European market.

5.3.2   Compensation from Non-GECF Producers?  
Norway, Netherlands, and Australia

Europe is among the most affected consumption regions by the cartel 
because it imports both pipeline and LNG from GECF members. However, Eu-
rope can potentially compensate parts of the failing supplies by own production. 
Norway (not included in the definition of the European consuming region) and the 
Netherlands are particularly large producers in Europe with reserves of about 3 
trillion cubic meters (tcm) and 1.25 tcm, respectively (BP, 2008).

As expected, Norwegian and Dutch output is notably larger in the Cartel 
Case than in the Base Case. Figure 8 shows that, in 2030, Norwegian supplies 
would be 13 bcm or 12% higher, and 5 bcm (14%) for the Netherlands. Their 
exports, mainly by pipeline, replace failing cartel imports, especially from Russia 
and the Caspian region. 

Figure 7. Algerian, Qatari and Russian Supplies Through Pipeline and 
LNG (bcm/year)
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The exports from Australia are important because it is the largest non-
GECF LNG supplier, but its ability to replace failing cartel supplies may be ham-
pered by the long distances to the consuming markets since distance-based trans-
port costs for LNG are part of the modeling assumptions. However, for consumers 
in the Pacific basin, such as Japan and South Korea, Australia can be an important 
supplier. Figure 8 reports that Australia indeed fills in the missing supply gap in 
the Cartel Case with very significant volumes. It increases its LNG exports by 
50% between 2005 and 2030 in the Cartel Case, to 68 bcm per year. 

5.4  Investments

WGM allows investigating the impact of cartel behavior not only in the 
short run, but also in the long run on investment decisions. The model includes 
endogenous investment decisions in transport infrastructure (pipeline, LNG liq-
uefaction and regasification) and in storage. The global trade flow results indicate 
that there is a withholding strategy by the cartel members with respect to invest-
ments. 

Figure 9 shows the yearly (lines) and the cumulative (bars) investments 
in pipeline capacity from cartel countries to all other countries. The pipelines 
investment between GECF countries and their non-cartel importers is the most 
affected by the cartel withholding, compared to pipelines between non-GEFC 
countries.

Figure 10 on liquefaction capacity expansion shows similar trends as for 
pipelines. While in 2010 and 2015 the investment levels in the Base Case and the 
Cartel Case are very similar (due to the proximity of the time period, for which 
many projects are already known, if not confirmed), there is a large investment gap 
between both cases starting in 2015. Together with the cumulative investments, 

Figure 8. Norwegian, Dutch and Australian Supplies Through Pipeline and 
LNG (bcm/year)
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this clearly shows the withholding strategy of transport capacity of the colluding 
cartel countries. In 2030 the investments in pipelines (Figure 9) in the Cartel Case 
are higher than in the Base Case, which may seem somewhat puzzling. However, 
when looking at the cumulative capacity expansion it is explained by the large 
under-investment by the cartel members in the previous periods.

The model does not cover all aspects of the natural gas supply chain, for 
example domestic high pressure and distribution networks are not considered, 

Figure 9. Pipeline Capacity Expansions from GEC to non-GEC Countries 
(bcm/year)

Figure 10.  Liquefaction Expansions (bcm/year)
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LNG ships are represented by distance-dependent cost term and losses, and pro-
jected production increases are exogenously determined. Therefore the following 
values should be considered with care: total investments in liquefaction, re-gasifi-
cation, pipelines and storage amount to 742 $billion in the years 2005-2030 in the 
Base Case, and in the Cartel Case the total amount is 634 $billion, 17% lower. 

5.5  Results of an Alternative Cartel Case

Since our model specification is only an approximation of a standard 
cartel, we present some results of a sensitivity simulation run (CC+) in this sec-
tion to give an indication of what the effects of stronger collusion could be. In this 
specification, we have fixed the production capacity levels of the GECF countries 
to their 2005 levels, implying a reduction in production capacity of 50% in 2030 
relative to the Base Case. This represents a situation where the cartel players with-
hold any additional capacities from the market in the long run. There is some spare 
capacity in the first model years, so that the effects are felt only in later periods.

Naturally the impact of the stronger collusion is more severe. Figure 11 
shows the price increases in all three cases. Relative to the Base Case, in the sen-
sitivity case the prices are 11, 29 and 44% higher in 2010, 2020 and 2030, respec-
tively. Detailed results (not indicated graphically here) show European average 
prices of $816, North American prices of $975 and Japanese prices of $690 per 
1000 m3 in 2030: 87%,86% and 29% higher, respectively, than the Base Case 
results in Table 2.

Relative to the Base Case, in the sensitivity case the GEC production 
levels are 16, 33 and 42% lower in 2010, 2020 and 2030, respectively. Produc-
tion levels of non-GEC countries are only 3, 9 and 11% higher in those respective 
years, by no means enough to compensate for the withheld supplies. 

Also in the sensitivity case there are regional differences in the impact on 
prices and consumption. The case results suggest that Europe and North America 
are in a more vulnerable position than Japan.

6.  CONCLUSIONS AND FUTURE DIRECTIONS

In this paper, we have applied the dynamic version of the World Gas 
Model (WGM) to analyze an important issue in international natural gas trade: 
the potential impact of a closer cooperation by the Gas Exporting Countries Fo-
rum (GECF). The model allows for modeling capacity investments endogenously, 
which is a particularly interesting feature when combined with strategic behavior 
of some of the market participants.

Intensified collusion within a group of gas exporting countries would 
reduce production, thus raising prices. North American and European price levels 
are shown to be 15-20% higher, creating a $180 billion yearly loss in consumer 
surplus and bringing upstream gas suppliers an extra $150 billion in yearly prof-
its. Interestingly, more than half of the $150 billion additional yearly profits goes 
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Figure 11.  Volume-weighted World Average Gas Prices for Three Cases

Figure 12.   Yearly Production by GEC and Non-GEC in Sensitivity Case  
vs. Base Case (bcm)
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to non-GEC members that would supply more natural gas at higher prices in a 
cartel situation. Since most non-GEC members have relatively low reserve-to-
production ratios, they would probably not be able to sustain the higher produc-
tion levels for decades to come. The low reserve bases of non-GEC countries are 
illustrated further by the results of a sensitivity case with production capacities 
of GEC countries fixed to the 2005 levels. Even much higher price levels in end 
user markets (+44% in 2030) only induce an eleven percent higher production in 
non-GEC countries.

Future possible research directions include further analysis of the pro-
duction and demand projections that were used to calibrate the dynamic model. 
In particular, there may be a secular shift away from natural gas as the “bridging 
fuel” on the way to a low-carbon energy system. Natural gas has been identified as 
a “dirty” source of energy in the post-Kyoto world. Long-term demand projections 
are currently revised downwards by all major national and international forecasts. 
When taking into account the reserve constraints, potential limits to expanded 
natural gas production and consumption become even more restrictive. Upcoming 
research should take this new, sustainability-oriented perspective into account.

ACKNOWLEDGEMENT

This paper is based upon work supported by the National Science 
Foundation under Grant DMS 0408943 for co-authors one and four. We also 
gratefully acknowledge the support by the Alexander-von-Humboldt Foundation 
within the TransCoop initiative.

REFERENCES

Al-Qahtani, A., Balistreri, E., Dahl, C. ( 2008). “Literature Review on Oil Market Modeling and 
OPEC’s Behavior.” http://clubbowling.mines.edu/Academic/courses/econbus/dahl/pw/LitReviewO-
PEC.pdf 

BP (2007). Statistical Review of World Energy. London, www.bp.com
BP (2008). Statistical Review of World Energy. London. www.bp.com
Cayrade, P. (2004). Investments in Gas Pipelines and Liquefied Natural Gas Infrastructure. What is the 

Impact on the Security of Supply? FEEM Note die Lavoro Working Paper 114.
Darbouche, H. (2007). Russian-Algerian Cooperation and the ‘Gas OPEC’: What’s in the Pipeline? 

CEPS Policy Briefs No. 123.
Egging, R., Gabriel, S.A. (2006). Examining Market Power in the European Natural Gas Market. 

Energy Policy:34 17:2762-2778. 
Egging, R., Gabriel, S.A. Holz, F., Zhuang, J. (2008). A Complementarity Model for the European 

Natural Gas Market, Energy Policy367:2385-2414.
Ehrman, M. (2006). Competition Is A Sin: An Evaluation Of The Formation And Effects Of A Natural 

Gas OPEC. Energy Law Journal;27 1:175-204.
Energy Modeling Forum (2007). Prices and Trade in a Globalizing Natural Gas Market, EMF Report 

23, July 2007, www.stanford.edu/group/EMF/projects/emf23/emf23.pdf 
European Commission (2006). World Energy Technology Outlook - 2050 WETO - H2. Brussels,ftp://

ftp.cordis.europa.eu/pub/fp7/energy/docs/weto-h2_en.pdf
European Commission (2007). European Energy and Transport: Trends to 2030 - Update 2007. Brus-

sels, http://ec.europa.eu/dgs/energy_transport/figures/trends_2030_update_2007/index_en.htm



Representing GASPEC with the World Gas Model   /  117

Facchinei, F., Pang, J.-S. (2003). Finite-Dimensional Variational Inequalities and Complementarity 
Problems Volumes I and II, Springer, New York.

Finon, F., Locatelli, C. (2008). Russian and European Gas Interdependence: Could Contractual Trade 
Channel Geopolitics? Energy Policy 361:423–442.

Gabriel, S.A., Kiet, S., Zhuang, J. (2005). A Mixed Complementarity-Based Equilibrium Model of 
Natural Gas Markets, Operations Research535:799-818. 

Gabriel, S.A., Zhuang, J., Kiet, S. (2005). A Large-Scale Complementarity Model of the North Ameri-
can Natural Gas Market, Energy Economics27:639-665. 

Gabriel, S.A., García-Bertrand, R., Sahakij, P., Conejo, A. (2006). A Practical Approach in Approxi-
mating Bilinear Functions in Mathematical Programming Problems by Using Schur’s Decomposi-
tion and SOS Type 2 Variables., Journal of the Operational Research Society 57:995-1004.

García-Bertrand, R., Conejo, A.J., Gabriel, S.A. (2005). Multi-Period Near-Equilibrium in a Pool-
Based Electricity Market Including On/Off Decisions., Networks and Spatial Economics54, 371-
393.

García-Bertrand, R., Conejo, A.J., Gabriel, S.A. (2006). Electricity Market Near-Equilibrium Under 
Locational Marginal Pricing and Minimum Profit Conditions., European Journal of Operational Re-
search 174:457-479.

Hallouche, H. (2006). The Gas Exporting Countries Forum: Is it Really a Gas OPEC in the Making? 
Oxford Institute for Energy Studies Working Paper Series, NG 13. 

IEA (2003). World Energy Investment Outlook. Paris, OECD.
IEA (2006). Natural Gas Information, Paris, OECD.
Lise, W., Hobbs, B.F., Van Oostvoorn, F. (2008). Natural Gas Corridors between the EU and its Main 

Suppliers: Simulation Results with the Dynamic GASTALE Model. Energy Policy 366:1890-906.
Perner, J., Seeliger, A. (2003). Impacts of a Gas Cartel on the European Gas Market - Selected Results 

from the Supply Model EUGAS. Utilities Policy 123:291-302.
Pindyck, R. (1979). Some Long-term Problems in OPEC Oil Pricing. Journal of Energy and Develop-

ment 4(2): 259-272.
Salant, S. (1974). Exhaustible Resources and Industrial Structure: A Nash Cournot Approach to the 

World Oil Market. Journal of Political Economy 84(5): 1079-1093.
Stern, J. (2007). The New Security Environment for European Gas: Worsening Geopolitics and In-

creasing Global Competition for LNG. CESSA Working Paper Nr. 14.http://www.cessa.eu.com/
sd_papers/wp/wp4/0401_Stern.pdf

Wagbara, O.N.  (2007). How Would the Gas Exporting Countries Forum Influence Gas Trade? Energy 
Policy;352:1224–1237.



118  /  The Energy Journal



119

A Dynamic Simulation of Market Power in the  
Liberalised European Natural Gas Market

Wietze Lise* and Benjamin F. Hobbs**

Recent increases in the world price of oil have led to higher gas prices 
in Europe, possibly leading to greater opportunities for exercising market power. 
The effect of different gas producer strategies upon price levels in the liberalised 
European gas market over the period 2005-2030 is analysed using a dynamic 
gas market model that accounts for demand, supply, and investments in pipeline 
transport, LNG, and storage. The multi-period model formulation allows 
exploration of the dynamics of market power as transportation and storage 
capacities are augmented and interact with demand growth. The combined 
effects of spatial configuration of the supply network and supplier location 
upon intensity of competition in ten different regions in Europe are considered. 
Differences in prices are due to the interaction of (1) inherent ability of producers 
to exercise market power (determined by production capacity and costs) with the 
(2) accessibility of the market (determined by gas transport infrastructure).

1. INTRODUCTION

In 2005, natural gas consumption in the European Union (EU) states 
was approximately 530 billion cubic meters per year (bcm/y) (EU, 2004). Pres-
ently, this demand is fairly evenly divided between industry, power generation, 
and residential consumers. Figure 1 indicates that there are a dozen producing 
regions that potentially can sell gas to this market. However, recent events, for 
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instance, where Russia disrupted European supply due to a conflict with Ukraine 
in January 2006, have highlighted the vulnerability of the EU market to the ex-
ercise of market power. Production in the EU countries can only meet about half 
of their own demand; meanwhile, the EU’s production capacity is less than what 
just three major suppliers to the region (Norway, Russia, and Algeria) can devote 
to exports to the EU. Demand growth, in part spurred by the EU CO2 Emissions 
Trading System, would increase this vulnerability. Consumption could potentially 
increase by more than 60% (or 2%/yr) by 2030, with power taking an increas-
ing share. The growth rate in the eastern EU countries that were formerly in the 
Warsaw Pact is anticipated to be almost twice as high. Meanwhile, EU production 
capability is likely to fall from the present level of about 260 bcm/yr to two-thirds 
of that level by 2030 (EU, 2004). Although imports of LNG from elsewhere in the 
world could meet much of the growing gap between production and consumption 
in the EU, Norway, Russia, and Algeria will continue to play dominant roles in 
the EU natural gas market.

The purpose of this paper is to use the multiperiod version of GAS-
TALE, an equilibrium model of the EU gas market, to explore the potential for 
exercise of market power by gas producers in the region between 2005 and 2030 
and to illustrate the use of equilibrium models for that purpose. Figure 1 shows 
the study region, and Table 1 lists the producing and consuming regions consid-
ered. After providing a brief overview of methods for projecting market power in 

Figure 1. Geographical Coverage of the European Gas Market in the 
GASTALE Model
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natural gas markets (Section 2), we summarize the structure and assumptions of 
GASTALE (Section 3). Three cases of market power are presented in Section 4: 
perfect competition, pure Cournot competition among gas producers, and an in-
termediate base case in which the strategic behavior of producing region’s actions 
is partially constrained by pre-existing contracts. A set of conclusions (Section 5) 
closes the paper.

Table 1. Producers and Consumers in GASTALE
Country/region Included countries

Algeria Algeria

Azerbaijan Azerbaijan

BALKAN  Romania, Bulgaria, Greece, Croatia, Bosnia-Herzegovina, Serbia, Macedonia, 
Albania

BALTIC Poland, Estonia, Latvia, Lithuania, Finland, Sweden

BENELUX the Netherlands, Belgium, Luxemburg

CENTRAL Hungary, Czech Republic, Slovakia

DEDK Germany, Denmark

Egypt Egypt

FR France

IBERIA Spain, Portugal

Iran, Iraq Iran, Iraq

ITALP Italy, Austria, Switzerland, Slovenia

Libya Libya

Nigeria  Nigeria, Angola, Trinidad-Tobago

Norway Norway

Qatar  Qatar, Oman, Yemen

Russia  Russia, Turkmenistan, Kazakhstan, Uzbekistan

TR Turkey

UKIE UK, Ireland

Note: Country/regions in CAPITALS are consumers, while country/regions in bold font are producers.

2.  METHODS FOR PROJECTING MARKET POWER IN  
GAS MARKETS

There are several methods for characterizing and projecting market 
power in energy markets such as the EU gas market. We categorize them into sta-
tistical empirical models, competitiveness indices, experimental economics, and 
simulation models. Models can be further divided into agent-based and equilibri-
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um models, the latter being the approach we adopt here. No method is completely 
satisfactory by itself; each has advantages that complement the others. 

The statistical approach uses market outcomes to estimate the extent to 
which market power has been exercised in the past. For instance, Murry and Zhen 
(2008) identified dynamic price behavior at US gas hubs that was consistent with 
the exercise of market power. However, such estimates lose relevance to the extent 
that the market structure changes due to, for example, demand growth, reorga-
nization of the industry, shifts in world markets, or alterations to gas transport 
and storage infrastructure. The many recent changes in EU gas markets mean 
that there is relatively little data that could be used to build statistical models for 
projecting market power in that region. However, statistical analysis can still help 
validate simulation models.

Competitiveness indices are simple summaries, such as the Hirschman-
Herfindahl Index or whether the largest supplier is pivotal in a market. Such indi-
ces are commonly used in regulatory proceedings. For instance, the US Federal 
Energy Regulatory Commission evaluates applications by pipelines for market-
based rates by assessing whether potential substitute pipelines have spare capacity 
that equals or exceeds the applicant’s capacity (McAfee and Reny, 2007). Howev-
er, indices may fail to capture aspects of markets, such as transmission limits, that 
have important impacts on the ability to exercise market power; for that reason, 
Borenstein et al. (1999) recommend use of simulation models.

The experimental economic approach, which uses live subjects, has the 
potential to identify likely modes of behavior among large market players because 
it allows for learning and suboptimal decision making. Further, it can capture fea-
tures of market rules that are difficult to represent mathematically. An early evalu-
ation of the efficiency of gas auctions on a network is by McCabe et al. (1990), but 
we have found no other experiments in a natural gas context. Agent-based math-
ematical models have a similar objective: to simulate imperfect and dynamic deci-
sion making by market players in the face of complex market environments, but us-
ing computerized instead of live agents. Without considering network constraints, 
Barrot and Tchung-Ming (2008) simulated the interaction of flexible contracts and 
spot markets in natural gas, considering how the former may amplify market pow-
er. Several agent-based efforts are reported to be underway to model market power 
in gas networks, but no actual applications have been reported (e.g., Tatara et al., 
2007). Unfortunately, live experiments are expensive and both live and agent-based 
experiments tend to be difficult to replicate, so results are difficult to generalize. 

The last approach we consider for projecting market power in gas markets 
is equilibrium modelling, the basis of our model GASTALE. Equilibrium mod-
els formulate the optimisation problems facing producers, transporters, traders, 
storage, and consumers of gas and then solve them simultaneously while impos-
ing market clearing conditions. The results will depend both on market structure 
and on behavioural assumptions, for instance concerning conjectural variations or 
the degree of forward contracting (Gabriel and Smeers, 2006). The ability to ac-
commodate different structural and behavioural assumptions is both an advantage 
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and disadvantage. The advantage is that the effect of structural changes can be 
explored in a way not possible with statistical models – for instance, the effect of 
a significant increase in transport capacity from Russia via the proposed Baltic 
pipeline. On the other hand, numerous possible structural scenarios together with 
fundamental uncertainties about the nature of competition among large produc-
ers mean that equilibrium models should be used to show a range of possible 
outcomes and not to make precise predictions. Thus, the emphasis should be on 
exploration of scenarios and the implications of different assumptions for market 
outcomes, rather than precise prediction.

Smeers (1997) and Gabriel and Smeers (2006) survey the use of equi-
librium models for analysing gas markets issues, including market power. They 
observe that such models can provide useful insights, but have not been used as 
extensively as in the power sector. The first work in natural gas focused on market 
power among gas producers (e.g., Haurie et al., 1987; Mathieson et al., 1987; 
Breton and Zaccour, 2001; Golombek et al., 1995) using Cournot, Stackelberg, 
and monopoly solution concepts. (See EMF, 2007 for recent applications.) Most 
of these models calculate equilibria in a static (single-year) setting. An exception 
is Flam and Zaccour (1989) who compared open-loop and feedback solutions 
for a Cournot game among European gas producers who decide how to allocate 
production over a multiyear time horizon. Later, Zwart and Mulder (2006) incor-
porated network and more sophisticated production and storage investment and 
operation models in an open-loop Cournot model of the European market. The 
intertemporal aspect of gas production is important because production today has 
an opportunity cost in terms of reduced production later. Although GASTALE is 
also a multiperiod model, we simplify production by considering only scenarios 
of production capacity expansion, rather than endogenizing investment in that 
sector. But GASTALE represents expansion decisions in transport and storage 
endogenously in the same model. 

Market power in the gas trading sector has also been modelled. Gabriel 
et al. (2005) and Gabriel and Smeers (2006) focus on market power on the part 
of either Cournot or Stackelberg traders who buy gas from producers who are 
assumed to be price-takers. The issue of double marginalization, which arises if 
both producers and downstream traders have market power, was a focus of studies 
by Boots et al. (2004) and Holz et al. (2008), with extensions proposed by Gabriel 
and Smeers (2006). The models assumed that traders are Cournot players who are 
price-takers with respect to the border price of gas, while producers are Cournot 
players who correctly anticipated the reactions of traders to changes in border gas 
prices. The resulting successive oligopoly yields higher prices for consumers than 
vertical integration between producers and traders. In the analysis of this paper, 
however, we assume that gas producers exercise the most market power in the EU 
market (which is not true in the US market, for instance). Consistent with the ar-
gument of Zwart and Mulder (2006) that the Cournot conjectural variation is most 
appropriate for gas producers, we adopt that framework (with some modification) 
in our GASTALE simulations.
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Market power resulting from pipeline expansion decisions (especially in-
volving Russian gas) has been a focus of other work using a variety of cooperative 
and noncooperative game theoretic models. Von Hirschhausen et al. (2005) com-
pare the results of different frameworks considering Belarus, Ukraine, and Russia 
as players. Morbee and Proost (2008) extend the framework of static network-
constrained models to include risk aversion on the part of players and the pos-
sibility of “hold up”, tying into the literature on contracts and enforcement (see 
also Hubert and Ikonnikova, 2004). In our analysis below, we also model pipeline 
expansion endogenously; however, because we focus on the issue of producer 
market power, we assume that pipeline capacity is augmented when additional 
revenues can cover annualised costs (i.e., price-taking expansion).

Equilibrium models addressing market power have considered a variety 
of other types of natural gas market problems. These include games between dis-
tributors of gas and the agencies that regulate access and prices (Austvik, 2003; 
Gabriel and Smeers, 2006); the impact of lowering transmission fees upon com-
petition among gas providers in the Netherlands (Lise et al., 2005; Van Witte-
loostuijn et al., 2007); interactions of electricity and gas markets in Spain using 
a successive oligopoly framework to analyze vertical integration issues (Vázquez 
et al., 2006); and optimal unilateral decisions by Russia in the CO2 emissions and 
gas markets using a computable general equilibrium model that represents Russia 
as a monopoly with a competitive fringe (Hagem et al., 2006). 

 A variety of analytical methods have been used to solve market equilib-
rium models, including closed form solution (for simple models), iteration among 
components (Gauss-Seidel iteration), solution as a single equivalent optimisation 
problem, and complementarity methods (Labys and Yang, 1991). In complemen-
tarity problems, the first order (Karush-Kuhn-Tucker) conditions for each player’s 
optimisation problem are combined with market clearing conditions to form a 
mathematical problem with the following form:

 Find X,Y satisfying:  X > 0; F(X,Y) < 0; X′ F(X,Y) = 0
   G(X,Y) = 0; Y unrestricted

where X and Y are vectors of variables of lengths m and n, respectively, and F( ) 
and G( ) are vector-valued functions (not necessarily linear) of the variables, also 
of lengths m and n. The complementarity terms are the first row, and arise from 
the complementarity slackness conditions in the constrained optimisation prob-
lems of the market players. Regulatory inequality constraints can also yield such 
conditions (e.g., the price of emissions allowances can be positive only if emis-
sions bump against the regulatory cap). If there are equality constraints, as in the 
second row, this is termed a mixed complementarity problem. A correctly speci-
fied model will have as many conditions as variables. Complementarity models 
found early application to simulation of gas markets (Matheison, 1985; Yang and 
Labys, 1985). Their use has grown recently because of the availability of powerful 
solvers (PATH) and their ability to represent equilibrium problems for which no 
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single equivalent optimisation problem might exist, especially where the exercise 
of market power is possible.

3. MODEL

The first version of GASTALE was a static model that was used to ex-
plore the vertical interaction between producers and within-country traders of gas, 
both of whom exercise market power (Boots et al., 2004). The model was formu-
lated as a complementarity problem, and was later expanded to include intersea-
sonal storage (Egging and Gabriel, 2006) and multiple years with endogenous 
expansion of storage, pipeline, LNG liquefaction, and LNG regasification (Lise 
and Hobbs, 2008). The latter version is used in this paper, which considers six 
scenario years (2005, 2010, …, 2030) and three seasons per year (low, medium, 
and high demand seasons, with low demand occurring in April-September and 
high occurring in December-January). 

The basic market structure assumed by GASTALE includes producers, 
transporters, storage, and consumers of gas. Producers are the only strategic play-
ers, and pay regulated or subsidiary pipelines and LNG shippers to move gas to the 
market. Storage owners buy gas in the low demand period for sale in the other pe-
riods. As in other models (Gabriel et al. 2005), a type of congestion pricing is as-
sumed in transport and storage. In particular, transporters and storage operators are 
assumed to charge long-run variable cost (including capital costs) unless capacity 
constraints bind; if the latter occurs, then the price charged for transport increases 
until the demand for transport services equals the supply. In order to formulate 
the model as a complementarity problem rather than as a much more difficult to 
solve EPEC (equilibrium problem with equilibrium constraints; see Daxhelet and 
Smeers, 2001), strategic producers correctly anticipate how consumption will re-
act to price changes (using linear demand functions), but naively assume that they 
cannot affect the price of transport. The same assumptions are made about costs of 
storage (intertemporal transport). Under these assumptions, one transmission sys-
tem operator (TSO) and one storage system operator (SSO) can be used to model 
those respective parts of the market. Prices are assumed to be wholesale prices 
within a region, so local gas distribution costs are not modeled. Wholesale prices 
are assumed to be fully arbitraged between industrial, power, and residential sec-
tors, so that we can consider just one wholesale price per region.

The dynamic GASTALE used here represents the investment process for 
storage and transport facilities. One possible formulation would solve all years at 
the same time, with the TSO and SSO maximizing their profits subject to price-
taking assumptions; however, that would unrealistically imply perfect foresight. 
GASTALE instead simulates a more short-sighted process by a recursive model. 
Additions to capacity are made every five years, based on a comparison of an-
ticipated revenues in line with expansion costs in this period. Consistent with the 
short-sighted process, revenue projections are based upon assuming naively that 
the congestion prices that would be received in the year of expansion would con-
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tinue to accrue in later periods. As a result, the TSO and SSO problems in each 
year include capacity expansion variables with an annualised cost that is inserted 
in their objective functions; this capacity is assumed to be available right away for 
use. Given the five-year time step of GASTALE, this is equivalent to five year’s 
perfect foresight and lead time for investment. Then the amount of capacity that is 
added in that year, together with already existing infrastructure, is defined as the 
existing capacity in the subsequent period 5 years later (adjusted downwards for 
depreciation). Details on the formulation are presented in Lise and Hobbs (2008).

GASTALE is solved as follows: starting in year 2010, a single year equi-
librium is obtained using the PATH solver among Cournot producers, the TSO, 
the SSO, and consumers, which includes values for all production, flows, prices, 
and expansion of transport and storage facilities. (The 2005 equilibrium is solved 
separately without any new facility investment.) Then the updated transport and 
storage infrastructure is inserted in the next year’s model (2015), and the model 
is solved again. The process is repeated through 2030. The model’s demand func-
tions are calibrated to the EU Directorate General of Transport and Energy de-
mand forecasts for the EU (2004) for the whole time horizon by ensuring that, 
under the base case assumptions, the demand functions pass through the quantity-
price points that are consistent with the quantity forecasts and the prices yielded 
by this dynamic process. In the below analysis, the same model parameters are 
adopted here as used in the policy analysis by Lise et al. (2008) and Van Oost-
voorn and Lise (2007), except for a recalibration of the production cost functions 
to simulate a situation with an oil price of 60 $/barrel in constant 2005 prices. 
Details on demand growth, demand functions, and costs and capacities of produc-
tion, transport, and storage, as well as model validation, are provided therein.

4. ANALYSES 

Three competition cases are simulated here to represent different degrees 
of market power. Compared to our earlier analyses using the dynamic version of 
GASTALE (Lise and Hobbs, 2008), these cases reflect updated gas production 
costs, and so show higher prices. We also provide additional details on the effect 
of market power on prices, quantities, investments, and operations.

The first case is a perfect competition benchmark, in which all producing 
regions (Table 1) are assumed to be price-takers. That is, each producer’s optimi-
sation problem maximizes revenue (given the market prices) minus costs. 

The second is a Nash-Cournot equilibrium, in short Cournot competition, 
among producers, in which each producing region maximizes profits, assuming 
that other regions do not alter their sales in each consuming region. Companies 
within a producing region are assumed to form a fully cooperative cartel. Cournot 
competition is simulated by explicitly stating the consuming region’s price in each 
producer’s revenue function as a function of the sum of the sales variables (one for 
each producer) for that region. As a result, if a producer reduces its sales to a con-
suming region, it anticipates that the local price will increase at a rate determined 
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by the slope of the demand curve, naively assuming no reaction on the part of rival 
producers. Although Mulder and Zwart (2006) argue that the Cournot conjectural 
variation is most realistic, the result of unrestrained Cournot competition is much 
higher prices than actually realized in European markets. Under our assumed de-
mand elasticities (-0.75 power generation, -0.4 industry, -0.25 households), such 
Cournot competition would raise prices several fold compared to perfect compe-

Figure 2. Quantity-Weighted EU Prices over Time in Three Competition 
Cases (Index, Average Price in 2005 is 100)

 
Figure 3. Production over Time for Three Competition Cases (bcm/yr)
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tition, and quantities demanded would be 20% less. Political considerations and 
long-term contracts act as a restraint against such extreme market power.

Hence, we consider a third case, termed the base case, which is designed 
to match existing prices and to be consistent with official demand forecasts (EU, 
2004). This was obtained by assuming that Russia exercises market power on 25% 
of export flows to the EU, while other countries instead exercise market power 
on 75% of their export flows. The remainder is assumed, in effect, to be provided 
under fixed long term contracts. Alternatively, this case can be viewed as one in 
which Russia prices so as to sustain a market share in the EU of about one-quarter, 
consistent with recent history. 

Thus, the perfect competition and Cournot cases bracket the base market 
power case. Because it is possible that future contracting practices, exercise of 
oligopsonistic market power, or government action will result in price mark-ups 
that differ from our base case, the competition and Cournot cases can be viewed 
as bounds upon future prices. Figures 2 and 3 illustrate this relationship among 
the cases, showing prices (weighted by quantity demanded in each demand period 
and each EU country) and total quantity demanded in each year. Prices in all three 
cases increase with time by similar amounts, and demand growth is strong. The 
base case results, as predicted, lie between the two extremes of pure price-taking 
and pure Cournot oligopoly. The changes in quantities imply arc elasticities on the 
order of –0.4 to –0.7, depending on the year and cases compared.

Figure 4 shows disaggregated results, breaking down EU sales among the 
twelve producing regions. The base case shows Russia maintaining a one-quarter 
market share, approximately. A comparison of the competitive and base cases 
shows that the following producers significantly restrict output to raise prices in 
the base case: Russia (despite the 75% forward contracting assumption); Algeria; 
Iran (just in later years, when pipeline infrastructure has expanded to accommo-
date potential Iranian sales); and the large EU producers (Norway and UKIE), 
especially in the early years. Note that the largest producers are not the ones who 
necessarily restrict output; market power outcomes are a complex interplay of 
production costs, network and storage constraints, and contracting assumptions. 
For instance, the BENELUX countries maintain their output in all cases, even 
though their production is similar in magnitude to Norway and UKIE, who do 
exercise market power. On the other hand, some exporting regions with relatively 
small market shares take advantage of the higher base case prices to increase out-
put and, of course, profits, notably Egypt and Nigeria.

Turning to a comparison of competition with unrestrained Cournot com-
petition, a Russia that is free of long-term contracts reduces its output by as much 
as 40% in order to increase prices by over 30%. UKIE also significantly reduces 
production, particularly in the early years. All other producing regions together 
produce about the same amount in the perfect competition and base cases, confirm-
ing that Russia is the most important strategic player. In contrast, Iran, Nigeria, and 
Egypt take advantage of the higher Cournot prices to expand sales to the EU.

We now consider the distribution of price increases due to market power 
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which, due to network constraints and relative proximity of different producers, 
is by no means uniform. Table 2 shows prices in the low demand seasons for 
each region in 2010 and 2030 for the competitive case along with the percent 
price increases for the other two scenarios. Interestingly, prices under low de-
mand are most affected by market power in percent terms, but have the lowest 
prices. Comparing first the base and competitive cases, we see that mainly eastern 
European countries suffer from the exercise of market power by Russia, with the 
Balkans, Central, and Turkish regions (Table 1) suffering price increases between 
27% to 36% in 2010, while western and southern European countries experience 
price increases between 15% to 19% in 2030. UKIE is an exception because of 
the market power that its producers exercise – its price increases are similar to 
eastern Europe’s. If we now consider the relaxation of contract constraints that 
limit market power (especially of Russia) in the base case, Cournot competition 
causes prices to go up by an additional 15% or more in Eastern Europe, but only 
about 10% elsewhere. The net result is that, compared to perfect competition, 
unrestrained Cournot oligopoly increases prices by over 50% in eastern Europe, 
but by only about 20% to 30% elsewhere because of the access other countries 
have to alternative suppliers. This shows that market accessibility is an important 
determinant of prices.

Table 3 shows the storage and transport investments made by GASTALE 
in each year within each of the three competition cases, while Table 4 shows ag-
gregate capacities and utilization. In general, total investment in storage and LNG 
facilities over the time horizon does not change between the competitive and base 
cases, although there are shifts in geographical distribution and specific timing 
of investments. For instance, under the base case, there is more storage in the 
Balkan-Turkey and Baltic-Central regions. This storage serves to arbitrage peak-

Figure 4. Production over Time in Twelve Regions for Three Competition 
Cases (bcm/yr)
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offpeak price differences in eastern Europe that might otherwise be exacerbated 
by Russian market power. Meanwhile, the base case shifts LNG investment to 
UKIE in order to moderate the price increases that would otherwise occur due 
to the restriction of supply from UKIE producers. UKIE is particular sensitive to 
seasonal swings, mainly due to the recent drop in production from their gas fields 
in the North Sea. UKIE has too few existing pipeline connections to compensate 
for the seasonal swing in demand, and the quickest and economically most attrac-
tive way to fill this gap is to invest in storage. 

On the other hand, the base case sees approximately 50% more pipeline 
investment on average than competition, because the exercise of market power in 
eastern Europe (and to a lesser extent in the UK) results in sharpened price differ-
ences between western/southern Europe and the rest of Europe. Pipelines are then 
built in an attempt to arbitrage those price differences, with pipeline investment 
within the EU increasing by over 250% over the time horizon. Meanwhile, invest-
ments in pipelines that import gas from Norway, Russia, Asia, and Africa decrease 
somewhat compared to the competitive case, corresponding to lower imports. Ag-
gregate pipeline use (measured as the sum of the bcm/yr flows across all pipelines 
in the model) is roughly 50% higher in both market power cases than under com-
petition, because of heightened geographical price differences (Table 4).

Contrasting the extreme (Cournot) market power case with the competi-
tive case shows similar patterns for pipeline and LNG investment as in the base 
case-competition comparison. However, storage investment increases by about 
30% under Cournot competition, with additional investments occurring in all 

Table 2. Prices under Low Demand in 10 Regions for 2010 and 2030 Under 
Perfect Competition and Percent Price Increases

  Base case Cournot price Cournot price 
 Perfect price increase increase increase 
 competition  over perfect over base over perfect 
 prices (€/1000 m3) competition case competition

Region 2010 2030 2010 2030 2010 2030 2010 2030

BALKAN 136.2 144.0 27% 18% 16% 13% 47% 34%

BALTIC 140.7 152.2 22% 22% 16% 16% 41% 41%

BENELUX 136.2 152.0 17% 15% 8% 11% 26% 28%

CENTRAL 136.5 147.4 36% 24% 23% 19% 68% 48%

DEDK 140.7 154.0 24% 19% 16% 16% 44% 38%

FR 144.1 154.7 22% 19% 11% 12% 34% 34%

IBERIA 141.8 148.2 15% 17% 7% 10% 23% 28%

ITALP 140.9 147.4 16% 17% 11% 13% 29% 32%

TR 119.9 133.4 31% 25% 11% 10% 46% 37%

UKIE 123.7 151.3 29% 15% 8% 10% 39% 27%
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four aggregate regions shown in Table 3. Intuitively, one might have expected 
less investment, as overall gas volumes are smaller in the Cournot case. But be-
cause oligopolistic competition can yield greater price mark-ups under supply 
constrained (peak) conditions, as fewer suppliers have excess capacity, the attrac-
tiveness of storage is increased. This is reflected in the higher amount of storage 
in the Cournot case in Table 4. As a result, prices increase less than they otherwise 
would during the high demand season, and prices during the low demand season 
are higher.

The final set of results (last rows of Table 4) concern ‘flexibility’ or what 
might be called ‘swing supply’ – the differences between the amount of gas pro-
vided to consumers in the medium/high and low demand seasons. Either increased 
production and imports or increased use of storage can provide that flexibility. The 
table shows that the swing supply of storage is much higher in 2030 than in 2010, 
while pipeline swing supplies from other sources actually fall, indicating that the 
pipelines are being used closer to capacity in all seasons by 2030. Comparing the 
competitive, base, and Cournot cases shows that the main effect of large producer 

Table 3. Investments (bcm/5 yrs of Capacity)
 Perfect competition Base case Cournot competition

 2010 2030 2010 2030 2010 2030

Storage:       
BALKAN-TR 0.0 3.5 0.0 2.1 0.2 3.9 
BALTIC-CENTRAL-ITALP 1.2 0.9 0.4 2.4 1.3 6.2 
BENELUX-DEDK-FR 0.0 8.4 0.0 5.5 1.8 7.0 
UKIE 12.8 0.0 6.9 2.3 11.9 3.6 
   Total new storage: 14.0 12.8 7.3 12.3 15.2 20.7

Pipelines:      

South-North 62.5 17.9 31.0 17.9 36.1 20.9 
North-South 15.7 18.8 8.4 19.1 5.7 18.8 
East-West 0.5 79.5 18.4 70.2 24.8 35.2 
Within EU 14.9 37.9 226.8 103.5 218.0 135.7 
   Total new pipelines 93.7 154.2 284.7 210.6 284.7 210.6

Liquefaction:       
Algeria-Libya 0.0 21.9 1.1 22.6 0.4 18.8 
Egypt 11.6 7.6 21.5 7.6 21.5 7.6 
Nigeria-Qatar 30.0 29.4 32.6 29.4 38.6 29.4 
Russia 0.0 3.2 8.5 1.7 8.5 1.7 
   Total new liquefaction 41.5 62.0 63.7 61.2 68.9 57.4

Regasification:       
BALKAN-ITALP 15.1 18.4 12.3 15.1 17.9 14.9 
BENELUX-FR 21.4 12.8 14.0 11.9 15.5 11.6 
IBERIA-TR 0.0 11.6 0.0 18.3 2.6 17.6 
UKIE 0.0 12.1 38.0 15.8 35.5 16.6 

   Total new regasification 36.6 54.9 64.2 61.2 71.4 60.6
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market power is to decrease swing supply from Russia, which is consistent with 
the greater use of storage in eastern Europe that we just noted above. Under mar-
ket power, LNG swing supplies also fall in importance relative to the competitive 
case; this is due to increased use of storage (in the Cournot case) and more inten-
sive use of LNG import facilities throughout the year. The effect on imports via 
the Norwegian and other pipelines is ambiguous, with a large increase in the base 
case but lesser under Cournot Competition.

5. CONCLUSIONS

Equilibrium models can show what degree of market power might possi-
bly be exercised under alternative assumptions concerning market player behavior 
and market structure. We have provided illustrative scenarios for the EU market 
which indicate that Russia has the highest incentives to exercise market power, 
and that such exercise will tend to increase price differences over space within the 
EU, which will encourage within-EU pipeline construction, and over time, will 
encourage storage construction. Differences in prices are due to the interaction of 
the (1) inherent ability of producers to exercise market power (determined by pro-
duction capacity and costs) with the (2) accessibility of the market (determined by 
gas transport infrastructure).

Table 4. Use and Operational Capacity for Storage, Pipelines, Liquefaction 
and Regasification, and Swing Supply (bcm/yr)

 Perfect competition Base case Cournot competition

 2010 2030 2010 2030 2010 2030

Storage:       
Total stored 63.6 97.3 54.1 101.3 69.5 115.2 
Storage capacity 79.1 97.3 72.5 101.3 80.3 115.2

Pipelines:       
Total transported 412.8 714.3 709.3 1054.3 675.1 1020.0 
Pipeline capacity 709.5 867.8 900.5 1112.1 939.6 1057.1

Liquefaction:       
Total liquefied 56.0 198.8 102.9 211.2 117.2 223.1 
Liquefaction capacity 103.5 225.7 125.7 225.0 130.8 225.7

Regasification:       
Total regasified 56.0 198.8 102.9 211.2 117.2 223.1 
Regasification capacity 111.0 228.1 138.7 225.0 145.9 228.9

Flexibility / Swing Supply:       
RU-pipeline 38.2 23.0 38.3 13.7 20.4 7.4 
RU-LNG 0.8 5.0 0.0 0.0 0.0 0.0 
NO-pipeline 12.9 3.2 11.0 9.4 9.7 4.1 
pipeline-other 1.3 0.0 23.5 8.7 20.0 4.0 
LNG-other 24.1 21.2 22.8 13.8 13.6 2.6 

Storage 63.6 97.3 54.1 101.3 69.5 115.2
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Although the dynamic GASTALE model is an improvement over the 
previous static version because of its endogenous increase in transport and storage 
capacity, a number of modelling improvements are desirable in it and other gas 
market models. These include endogenous investment in production and repre-
sentation of intertemporal production tradeoffs (Zwart and Mulder, 2006); more 
realistic representation of transport and storage technology (Midthun, 2007); sto-
chastic models that represent how uncertainty and risk aversion affects market 
equilibria (Gurkan et al., 1999; Zhuang and Gabriel, 2008); and market power on 
the part of other players, including storage, traders, and pipelines. Careful valida-
tion against historical data is also desirable. However, because of structural and 
parameter uncertainty that are inherent to equilibrium models, their use must nec-
essarily be for exploration of scenarios and implications of assumptions rather 
than point projections.

REFERENCES

Austvik, O.G. (2003). “Conflict and cooperation with respect to European natural-gas regulations.” 
Applied Energy 75(1-2): 23-32.

Barrot, B., and S. Tchung-Ming (2008). “Interacting long-term contracts and spot markets in the Eu-
ropean gas industry: an aggregate buyers-side analysis.” Presented at IAEE 2008 Annual Meeting, 
Istanbul.

Boots, M.G., B.F. Hobbs and F.A.M. Rijkers (2004). “Trading in the downstream European gas mar-
ket: a successive oligopoly approach.” The Energy Journal 25(3): 73–102.

Borenstein S., J. Bushnell, and C.R. Knittel (1999). “Market power in electricity markets: Beyond 
concentration measures.” The Energy Journal 20(4): 65-88.

Breton, N. and Z. Zaccour (2001). “Equilibria in an asymmetric duopoly facing a security constraint.” 
Energy Economics 23: 457–475.

Daxhelet , O., and Y. Smeers (2001). “Variational inequality models of restructured electric systems.” 
In M.C. Ferris, O.L. Mangasarian, and J.-S. Pang (2001). Applications and Algorithms of Comple-
mentarity. Rotterdam: Kluwer.

Egging, R.G., and S.A. Gabriel (2006). “Examining market power in the European natural gas mar-
ket.” Energy Policy 34: 2762–2778.

Energy Modeling Forum (EMF) (2007). Prices and Trade in a Globalizing Natural Gas Market, EMF 
Report 23, Stanford University.

EU (2004). European Energy and Transport Scenarios on key drivers, European Commission DG-
TREN PRIMES forecasts for energy demand over the period 2000–2030. http://europa.eu.int/comm/
dgs/energy_transport/figures/scenarios/doc/ 2005_flyer_scenarios_on_key_drivers.pdf

Flam, S.D., and G. Zaccour (1989). “Nash-Cournot equilibria in the European gas market: A case 
where open-loop and feedback solutions coincide.” Differential Games and Applications, Lecture 
Notes in Control and Information Sciences 119. Berlin / Heidelberg: Springer. 

Gabriel, S. A., S. Kiet and J. Zhuang (2005). “A mixed complementarity-based equilibrium model of 
natural gas markets.” Operations Research 53(5): 799-818.

Gabriel, S.A., and Y. Smeers (2006). “Complementarity problems in restructured natural gas markets.” 
Recent Advances in Optimization, Lecture Notes in Economics and Mathematical Systems 563: 343-
373.

Golombek, R., E. Gjelsvik and K.E. Rosendahl (1995). “Effects of liberalising the natural gas markets 
in western Europe.” The Energy Journal 16(1): 85-111.

Gurkan G., A.Y. Ozge, and S.M. Robinson (1999). “Sample-path solution of stochastic variational 
inequalities.” Mathematical Programming 84(2): 313-333

Hagem C., S. Kallbekken, O. Maestad, and H. Westskog (2006). “Market power with interdependent 



134  /  The Energy Journal

demand: Sale of emission permits and natural gas from Russia.” Environmental & Resource Eco-
nomics 34(2): 211-227. 

Haurie, A.., G. Zaccour, J. Legrand, and Y. Smeers (1987). A stochastic dynamic Nash-Cournot model 
for the European gas market. Technical Report, GERAD, Ecole des Hautes Etudes Commerciales, 
Montreal, Canada.

Holz, F., C. von Hirschhausen, and C. Kemfert (2008). “A strategic model of European gas supply 
(GASMOD).” Energy Economics 30(3): 766-788. 

Hubert, F. and S. Ikonnikova (2004). Hold–up, multilateral bargaining, and strategic investment: The 
Eurasian supply chain for natural gas. www2.wiwi.hu-berlin.de/institute/hns/publications/Hold-up-
Multilateral-Bargaining.pdf

Labys, W.C., and C.W. Yang (1991), “Advances in the spatial equilibrium modeling of mineral and 
energy issues.” International Regional Science Review 14(1): 61-94. 

Lise, W. and B.F. Hobbs (2008). “Future evolution of the liberalised European gas market: Simulation 
results with a dynamic model.” Energy 33(7): 989–1004.

Lise, W., B.F. Hobbs and F. van Oostvoorn (2008). “Natural gas corridors among EU and its main sup-
pliers, simulation results with the dynamic GASTALE model.” Energy Policy 36(6): 1890–1906.

Lise, W., J. de Joode, and M.G. Boots (2005). Druk in de gasleiding, Verband tussen tarieven voor 
gastransport, omleidingsstromen en congestie in Nederland, ECN-C--05-098, ECN, Petten, The Ne-
therlands. www.ecn.nl/publications/default.aspx?nr=ECN-C--05-098

Mathiesen, L. (1985). “Computational experience in solving equilibrium models by a sequence of 
linear complementarity problems.” Operations Research 33: 1225–1250.

Mathiesen, L., K. Roland, and L. Thonstad (1987). “The European natural gas market: Degrees of 
market power on the selling side.” In R. Golombek, M. Hoel, and J. Vislie (eds.), Natural Gas Mar-
kets and Contracts. Amsterdam: North-Holland.

McAfee, R.P, and P.J. Reny (2007), “The role of excess capacity in determining market power in natu-
ral gas transportation markets.” Journal of Regulatory Economics 32(3): 209-223.

K. McCabe, S. Rassenti, and V.L. Smith (1990). “Auction design for composite goods: the natural gas 
industry.” Journal of Economic Behavior and Organization 14: 127-149.

Midthun, K.T. (2007). Optimization models for liberalized natural gas markets. Ph.D. Thesis, Norwe-
gian University of Science and Technology, Trondheim, October.

Morbee, J., and S. Proost (2008). Russian market power on the EU gas market: can Gazprom do the 
same as in Ukraine? 9th IAEE European Energy Conference, Florence, June,

Murry, D., and Z. Zhen (2008). “Asymmetric price responses, market integration and market power: A 
study of the US natural gas market.” Energy Economics 30(3): 748-765. 

Smeers, Y. (1997). “Computable equilibrium models and the restructuring of the European electricity 
and gas markets.” The Energy Journal 18(4): 1-31. 

Tatara, E., M.J. North, J. Dolph, J. Kavicky, and E. Portante (2007). The Simphony Integrated Simula-
tion Framework for Infrastructure Interdependency Modeling. AIChE Annual Meeting, Salt Lake 
City, Nov. 4–9, 2007.

Van Oostvoorn, F. and W. Lise (2007). Analysis and assessment of the optimal gas corridors and infra-
structure to secure supply, A model based analysis. ECN-E--07-024, ECN, Petten, The Netherlands. 
www.ecn.nl/publications/default.aspx?nr=ECN-E--07-024

Van Witteloostuijn A. S. Brakman and C. van Marrewijk (2007). “Welfare distribution effect of a price 
reduction in the Dutch gas transport market: A scenario analysis of regulatory policy, market form 
and rent allocation.” Energy Policy 35(12): 6299-6308 

Vázquez, C., M. Vázquez, and A. Berzosa (2006). “An analysis of the oligopolistic effects of the inte-
gration between electricity and gas suppliers in the Spanish market.” EEP Working Paper, Instituto 
de Investigación Tecnológica (IIT), Pontifical University Comillas, Madrid.

Von Hirschhausen, C., B. Meinhart and F. Pavel (2005). Transporting Russian gas to Western Europe: 
A simulation analysis. The Energy Journal 26(2): 49–68.

Yang, C.W., and W. Labys (1985). “A sensitivity analysis of the linear complementarity programming-
model -- Appalachian steam coal and the natural-gas market.” Energy Economics 7(3): 145-152.



A Dynamic Simulation of Market Power  /  135

Zhuang, J.F., and S.A. Gabriel (2008). “A complementarity model for solving stochastic natural gas 
market equilibria.” Energy Economics 30(1): 113-147.

Zwart, G., and M. Mulder (2006). NATGAS: A model of the European natural gas market. Report 
Number 144, Central Planning Bureau, The Hague, The Netherlands, February 24.



136  /  The Energy Journal



Perspectives of the European Natural Gas Markets Until 2025

Franziska Holz*†, Christian von Hirschhausen* and Claudia Kemfert*

We apply the EMF 23 study design to simulate the effects of the 
reference case and the scenarios to European natural gas supplies to 2025. 
We use GASMOD, a strategic several-layer model of European natural gas 
supply, consisting of upstream natural gas producers, traders in each consuming 
European country (or region), and final demand. Our model results suggest 
rather modest changes in the overall supply situation of natural gas to Europe, 
indicating 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, Russia will not dominate the European imports (share of ~1/3), the 
Middle East will continue to be a rather modest supplier, the UK is successfully 
converting from being a natural gas exporter to become a transit node for LNG 
towards continental Europe, and congested pipeline infrastructure, and in some 
cases LNG terminals, will remain a feature of the European natural gas markets, 
but less than in the current situation.

1. INTRODUCTION: THE EUROPEAN NATURAL GAS MARKET

The European natural gas market lends itself particularly to the EMF 
23 study design. It is in the middle of a deep structural change that comprises 
both, restructuring and vertical unbundling, 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 European 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 num-
ber 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.
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The second aspect, supply structures, also plays an important role in the 
energy policy debate, and it is the focus of this paper. Europe is a relatively mature 
pipeline market, with a significant increase in LNG regasification capacity and 
imports over the last years (IEA, 2004, 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 natural gas 
in environmental or cost terms (e.g. competition with coal with CCS for power 
production). In institutional terms, European natural gas supplies are also under-
going 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 natural gas, especially with a view to the dominant 
supplier, Russia.

These issues 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. (2008). Smeers (2008) summarized and discussed the papers that develop 
strategic models of European natural 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 numbers 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 paper, we report simulation results for European natural gas sup-
plies to 2025, following the EMF 23 study design (EMF, 2007). We apply a stra-
tegic 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 Holz 
et al. (2008), and therefore will not be presented in detail in this paper. Instead, 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 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 sup-
ply 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;
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• 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.

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 by Holz et al. (2008), 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 ba-
sis.1 It is programmed 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 Europe, which can supply pipeline gas and/or LNG (Table 1). An 
exporter can use both technologies simultaneously, but each technology is mod-
eled as a separate player, contrary to Holz et al. (2008) 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 tech-
nologies. Figure 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. European im-
porters are detailed in Table 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 
importing 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. 

1. Given the focus on yearly trade volumes, we do not include storage which would provide 
seasonal swing supplies, neither do we include reserve optimization.

2. Note that the pairs are not limited to adjacent countries.
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Table 1. Countries Included in the GASMOD Model, with Possible 
Export/Import Technologies by 2025

Region Country
 Export/Import  

  Technology in 2025

Exporters

Europe United Kingdom pipeline 
 Netherlands pipeline 
 Norway pipeline and LNG 
 Russia pipeline and LNGa

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

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

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 Switzerland 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” (former Yugoslavia and Albania) pipeline and LNG 
 Romania and Bulgaria pipeline 
 “Baltic region” (Estonia, Latvia, Lithuania) pipeline 

 Turkey pipeline and LNG

a. 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.

GASMOD is a game-theoretic partial equilibrium model of the Euro-
pean 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 competi-
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tion model (or Bertrand models), thereby giving an incentive to more (higher cost) 
players to participate in the market. The results of this equilibrium model cor-
respond 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 Holz et al. (2008) we consider three stylized cases of market power 
in each market stage in order to assess the most realistic scenario for the current 
European natural 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 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 pro-
duction 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 

3. In 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.

Figure 1. Stylized Representation of the GASMOD Model Setup
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In this paper, 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 de-
mand function) to 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 projections by the European Commission (Euro-
pean 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 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 2. We adopt a rather conservative ap-
proach for those projects that are suggested but not yet constructed and do not in-
clude 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. RESULTS FOR THE EMF SCENARIOS TO 2025

3.1  Scenario Overview

We simulated the following scenarios with the GASMOD model: EMF 
reference scenario (with data as described above), a slightly higher demand 
growth scenario, constraint 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 2 shows the GASMOD results of all scenarios for the last model 
year (2025). As underlined in EMF (2007), the European natural gas market dem-
onstrates 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 

4. Note 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 to reduce demand in the long 
run. Nonetheless, to ensure consistency we stick to the scenarios as defined by the EMF 23 group.
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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, Nige-
ria 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 rela-
tively 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 shows the evolution of natural gas exports to Europe over time. 
Consistent with the assumption of a growing reference demand, we find growing 
exports to Europe. Some exporters can increase their share in the European import 

5. While 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.

Table 2. Assumed Export Capacities for 2003 to 2025, in bcm per year
 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 
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portfolio due to new build and expanded export capacity, especially LNG produc-
ers such as Venezuela (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 4 illustrates that the increased share of LNG 
mainly substitutes pipeline supplies from other suppliers than Russia, especially 
the falling UK production.

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 (Holz, 

Figure 2. Model Results of Exports to Europe by Exporting Country in 
2025 for all EMF Scenarios (in bcm per year)

Figure 3. Model Results Exports in Each Model Year, EMF Reference 
Scenario (in bcm per year)
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2007).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 export-
ed 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 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 infrastruc-
ture projects are in the discussion to reduce the dependency 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.

6. This suggests, among other things, that the much debated Nordstream pipeline from St. 
Petersburg through the Baltic Sea into Germany lacks an economic justification. Note 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.

Figure 4. Shares of European Imports from Russia, Other Pipeline and 
LNG in Reference Scenario Results (in bcm per year) 
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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 international LNG market. In addition to the “traditional” LNG im-
porters 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 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.

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 pe-
riods. 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 increase are Algeria and Norway and Nigeria in later periods 
(highlighted in Table 3). In the reference scenario, a large part of their LNG ex-
ports 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 sce-
nario of constrained liquefaction capacity also highlights which LNG exporters 
are the preferred suppliers to the European markets in the reference case, namely 
those where the expected capacity expansion over the periods results in large ex-
port volumes and hence in large losses in the “Liquefaction Constraint Scenario” 
compared to the “EMF Reference Scenario”. Table 3 reports 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.

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 
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a competitive wholesale market that the European Commission still struggles to 
achieve on the European Continent. Moreover, the UK market does not only ex-
perience 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.

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 5 shows that the UK can potentially keep its natu-
ral 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. 

Table 3. Difference of LNG Exports in “Liquefaction Constraint 
Scenario” Compared to EMF Reference Scenario, in bcm per 
year (percentage)

 2010 2015 2020 2025

Norway 0.1 -1.9 -1.4 2.9 
 (+1 %) (-24 %) (-19 %) (+96 %)

Russia 0 0 -6.0 -10.3 
   (-100 %) (-100 %)

Algeria 4.1 10.7 13.6 14.2 
 (+57 %) (+166 %) (+227 %) (+222 %)

Libya 0 0 -5.0 -10.0 
   (-56 %) (-71 %)

Egypt 0 -4.6 -4.6 -4.6 
  (-16 %) (-16 %) (-16 %)

Iran 0 -14.5 -11.0 -5.9 
  (-100 %) (-100 %) (-100 %)

Middle East 5.7 19.5 21.6 24.4 
 (+68 %) (+327 %) (+375 %) (+445 %)

Nigeria -11.0 -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 %)
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Figure 5. Model Results for the UK Market (Consumption, Imports, 
Production for Domestic Consumption Exclusive Exports)

Figure 6. Pipeline Bottlenecks in West and Central Europe in 2015
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3.5  Infrastructure Bottlenecks in Europe

Several of the trade flows that result from our modeling exercise are con-
strained by the assumed infrastructure capacities. This is particularly important 
for all intra-European pipeline flows. Figure 6 shows a stylized map with the con-
gested border capacities between the countries in West and Central Europe. Our 
model data set is based on the assumption that the current European market struc-
ture will persist until 2025, with predominantly monopolistic, generally vertically 
integrated (between wholesale trade and shipping, incl. pipeline ownership) natu-
ral gas companies. This market structure has shaped the existing infrastructure 
situation in Europe with insufficient liquid interconnection 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.

4. CONCLUSIONS

In this paper, we have presented the reference case simulation and sce-
nario calculations of the EMF 23 study design, focusing on the supply and de-
mand 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 secu-
rity 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 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 forecasts 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 as-
sumptions about new infrastructure to be built. Upcoming research should move 
from a comparative static analysis to a dynamic model with endogenous invest-
ment decisions, similarly to Egging et al. (2009), Zwart (2009), and Lise et al. 
(2009) in this volume.
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European Natural Gas Markets:  
Resource Constraints and Market Power

Gijsbert T.J. Zwart*

The European natural gas market is characterized by declining 
indigenous resources, particularly in the UK and the Netherlands, and a growing 
dependence on a small number of large exporters who, as a consequence, see 
their market power increasing.

In this paper we analyze long-run scenarios for the European natural 
gas markets in a model, NATGAS, that explicitly includes both factors, 
resource constraints and producers’ market power. Finite resources lead to 
interdependencies of current production decisions and future opportunities. 
These decisions in turn depend on the potential for large producers to set market 
prices above marginal costs.

We analyze the impact of conditions on the global LNG market on 
market shares of pipeline gas suppliers, as well as on the speed of depletion of 
indigenous European resources. We focus on how shadow prices of resource 
constraints affect substitution patterns in the various scenarios.

1. INTRODUCTION

 Two main factors governing the policy debate on the European natural 
gas market are the decline of indigenous resources, combined with the growing 
dependence for a large share of gas supplies on a few foreign gas exporters, and 
the market power this may confer. In one to several decades, gas resources of ma-
jor EU producers UK and the Netherlands are forecast to dry up. To meet growing 
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demand, three large exporters to Europe – Russia, Norway and Algeria – will see 
their roles, and perhaps the associated pricing power, enhanced.

 An important potential competing source of supplies will be imports 
of liquefied natural gas, LNG. LNG suppliers increasingly compete on a global 
market, shipping their production to the highest price bidders. Conditions in other 
consumer markets will therefore set prices for LNG imports, and such prices will 
largely be exogenous to regional European developments.

 We analyze the relations between market power, resource depletion and 
LNG imports in Europe in a simulation model, NATGAS, that includes both the 
effects of resource constraints and of market power at the production level. Finite 
resources lead to interdependencies of current production decisions and future 
opportunities. Depletion decisions in turn interact with the potential for large pro-
ducers to set market prices above marginal costs, where these costs themselves 
should be interpreted to include opportunity costs associated with conserving re-
sources for future production.

 Within this framework we study the impact of different assumptions on 
the availability of LNG. In the face of varying LNG imports, what substitution 
patterns do we observe from indigenous production, external pipeline supplies 
and demand? One key observation is that although total available indigenous re-
sources are fixed and finite, the changing long-run price perspectives will lead 
resource constrained European producers to shift their production profiles over 
time. At any given moment, these intertemporal constraints may cause a player’s 
production to function either as a complement or as a substitute to contemporane-
ous LNG imports.

 The NATGAS model is a mixed complementarity model of Cournot pro-
ducers in a network setting. It builds on a sequence of earlier simulation models 
of the EU energy markets. Golombek et al. (1995, 1998) used a Cournot model 
of the European gas market to assess the impact of liberalization on prices in Eu-
rope, while Mathiesen et al. (1987) compared Cournot, competitive and collusive 
equilibria in the European market. Haurie et al. (1987) studied an application to 
a market with stochastic demand.1 In Boots et al. (2004), the impact of traders in 
a conjectural variations production market is investigated. More recent contribu-
tions focussing on producer market power in the European gas market include 
Egging and Gabriel (2006), Holz et al. (2008), Egging et al. (2008), Lise et al. 
(2008), and Zwart and Mulder (2006). Related recent Nash-Cournot models of the 
US market are studied, for example, in Gabriel et al. (2005a,b).

 Modelling of (endogenous) longer-term dynamics in network models 
of natural gas markets is still underexplored. An early discussion on how Cournot 
network models could be applied to the European natural gas market was pro-
vided in Flåm and Zaccour (1989), though here the idea was not yet implemented 
in practice. Dynamic investment in electricity market models was addressed by 
Denis et al. (2002), Pineau and Murto (2003) and Murphy and Smeers (2005). 

1. See also Gabriel and Smeers (2006) for an overview of the earlier literature.
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These authors all focus on investment in production capacity. In NATGAS, we 
combine this approach to investment with the finiteness of resources (see e.g. 
Withagen, 1999, for an overview of literature on oligopoly power with exhaustible 
resources). An application of intertemporal optimization under Cournot competi-
tion in energy markets is given in Bushnell (2003), in a complementarity model of 
electricity markets including hydropower generation.

 The structure of this paper is as follows. We first sketch the structure 
of the EU natural gas market and its suppliers. We then briefly describe the key 
characteristics of the NATGAS model. In section 4 we analyze the patterns of 
production and imports in various scenarios on LNG costs and market power. We 
close with some concluding remarks.

2. GAS SUPPLIES TO EUROPE

 Currently, the major EU producers are the UK and the Netherlands. Den-
mark, Germany, Italy, Poland and Romania play smaller roles, both in terms of 
production and reserves. By the end of 2006, total indigenous remaining reserves 
were approximately equal to 2800 bcm (billion cubic meters, BP, 2008), or less 
than six times annual EU consumption. Total annual EU production was slightly 
over 200 bcm in 2006 (IEA, 2007), and EU consumers depend to a large extent on 
pipeline imports of natural gas from, in particular, Russia, Norway and Algeria.

 Even though the corresponding reserves to production ratio suggests 
that in about 14 years the EU will entirely depend on imports, the situation is 
slightly less gloomy if one takes into account the additions to reserves from gas 
exploration activity. Indeed, as Stern (2002) points out, proven reserves in the EU 
stayed more or less constant over the years 1981-2001, in spite of continuous pro-
duction: new reserves were added at a similar pace. More important is the quantity 
of total resources, including those too expensive to exploit at current prices and 
technology, and those currently yet undiscovered. Though by their nature such re-
source estimates are substantially more uncertain than figures for proven reserves, 
both known but undeveloped finds and surveys of suitable geological structures 
do allow for some indications of their magnitudes. For example, the Department 
of Business, Enterprise and Regulatory Reform (BERR, 2007) provides a central 
estimate of total remaining UK resources of 1313 bcm of natural gas, compared 
to a proven reserves figure of 684 bcm and past cumulative production of just over 
2000 bcm of natural gas. And similarly, the midpoint estimate for resources in the 
Dutch Continental Shelf small fields equals about twice their proven reserves (EZ, 
2008). Seeliger (2004) lists values for other European producers.

 Even with these figures of remaining resources, EU production is widely 
expected to decline substantially in the coming decades, in particular for the two 
major producers, the UK and the Netherlands. Because of still growing demand 
for natural gas, the need for increased imports from outside the EU is apparent. 
Fortunately, reserves and estimates for remaining resources in the EU’s suppliers 
are huge: for instance, remaining Norwegian resources are estimated at almost 
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5000 bcm (NPD, 2008), and Russian proven reserves alone equal about ten times 
this figure (IEA, 2007). For the EU, a more pressing question is at what price these 
resources will be made available. Since the 2007 Norwegian Statoil - Norsk Hydro 
merger, state controlled monopolists have dominated production in all three major 
gas exporters to the EU: Norwegian StatoilHydro, Sonatrach for Algeria and Gaz-
prom for Russia. It is natural to assume that these firms will, to some extent, use 
the market power they are endowed with. Also within Europe, entry into the pro-
ducing sector is typically restricted, and producers are not necessarily price takers, 
though levels of competition in the various countries will differ. In this paper we 
will indeed assume that production can be described by an oligopoly model.

 As indigenous resources dwindle, will the European gas market essen-
tially become a triopoly, perhaps complemented by smaller pipeline supplies from 
other North-African or former Soviet Union states? Not necessarily: supplies from 
elsewhere in the form of liquefied natural gas, LNG, may contest this market, 
depending on prices in Europe and other consumer regions. The global market for 
LNG has experienced substantial growth over the past decade, with annual growth 
rates of over 7% (Elkins, 2008). Currently, LNG only caters for a small share of to-
tal gas demand in the European market, around 50 bcm out of total gas demand of 
over 500 bcm. Although this share is expected to increase, LNG consultant Jensen 
Associates (2007a) indicates that projections of LNG growth are very uncertain, 
and estimates a range for the global LNG market in 2020 of 400 bcm to 600 bcm 
(compared to some 190 bcm in 2005). His estimate for the share going to Europe 
displays even greater uncertainty, ranging from hardly any growth (if pipeline im-
ports continue to be relatively cheap) to 170 bcm in the most positive scenario.

 LNG is more flexible in destination than pipeline gas. Liquefaction fa-
cilities in source countries make up the larger part of costs in the LNG chain, 
while on the other hand, regasification terminals in destination countries account 
for a much smaller share of the costs in the chain. Indeed, in this latter segment 
there is overcapacity. Global regasification capacity is roughly twice as large as 
global liquefaction capacity.

 Differences in shipping costs of LNG to various demand centers (Eu-
rope, the US, and the Far East) are, at one to a few cents per cubic meter, relatively 
minor compared to gas prices. Therefore, a producer such as Qatar or Nigeria 
may choose a destination for its gas based on the highest net-back price. As a 
result, provided LNG prices are competitive with costs of piped gas, LNG could 
give rise to arbitrage between these various global regions. Although currently, 
the LNG market is still dominated by relatively inflexible long-term contracts al-
lowing little scope for interim renegotiation of the cargo’s destination, the market 
for flexible LNG is growing. As Jensen Associates (2007a) documents, flexibility 
of destination might grow as spot markets for LNG grow in importance, but also 
as more and more LNG contractors become themselves active in multiple down-
stream markets, and can arbitrage within their own portfolios. Jensen Associates 
(2007b) estimates current flexible volumes in the Atlantic Basin LNG market at 
some 30% of total volumes.
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3. THE NATGAS MODEL

 In view of the importance of producer market power and finiteness of 
resources in describing the European gas market, we set out to create a model 
capturing both characteristics, NATGAS, and see how they interact. In this sec-
tion we give a brief overview of the structure of the model. For details we refer to 
Zwart and Mulder (2006).

3.1 Geographical and Temporal Dimensions

 We model gas production and consumption in Europe, aggregating data 
into a limited set of markets. We distinguish production centers inside the EU 
(the most important ones being the UK and the Netherlands), as well as Europe’s 
pipeline suppliers Norway, Russia and North Africa. We treat exports to Europe in 
the form of LNG as one single source. Available LNG supplies vary with market 
prices. We aggregate European demand into nodal demand centers, tied together 
through a simplified transmission network of links between these nodes. Table 1 
lists the various supply and demand nodes included.

Table 1. Groups of Countries Represented as Supply or Demand Nodes
Suppliers

Russia  including transits from other former Soviet Union 
Netherlands  separately considers Groningen field and small fields 
Norway  including Denmark 
UK 
North-Africa  including pipeline gas from Algeria and Libya 
Eastern Europe  mainly Romania and Poland 
Germany  including Switzerland and Austria 
Italy 
LNG market

Demand

The Netherlands  distinguishing low- and high-calorific markets 
Belgium  as above 
Germany  including Switzerland and Austria, as above 
UK  including Ireland 
France 
Italy 
Iberian Peninsula 
Eastern Europe

 In the time dimension the model is discretized into ten sets of five years 
each, starting from the first period 2007-2011 to, finally, 2052-2056. The period 
studied consists of the first thirty years.
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3.2 Producer Market Power

 Producers are located in each of the supply regions, and compete in 
selling output to the various consumer regions. Decision variables for each pro-
ducer are quantities of natural gas sold to each consumer region (in each five-year 
period), and investment in new production capacity (for each five year period). 
Clearly, the aggregate quantities produced in any period cannot exceed available 
production capacity built up in previous periods.

 Oligopoly behavior is described as the equilibrium of a non-cooperative 
game in which all producers simultaneously choose capacities and output. In solv-
ing for this equilibrium, we make the Cournot assumption on producers: each 
producer maximizes the present value of his profits taking the decisions of his 
competitors as given. The intensity of competition in this Cournot game is deter-
mined by the number of producers in each region: as the number of Cournot play-
ers in each supply region grows, the Cournot solution will converge to the perfect 
competition outcome. In the model analysis we will compare low competition 
scenarios, where every supply node is populated with a single monopolist, to situ-
ations in which the production market in some nodes will be shared by symmetric 
competitors.

 The oligopoly game describes producers’ investment and production 
decisions over time, and therefore producers’ strategies are functions of time. In 
the NATGAS model we consider the so-called open-loop solution concept for dy-
namic games, where strategies are functions of time only.2 Essentially, producers 
simultaneously and non-cooperatively choose an entire investment and depletion 
path for the resources they are endowed with.

3.3 Incorporating the Resource Constraint

 Gas producers dispose of a finite marketable quantity of natural gas and 
face the choice at what point in time to produce this quantity. As is well known 
(Hotelling, 1931; Stiglitz, 1976), in equilibrium production will be such that each 
producer will be indifferent between producing now and postponing production 
until tomorrow: marginal profits rise at the rate of discounting.

 In the NATGAS model, this relation between production quantities at 
various points in time is realized by explicitly adding the constraint that total 
production over time be constrained by an exogenous total resource quantity (the 
sum of reserves, estimated potential and undiscovered resources). The shadow 
price of this constraint is known as the resource rent. This rent is an opportunity 
cost of producing in any period, and links behavior across periods. Consequently, 
current production decisions will be affected by expectations of future prices. The 

2. The alternative would be a closed-loop solution, where players’ strategies are allowed to depend 
on decisions of their competitors in previous periods. Sometimes the two coincide, see e.g. Flåm and 
Zaccour (1989).
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expected structure of the market, and its competitiveness, ten years from now will 
have an effect on the resource rent, and hence the choice of depletion paths now.

3.4 The LNG Market

 We model the global LNG market as a competitive fringe: LNG is avail-
able to Europe at costs determined by an exogenous supply function. The thresh-
old price at which LNG-imports become available to Europe should be set by 
the opportunity costs for LNG suppliers of supplying to alternative destinations 
(corrected for differences in shipping costs). If European gas prices determined 
by pipeline competition remain below gas prices in the US or the Far East, LNG 
would be diverted to those regions, while as European prices exceed those prices, 
more LNG will be made available to Europe. In the model simulations we will 
analyze the effects of different assumptions on these opportunity costs.

 Clearly, even if market prices exceed prices at which LNG will be avail-
able, LNG terminal capacity is required in Europe to accommodate any imports. 
In NATGAS, investment in LNG import capacity is treated as endogenous. Inde-
pendent, price taking players are assumed to choose capacities and to purchase 
LNG deliveries constrained by those capacities. In the investment equilibrium, 
such price takers will make zero net profits in the long run.3

3.5 Other Players Included in the Model

 Besides the Cournot producers and price taking LNG importers, several 
other players are included in NATGAS, all of which we model as profit maximiz-
ing price takers:

supply nodes 

equalize as long as spare transport capacity is available 

low demand summer seasons 

Finally, in each region, consumers are represented by an exogenously 
specified time dependent aggregate demand function.

4. PATTERNS OF SUBSTITUTION

 LNG supplies are likely to play an increasingly large role in global natu-
ral gas markets. However, the pace of growth of LNG supplies to European natu-
ral gas markets remains highly uncertain. Firstly, global growth of LNG produc-

3. The assumption of perfect competition for these players seems consistent with the currently 
observed wave of new entrants investing in such terminals in various European countries.
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tion remains unpredictable. Despite abundant resources worldwide, development 
of new liquefaction capacity on the longer run may be affected by, for instance, 
sharp cost inflation (with liquefaction costs doubled over the last few years, see 
Jensen Associates, 2007c), by political tensions (with large available resources in 
e.g. Iran, Venezuela, Nigeria), or by steps by producers to coordinate production 
decisions in an OPEC-like cartel.

 Secondly, different consuming regions compete for supplies. Increas-
ing price responsiveness of LNG shipments causes cargoes to be delivered where 
prices are highest. As a result, a surge in Far Eastern gas demands (e.g. because 
of Japanese nuclear power station outages) draws LNG to the Far East even from 
the Atlantic basin. As long as LNG is scarce compared to demand, prices remain 
set by the highest priced region. If Europe’s alternative of pipeline gas remains 
cheaper, LNG will, at least initially, not play a big role, as emphasized by Jensen 
Associates (2007a). We investigate the effects of differing assumptions on LNG 
costs in the NATGAS model. In a scenario where LNG availability is lower (or 
LNG is only available at higher costs), we expect lower imports of LNG. How 
will the market cope with this shortage? What sources will substitute for the gap 
in imports? In response to higher prices, we may anticipate both demand response 
and larger incentives for production, and we explore the relative importance of 
these various sources of gas.

 We will be particularly interested in the extent of shifting production 
patterns in time. Resource constrained producers cannot just increase production: 
higher production now means lower production in the future. How do changing 
expectations in LNG costs alter the balance of depletion schedules, in particular 
for tightly constrained producers such as the UK? Here we note two opposing 
effects: higher LNG costs may raise current revenues and make production more 
attractive, but higher future expected costs cast their shadows into the present as 
well: they raise the resource rents and make production more costly. As we will 
see, in some cases the second effect dominates and lower LNG imports in those 
cases go together with lower current production from indigenous producers.

 Apart from LNG availability, also producer market power will influence 
production decisions, although again here any effects of increased competition 
may be muted by the resource constraints. In our baseline simulations we make 
the ‘worst’ assumption on market power and assume that in each country, one 
Cournot producer is active. We then evaluate the effects of increased competition 
among producers.

4.1 The Baseline

 In the baseline scenario we assume LNG costs of 29 cents per cubic 
meter (ct/m!) in winter, and 25 ct/m! in summer, and keep these constant for the 
entire simulation period. These prices correspond roughly to prices currently ob-
served in the market and equal around $ 11 to 13 per MMBTU, for comparison 
with US units. The seasonal spread in costs of 4 ct/m! is of the same order of 



European Natural Gas Markets  /  159

magnitude as long run average costs of seasonal storage. As to market power, 
in the baseline we make the relatively bleak assumption that a single producer, 
exploiting its full Cournot market power, dominates each producer region. We 
will explore the impact of changing the level of LNG costs and degree of market 
power in various scenario analyses.

 Data on production and infrastructure costs and current capacities are 
based on Zwart and Mulder (2006) and sources cited there, but where possible 
updated with more recent data from IEA (2007), and with information on cost 
inflation in the sector as documented by IEA. We keep these data the same for all 
scenarios. Russian production costs are highest (but still lower than our baseline 
LNG costs), production from the Dutch giant onshore Groningen field is cheap-
est. Initial production costs for other European and Norwegian gas are all similar 
in magnitudes. For all regions, costs are assumed to increase as resources are de-
pleted. We include some additional exogenous bounds on production. Firstly, we 
exogenously limit future capacity from the Groningen field (in line with expecta-
tions on the field’s physical possibilities); secondly, we do not allow any region’s 
production capacity to increase by more than 50% in any five-year period; and 
finally, we assume Russian exports to Europe will not drop below current values, 
reflecting the sunk character of large part of the infrastructure, a constraint which 
at least initially binds.

 We plot the baseline estimates in figure 1. Within the thirty years horizon 
under study, a large part of indigenous resources are depleted: the Dutch small 
fields and the UK, eastern Europe and Italy. Only some German production and 
a modest rate of production from the Groningen field remain. Initial significant 
growth of output comes mainly from Norway, North-Africa and Eastern Europe. 
For Russian supplies, the lower bound on exports to Europe is equal to current 

Figure 1: Baseline EU Supplies
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exports. This constraint binds throughout the study period in this scenario. We 
note that in this baseline scenario, LNG imports first increase at a relatively mod-
est pace, growing to around 75 bcm (billion cubic meters) per year around 2020, 
with initial large imports mainly in Spain. Only when EU resources are in rapid 
decline do LNG imports pick up, with import terminal capacity growing fastest 
in the UK.

 Our main interest does not lie in the absolute values of imports from 
various sources, but rather in the sensitivity of the depletion and import patterns to 
assumptions on LNG costs and market power. We explore these issues next.

4.2 Changes in LNG availability

 We consider three alternative scenarios for LNG costs, to obtain some 
insights into the mechanisms governing the relations between current prices, price 
expectations and depletion decisions in the EU gas market. We will look at one 
lower costs scenario, with winter and summer LNG costs 5 cents lower (24 and 20 
ct/m!, or average 22 ct/m!), LNG22 for short, and two higher ones, with costs 34 
(30) ct/m! in winter (summer) and 39 (35) ct/m!, LNG32 and LNG37 respectively.

 The main effect of these changing assumptions on levels of LNG im-
ports is to shift their growth pattern in time: at higher LNG costs, growth of LNG 
imports does not start until in a later period. In the LNG37 scenario, LNG will not 
appear on the market at all for the first 15 years. Eventually though, LNG imports 
do increase. In LNG22, LNG is relatively cheap compared to pipeline gas and 
growth is much faster, already reaching 150 bcm per year in 2020. Given that the 
market clears in all scenarios, how are these large differences compensated for 
by changes in other sources of supply and demand? We first analyze the substitu-
tion patterns at a single point in time, the third period in the model simulation. 
Then we focus on intertemporal shifts in production: how do producers shift their 
depletion schedules in response to the various LNG scenarios?

 Table 2 plots the changes in third-period supply and demand for each 
LNG scenario, relative to the baseline scenario. The first thing we note is that the 
large differences in LNG imports across the various scenarios are predominantly 
matched by large changes in demand. As a result of changing LNG import costs, 
market prices are affected and these expand or restrict demand. Clearly, price ef-
fects are largest in those regions where LNG imports set the margin, in particular 
Spain and the UK. Average prices in other regions are affected, too. This happens 
through spillover effects such as arbitrage over available pipeline connections, or 
rerouting of supplies from the continent to the UK by Norway. The bulk of the 
remaining compensation is from Norwegian production, with also some contribu-
tion from the UK, the Netherlands and North Africa.

As pointed out, changes in a country’s production in one period must be 
accompanied by compensating changes in another, if the resource constraint is 
binding. Rather than looking at effects of the LNG scenarios in a single period, 
we now turn to the effects on depletion schedules over time. In doing so we focus 
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on two countries, the UK and Norway. The former faces tighter constraints, and 
consequently a higher resource rent, than the latter. For the UK, in the baseline 
the shadow price of the resource constraint equals over 7 ct/m!, a value compa-
rable in magnitude to physical production costs. For Norway, the resource rent 
is over three times smaller. Figure 2 shows the UK’s and Norway’s production 
schedules in the baseline scenario (left-hand panel) as well as deviations from 
these schedules (Norway centre panel, UK right-hand panel) under the alternative 
LNG prices.

 
Figure 2. Baseline Norwegian and UK Production (left panel) and 

Differences in Per Period Production Levels (in bcm) in the 
Scenarios (Norway centre, UK right)

 

 Norwegian imports are projected to grow in the first ten years and to 
remain stable afterwards during the thirty-year study period4. The level of this 
plateau varies with the scenario in an intuitive way: higher LNG costs (and lower 
LNG imports) straightforwardly lead to substitution by Norwegian production.

 The situation is different for the UK. Here we observe the trade-off 
between taking immediate advantage of higher current prices, and saving gas in 
response to higher future expected prices. In comparing the baseline with slightly 
higher prices in the LNG32 scenario, it is the immediate effect that dominates: the 
UK’s production schedule is shifted to the present as a whole, leading to lower 
remaining production in the tail end, the last two periods. However, when compar-
ing LNG32 with even higher LNG costs, LNG37, we see a reversal: in response to 
a further decline in LNG imports, UK production in the second and third periods 

4. Norwegian production starts to go down at the end of this period. Simulations were done for a 
significantly longer period of fifty years, to avoid introducing artifacts related to the choice of finite 
study period duration.

Table 2: Changes from Baseline Scenario Results, in Third Period (2017-
2022) Supply and Demand, by LNG Scenario (in bcm)

 LNG  demand  Norway  UK  Netherlands  North-Africa  other

LNG22  82  43  -18  -7  -4  -4  -6 
LNG32  -53  -35  13  2  2  0  1 
LNG37  -75  -54  17  -1  2  0  4



162  /  The Energy Journal

drops as well, in favour of higher volumes compared to LNG32 in the latter 15 
years of the study period. The resource rent leads to conservation of gas in antici-
pation of higher future prices. In case of cheaper and more plentiful LNG imports, 
the LNG22 scenario, we see the resource effect mainly in the first period. In con-
junction with higher first period LNG imports compared to the baseline, also UK 
production is increased: production and LNG imports act as complements rather 
than substitutes for this shift. As a consequence of the lower LNG costs in the 
future, the UK resource rent goes down and saving gas is less attractive.

4.3 Changes in Market Power

 In the baseline scenario, we assume that each country fully exploits 
its full Cournot market power. We now evaluate the effect of more aggressive 
competition. Within the EU, currently the production market is often shared by a 
larger number of competing firms, particularly in the UK. EU pressure on liberal-
izing the gas sector and promoting intra-EU competition is primarily directed at 
the wholesale (or midstream) market5, rather than at upstream production. Still, it 
is conceivable that a more liquid and transparent internal wholesale market will 
reduce entry barriers for EU producers and cause the EU upstream market to be 
more competitive in the study period. The case is different for outside producers, 
but here, too, competition might be more aggressive than pure monopoly under 
the threat of new pipeline imports from e.g. Libya, Iran or Turkmenistan.

 We study the effects of such increased competition on the role of LNG 
in Europe and on production schedules across the study period of resource-con-
strained producers. For this we introduce two competition scenarios: EUduopoly, 
where we assume each producer region within the EU to be operated by two 
(independent) firms, and Duopoly, where also the Norwegian, North-African and 
Former Soviet Union supplies are Cournot duopolies. We keep LNG costs at the 
baseline levels, 29 ct/m! for winters and 25 ct/m! in summers.

 As Stiglitz (1976) observes, in the presence of resource constraints the 
relation between competition and output is less clear-cut than in unconstrained 
industries. A monopolist with zero production costs, facing constant elasticity 
residual demand, will not behave differently from a price taker. When these as-
sumptions are relaxed, however, increased competition will usually lead to a shift 
of production to the present6. This is indeed what we observe in the simulation 
results, figure 3: in both cases, LNG, with its fixed supply function, is initially 
kept at lower levels by the increased production from pipeline producers. In the 
EUduopoly scenario, this is reversed later, when indigenous resources are deplet-
ed. The effect of higher competition is mainly to reduce prices slightly initially, 
with exporter market power taking over at a later stage (but still kept in check by 

5. We do not explicitly model this segment of the market here. Models analyzing market power of 
European wholesalers include those of Egging et al. (2008) and Lise et al. (2008)

6. Captured by Solow (1974)’s “A monopolist is the conservationist’s friend.”
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the LNG fringe supply curve). When also the major exporters to Europe behave 
more competitively, in the Duopoly scenario, we see a larger increase in demand, 
and lower LNG imports all over the study period.

 This is reflected in the production profiles of the UK and Norway: in 
the EUduopoly scenario, there is a sharp increase in UK production, partially 
balanced by lower Norwegian exports to the EU (and lower LNG imports). In the 
Duopoly scenario, also Norway shifts its production forward in time, and achieves 
a higher plateau rate; the UK’s gain from earlier production is slightly reduced 
and the production peak is somewhat lowered.

Figure 3: LNG Imports (left), Norwegian Production (centre), and UK 
Production (right) (in bcm) Under the Market Power Scenarios 

5. CONCLUDING REMARKS

 We have used the NATGAS model to study how equilibrium supplies 
to the European natural gas market respond to changing conditions in the world 
LNG market, as well as to changes in assumptions on producer market power. 
The main feature that distinguishes the NATGAS model from various other ap-
proaches is the focus on long-term dynamics, incorporating both the resource 
constraints and the market power that play an important role in the real world. 
We highlighted the interaction between short and long-term production decisions 
relevant in particular for the more tightly resource constrained producers, such 
as the UK. We observed how, because of these intertemporal links, constraints 
on LNG availability may lead to short-term reductions in output by competing 
suppliers, who conserve gas in response to a more favorable outlook on long-term 
prices. The analysis of market power and depletion patterns demonstrates that 
increased competition leads to slightly faster depletion of indigenous resources; 
the main welfare benefit is therefore to reduce current prices, at the expense of 
higher future prices.

 The scenarios illustrate how shadow costs, in particular the resource 
rent, affect production decisions under changing circumstances: these costs may 
be comparable in size to real production costs. One direction for further research is 
to analyze more extensively the impact of competition on the shadow costs of pro-
duction, including other ones beside the resource rent. Another aspect that could 
deserve future attention is the relation between European markets and the global 
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LNG market. In the current study, we treated the LNG market as exogenous. Clear-
ly, providing a global modelling framework that allows linking the LNG market 
endogenously to conditions in both European and other regional markets would be 
desirable. Steps in this direction are reported in Egging et al. (2009), Aune et al. 
(2009) and Hartley and Medlock (2009), all included in this issue.
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The development of an international market for liquefied natural gas 
(LNG) and the resulting opportunities for intercontinental arbitrage are seen as 
creating a world in which movements in natural gas prices are linked between 
continents. Increased flows of LNG into the United States and the potential 
sensitivity of these shipments to price differentials between Europe and North 
America suggests the possibility of a strengthening relationship between natural 
gas prices on these two continents. At the same time, there is considerable 
evidence linking natural gas price movements in Europe and North America to 
those for crude oil. Accordingly, we use a series of econometric tests to determine 
whether the co-movement between natural gas prices in Europe and North 
America is mediated through crude oil prices or is being shaped directly by gas-
to-gas arbitrage.

1. INTRODUCTION

For many years, pipelines were the primary means for moving natural 
gas, and natural gas prices were, by and large, determined in the prevailing conti-
nental markets. The development of an international market for liquefied natural 
gas (LNG) and the resulting opportunities for intercontinental arbitrage are seen 
as creating a world in which movements in natural gas prices are linked between 
continents. Neumann (2009) finds that shipments of LNG across the Atlantic have 
enabled some co-movement in natural gas prices between European and North 
American markets. Increased flows of LNG into the United States and the poten-
tial sensitivity of these shipments to price differentials between Europe and North 
America suggests the possibility of a strengthening relationship between natural 
gas prices on these two continents. 
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At the same time, there is considerable evidence linking natural gas price 
movements in Europe and North America to those for crude oil. Asche et al (2006) 
and Josse-Vásquez and Neumann (2006) find cointegration between natural gas 
and crude oil prices in the U.K. market, with Asche et al showing changes in 
crude oil prices lead those for natural gas. Similarly, Bachmeir and Griffin (2006), 
Villars and Joutz (2006), Brown and Yücel (2008b) and Hartley, Medlock and 
Rosthal (2008) find cointegration between natural gas prices in the U.S. market 
with Brown and Yücel showing that changes in crude oil prices lead those for 
natural gas.

With different crude oil prices moving closely together on international 
markets, the link between crude oil and natural gas prices raises the possibil-
ity that the co-movement of natural gas prices in European and North American 
markets is mediated through crude oil prices rather than by gas-to-gas arbitrage 
facilitated by shipments of liquefied natural gas (LNG). Accordingly, we use a se-
ries of econometric tests to determine whether the co-movement between natural 
gas prices in Europe and North America is mediated through international crude 
oil prices. These tests reveal that the co-movements of oil and natural gas prices 
in European and North American markets likely play an important role in the co-
movement of natural gas prices between the two continents. LNG may reinforce 
the link between natural gas and oil prices because most contracts for LNG deliv-
ery in Europe are priced against crude oil. 

2. PRICE SHOCKS IN OIL AND NATURAL GAS MARKETS

 To examine how natural gas price shocks are transmitted across the At-
lantic and how oil prices might affect this transmission, we undertake a series 
of causality tests involving weekly data for natural gas and crude oil prices at 
major trading nodes over an uninterrupted span of 570 weeks from June 13, 1997 
through May 9, 2008. The natural gas prices include Henry Hub in the United 
States and the National Balancing Point (NBP) in the United Kingdom. The crude 
oil prices include West Texas Intermediate (WTI) and Brent.

Henry Hub is the principal trading hub for natural gas in the United 
States. Near New Orleans, Henry Hub comprises a series of 16 pipeline intercon-
nects at a single facility that draw their supplies from the largest concentration of 
natural gas producing regions in the country and nearby terminals for importing 
LNG. These pipelines directly serve markets throughout the U.S. East Coast, the 
Gulf Coast, the Midwest, and up to the Canadian border. Interconnections with 
pipelines across Texas link the Henry Hub market to those in the U.S. West. Ser-
letis and Herbert (1999) find that the Henry Hub spot price is strongly correlated 
with the NYMEX futures price, which is the most widely traded natural gas con-
tract in the world. As such, the Henry Hub price represents a national market price 
for natural gas that is determined relatively close to the wellhead.

The NBP is a pricing and delivery point for natural gas in the United 
Kingdom. It is similar in concept to Henry Hub, but its location is more diffusely 
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specified as within the United Kingdom’s national transmission system without 
any precise location. The NBP is the pricing and delivery point for the Intercon-
tinental Exchange natural gas futures contract. It is the most liquid gas trading 
point in Europe and is a major influence on the price that European consumers pay 
for their gas at home. The NBP is some distance from Spain, where most LNG 
cargos are imported into Europe, but it is interconnected to continental supplies 
of natural gas and adjacent to LNG import facilities in the United Kingdom. As 
such, the NBP price best represents a European market price for natural gas that 
is determined close to end users.

West Texas Intermediate crude oil (WTI) and Brent are standard marker 
crude oils on international markets. WTI is a crude oil of a specific gravity and 
sulfur content delivered at Cushing, Oklahoma. It is used as a benchmark in oil 
pricing in North America and is the underlying commodity for the New York Mer-
cantile Exchange’s oil futures contracts. Bachmeir and Griffin (2006), Villars and 
Joutz (2006), Hartley, Medlock and Rosthal (2008) and Brown and Yücel (2008b) 
use WTI to examine the relationship between crude oil and natural gas prices in 
the United States.

Brent Crude is a blend of 15 oils from the North Sea. Its price is a bench-
mark for oil produced in Europe, Africa and the Middle East. Asche et al (2006), 
Josse-Vásquez and Neumann (2006), and Neumann (2009) use Brent to examine 
the relationship between crude oil and natural gas prices in the United Kingdom.

We conduct a variety of causality tests with these four variables. We test 
for causality between the Henry Hub and NBP prices of natural gas. We also test 
for causality between each of the natural gas prices and the prices of WTI and 
Brent. Most importantly, we test for causality between Henry Hub and NBP while 
accounting for the potential influence of crude oil prices on those for natural gas. 
Taking a cue from Brown and Yücel (2008a), we also conduct the latter test while 
allowing for local exogenous influences that might shape the supply and demand 
for natural gas at Henry Hub.

2.1 The Data

Our data set allows us to examine the relationship between weekly crude 
oil and natural gas prices over an uninterrupted span of 570 weeks from June 13, 
1997 through May 9, 2008. Although the Henry Hub, WTI and Brent prices are 
available for earlier dates, the uninterrupted series for the NBP price that can be 
considered market determined begins on June 13, 1997. We use the Henry Hub, 
WTI and Brent prices as reported by the Wall Street Journal and obtained as a 
weekly series from the Haver Analytics data base. The NBP price series is ob-
tained from Heren and converted from pence per therm to dollars per million Btu 
using exchange rates reported by the Federal Reserve System.

As an initial step in our work, we check whether the data series are in-
tegrated or stationary. A time series that is integrated is said to have a stochastic 
trend (or unit root). Identifying a series as an integrated, non-stationary series 
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means that any shock to the series will have permanent effects on it. Unlike a 
stationary series, which reverts to its mean after a shock, an integrated time series 
does not revert to its pre-shock level. Applying conventional econometric tech-
niques to an integrated time series can give rise to misleading results. As shown in 
Table 1, augmented Dickey-Fuller tests revealed that all natural gas and oil price 
series are difference stationary.1 The augmented Dickey-Fuller tests fail to reject 
the hypothesis that logged data have unit roots (as shown by the column labeled 
“Levels”) and reject the hypothesis that the differenced data have unit roots (as 
shown by the column labeled “First Differences”).

Table 1. Unit Root Tests

(Logs of Weekly Data, June 13, 1997 through May 9, 2008)

  Augmented Dickey-Fuller Tests 
variables Levels  First Differences

Henry Hub -1.2997  -13.7055**

NBP -1.5076  -13.6502**

WTI 0.5694  -7.6406**

Brent -0.1036  -23.9725**

+, * and ** denote significance at better than 10, 5 and 1 percent, respectively.

2.2 Cointegration Tests

After determining that all of the natural gas and oil price series are inte-
grated of order 1, we test for cointegration between the two natural gas prices and 
between each natural gas price and each crude oil price. Two integrated series are 
cointegrated if they move together in the long run. 

Cointegration implies a stationary, long-run relationship between the two 
difference-stationary series. As such, the cointegrating term provides information 
about the long-run relationship. If cointegration is not taken into account in esti-
mating the relationship between the cointegrated variables, the relationship could 
be misspecified, and/or parameters could be inefficiently estimated.2

The Johansen procedure reveals that all pairs of natural gas and oil prices 
are cointegrated as shown in Table 2. The estimated β between Henry Hub and 
NBP is 1.13, so that a one-percent change in NBP prices means about a one-
percent change in the Henry Hub price. The estimated values of β between Henry 
Hub and WTI and Brent are 0.44 and 0.80, respectively, which means that for a 

1. Because prices increase sharply over the analysis period, all price variables are expressed in 
natural logs throughout the empirical analysis.

2. See Engle and Yoo (1987).
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Table 2. Bivariate Johansen Cointegration Tests
Henry Hub and NBP

 Ho: rank=p Eigenvalue Trace Statistic Max Eigenvalue Statistic 

 p=0 0.0297 17.3779** 17.0249** 
 p≤1 0.0006 0.3530 0.3530 

Standardized Eigenvalues or βs with Standard Errors 

  Henry Hub NBP 
  1 -1.1322 
  0 (0.0674) 

Standardized α Coefficients with Standard Errors

  Henry Hub NBP 
  -0.0096 0.07249 
  (0.0093) (0.0182)

Henry Hub and WTI

 Ho: rank=p Eigenvalue Trace Statistic Max Eigenvalue Statistic 

 p=0 0.0172 12.3209* 9.7984+ 
 p≤1 0.0055 3.1330+ 3.1330+ 

Standardized Eigenvalues or βs with Standard Errors 

  Henry Hub WTI 
  1 -0.4376 
  0 (0.0297) 

Standardized α Coefficients with Standard Errors

  Henry Hub WTI 
  -0.0327 0.0008 
  (0.0107) (0.0054)

Henry Hub and Brent

 Ho: rank=p Eigenvalue Trace Statistic Max Eigenvalue Statistic 

 p=0 0.0270 14.7727* 14.7216* 
 p≤1 0.0001 0.0510 0.0510 

Standardized Eigenvalues or βs with Standard Errors 

  Henry Hub Brent 
  1 -0.8004 
  0 (0.1096) 

Standardized α Coefficients with Standard Errors

  Henry Hub Brent 
  -0.0514 0.0092 
  (0.0144) (0.0093)

continued on next page
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one-percent change in the price of oil, the price of natural gas changes less than 
one percent. For NBP, the cointegrating relationship between NBP and WTI and 
Brent prices are similar. For a one-percent change in either oil price, NBP changes 
about 0.4 percent. A trend term is not significant in any of the cointegrating rela-
tionships and is not reported.

2.3 Bivariate Estimation

Because the crude oil and natural gas price series are cointegrated, we 
account for cointegration in their relationship by specifying an error-correction 
model in which changes in the dependent variable are expressed as changes in 
the independent and the dependent variables, plus an error-correction term, as 
recommended by Engle and Granger (1987). For cointegrated variables, the error-
correction term reflects the deviations from the long-run cointegrating relation-

Table 2. Bivariate Johansen Cointegration Tests (continued)
NBP and WTI

 Ho: rank=p Eigenvalue Trace Statistic Max Eigenvalue Statistic 

 p=0 0.0163 12.3847* 9.3746+ 
 p≤1 0.0053 3.0101+ 3.0101+ 

Standardized Eigenvalues or βs with Standard Errors 

  NBP WTI 
  1 -0.3953 
  0 (0.0426) 

Standardized α Coefficients with Standard Errors

  NBP WTI 
  -0.0452 0.0009 
  (0.0148) (0.0038)

NBP and Brent

 Ho: rank=p Eigenvalue Trace Statistic Max Eigenvalue Statistic 

 p=0 0.0202 12.6498* 10.8538+ 
 p≤1 0.0034 1.7960 1.7960+ 

Standardized Eigenvalues or βs with Standard Errors 

  NBP Brent 
  1 -0.3790 
  0 (0.0382) 

Standardized α Coefficients with Standard Errors

  NBP Brent  
  -0.05147 0.0019  
  (0.0382) (0.0053) 

+, * and ** denote significance at better than 10, 5 and 1 percent, respectively.
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ship between the variables. The coefficient on the equilibrium error reflects the 
extent to which the dependent variable adjusts during a given period to deviations 
from the cointegrating relationship that occurred in the previous period.

We utilize an error-correction model to specify the relationships between 
each pair of prices:

 (1)

 (2)

 (3)

where Ph,t is a logged natural gas price; Pj,t is another logged natural gas or oil 
price; the CIhj,t are equilibrium errors in the estimated cointegrating relationship 
between the two prices (CIhj,t ≡ uhj,t); ahj, bhj, chj, αhj, ajh, bjh, cjh, αjh, γhj, and βhj, are 
parameters to be estimated; and εhj,t and εjh,t are standard normal error terms. We 
estimate the model for the two natural gas prices together and for the natural gas 
prices with the price of crude oil.

For an error-correction model, movements in the explanatory variable, 
ΔPj, lead those of the dependent variable, ΔPh, if the coefficients on the cointegrat-
ing term and the lagged values of the explanatory variable are jointly significant 
in Equation 2. In such an error-correction process, a shock drives the dependent 
variable out of alignment with its long-term relationship with the explanatory 
variable, and the dependent variable adjusts at the weekly rate αhj to realign with 
its long-term relationship with the explanatory variable. At the same time, the 
recent history of both prices, as expressed by their lagged values, also shapes the 
short-term pricing dynamics.

Similarly, movements in the explanatory variable, ΔPh, lead those of 
the dependent variable, ΔPj, if the coefficients on the cointegrating term and the 
lagged values of the explanatory variable are jointly significant in Equation 3. A 
shock drives the dependent variable out of alignment with its long-term relation-
ship with the explanatory variable, and the dependent variable adjusts at the week-
ly rate αjh to realign with its long-term relationship with the explanatory variable. 
The recent history of both variables also shapes the short-term pricing dynamics. 

If estimation reveals that only one of the explanatory variables is signifi-
cant in explaining the movements of the other, the significant explanatory variable 
is regarded as weakly exogenous. Movements in a weakly exogenous variable can 
be regarded as determined independently of the system specified in Equations 1-3, 
and the estimating equation in which it appears as a dependent variable can be 
dropped when examining the system’s dynamics.
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As shown in Table 3A, we find bi-directional causality between the Hen-
ry Hub and NBP prices of natural gas.3 The equation explaining the NBP natural 
gas price finds that Henry Hub is significant at better than one percent. The lagged 
values of NBP are also significant at better than one percent. The equation ex-
plaining the Henry Hub natural gas price finds that the NBP price is significant 
at better than five percent. The lagged values of Henry Hub are also significant 
at better than five percent. These findings of bidirectional causality are indicative 
of coordinated natural gas prices across the Atlantic, with both prices adjusting 
to each other. The bi-directional causality may be interpreted to mean that LNG 
shipments play a role in arbitraging natural gas prices across the Atlantic.

We also find that oil prices are weakly exogenous in determining both 
the Henry Hub and NBP prices of natural gas.4 As shown in Table 3B, the model 
for Henry Hub and WTI finds that Henry Hub is not significant in the WTI equa-
tion, but WTI is significant in the Henry Hub equation at better than one percent. 
As shown in Table 3C, the model for Henry Hub and Brent finds no significant 
causality in either direction.5 Table 3D shows that NBP is not significant in the 
WTI equation, but WTI is significant in the NBP equation at better than one per-
cent. And finally, Table 3E shows that NBP is not significant in the Brent equation, 
but Brent is significant in the NBP equation.

The model for Henry Hub and Brent shows no causality. For the other 
three models relating natural gas prices to those for crude oil, however, causality 
runs strictly from the crude oil prices to the natural gas prices. In these three mod-
els, the price of natural gas adjusts to movements in deviations from the long-term 
relationship between crude oil and natural gas prices in an error-correction pro-
cess. Short-term dynamics are shaped by the lagged values of the crude oil price 
and the dependent variable. Such findings raise the possibility that crude oil prices 
are a vehicle through which natural gas prices are coordinated across the Atlantic.

As reflected by the relatively low R2 values, the overall explanatory 
power of the bivariate models is relatively low. For the models finding significant 
causality, however, the R2 values are similar to those reported for similar bivariate 
error-correction models using weekly data, such as Brown and Yücel (2008b). The 
overall F-statistics do show that the bivariate models have significant explanatory 
power in those cases where causality is found.

3. For each of the models, the Akaike information criteria recommend the appropriate lag structure 
for the causality tests. We report the optimal lags with the causality tests in Table 3.

4. These findings are consistent with Asche et al (2006) for the U.K. and Brown and Yücel (2008b) 
for Henry Hub.

5. The cointegration tests reported above show that a given percentage change in Brent is related 
to a quantitatively larger change in Henry Hub than the same percentage change in WTI. The non-
significance of causality tests between Henry Hub and Brent could be indicative of contemporaneous 
movement, which we confirmed with additional econometric testing. In such a case, causality cannot 
be inferred.
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Table 3A.  Bivariate Error-Correction Model of Henry Hub and NBP Prices
 HH causes NBP NBP causes HH

  Significance  Significance 
explanatory  of joint  of joint 
variables coefficients F-tests‡ coefficients F-tests‡

constant 0.0052  0.0031 
 (0.7552)  (0.8930)  

ΔPNBP (t-1) -0.1412**  0.0475* 
 (3.2079)  (2.1194) 

ΔPNBP (t-2) -0.1690**  0.0182 
 (-3.8166)     0.0004 (0.8104)  

ΔPNBP (t-3) -0.0333  0.0077 
 (-0.7649)   (0.3496)     0.0317

ΔPNBP (t-4) -0.0592   0.0313 
 (-1.1393)  (1.4498)

cointegrating term (t-1)  -0.0873**   0.0160 
 (-4.0641)    (1.4263) 

ΔPHH (t-1) 0.0688  0.0705+ 
  (-0.8291)   (1.6627)

ΔPHH (t-2) -0.0501   -0.0015  
 (-1.3926)    0.0038 (-0.0344)    0.0193

ΔPHH (t-3) -0.0228   -0.0671  
 (-0.2742)   (-1.5865) 

ΔPHH (t-4) -0.1273   -0.0951* 
 (-1.5409)   (-2.2522)

 R2 = 0.05 adj R2 = 0.04  R2 = 0.18 adj R2 = 0.15 
 Significance of Overall F-Statistic: Significance of Overall F-Statistic: 
 0.0000‡  0.0031‡

Lags determined by Akaike information criteria. Values shown in parentheses are t-statistics.
+, * and ** denote significance at better than 10, 5 and 1 percent, respectively.
‡Probability that coefficients are jointly equal to zero.
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Table 3B.  Bivariate Error-Correction Model of Henry Hub and WTI Prices
 HH causes WTI WTI causes HH

  Significance  Significance 
explanatory  of joint  of joint 
variables coefficients F-tests‡ coefficients F-tests‡

constant 0.0033  0.0032 
 (1.8662)  (0.9206)  

ΔPWTI (t-1) -0.1454**  0.0949 
 (3.3814)  (1.1189) 

ΔPWTI (t-2) -0.1577**  -0.0894 
 (-3.6419)     0.0001 (-1.0438)    

ΔPWTI (t-3) -0.0906  0.0251 
 (1.0908)   (0.2904)  0.0085

ΔPWTI (t-4) -0.0715+   -0.0826 
 (-1.6485)  (-0.9640)

cointegrating term (t-1)  0.0008   -0.0532** 
 (0.1022)    (-3.6025) 

ΔPHH (t-1) 0.0239  0.0815 
  (1.10440)   (1.9039)

ΔPHH (t-2) -0.0323   0.0154  
 (-1.4912)   0.1102 (0.3607)    0.0531

ΔPHH (t-3) -0.0303   -0.0503  
 (-1.3967)   (-1.1755) 

ΔPHH (t-4) 0.0431*   -0.0749+ 
 (1.9859)   (-1.7452)

 R2 = 0.05 adj R2 = 0.04  R2 = 0.18 adj R2 = 0.03 
 Significance of Overall F-Statistic: Significance of Overall F-Statistic: 
 0.0003‡  0.0009‡

Lags determined by Akaike information criteria. Values shown in parentheses are t-statistics.
+, * and ** denote significance at better than 10, 5 and 1 percent, respectively.
‡Probability that coefficients are jointly equal to zero.
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Table 3C.  Bivariate Error-Correction Model of Henry Hub and Brent Prices
 HH causes Brent Brent causes HH

  Significance  Significance 
explanatory  of joint  of joint 
variables coefficients F-tests‡ coefficients F-tests‡

constant 0.0031  0.0039 
 (1.2653)  (1.0655)  

ΔPBRENT (t-1) -0.0539  -0.0016 
 (-1.1771)  (-0.0230) 

ΔPBRENT (t-2) 0.0281  0.0236 
 (0.2567)    0.3712 (0.3351)    

ΔPBRENT (t-3) 0.0176  -0.0593 
 (0.3789)   (-0.8417)  0.1088

ΔPBRENT (t-4) -0.0713   -0.0663 
 (-1.5718)  (-0.9484)

cointegrating term (t-1)  0.0042   -0.0438** 
 (0.3982)    (-2.750) 

ΔPHH (t-1) 0.0876**  0.0753+ 
  (2.96360)   (1.1656)

ΔPHH (t-2) 0.0077   0.0066  
 (0.2567)    0.5931 (-0.1428)    0.3456

ΔPHH (t-3) -0.0108   -0.0446  
 (-0.3592)   (-0.9776) 

ΔPHH (t-4) 0.0238   -0.0811+ 
 (0.7847)   (-1.7474)

 R2 = 0.03 adj R2 = 0.01  R2 = 0.04 adj R2 = 0.02 
 Significance of Overall F-Statistic: Significance of Overall F-Statistic: 
 0.0956‡  0.0256‡

Lags determined by Akaike information criteria. Values shown in parentheses are t-statistics.
+, * and ** denote significance at better than 10, 5 and 1 percent, respectively.
‡Probability that coefficients are jointly equal to zero.
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Table 3D.  Bivariate Error-Correction Model of NBP and WTI Prices
 NBP causes WTI WTI causes NBP

  Significance  Significance 
explanatory  of joint  of joint 
variables coefficients F-tests‡ coefficients F-tests‡

constant 0.0031+  0.0063 
 (0.7253)  (0.9258)  

ΔPWTI (t-1) 0.1502**  -0.3372* 
 (3.5452)  (2.0734) 

ΔPWTI (t-2) -0.1299*  0.0486 
 (-3.0289)     0.0004 (0.2949)   

ΔPWTI (t-3) 0.0856*  -0.2711 
 (2.0021)   (-1.6518)  0.0010

ΔPWTI (t-4) -0.0449   -0.0559 
 (-1.0556)  (-0.3426)

cointegrating term (t-1)  0.0059   -0.1048** 
 (1.0035)    (-4.6111) 

ΔPNBP (t-1) 0.0119  -0.1322* 
  (1.04752)   (-3.0224)

ΔPNBP (t-2) 0.0107   -0.1583** 
 (0.9321)    0.5200 (-3.6068)    0.0011

ΔPNBP (t-3) 0.0002   -0.0251  
 (0.0157)   (-0.5811) 

ΔPNBP (t-4) -0.0011   0.0515 
 (-0.0971)   (1.2253)

 R2 = 0.04 adj R2 = 0.10  R2 = 0.11 adj R2 = 0.03 
 Significance of Overall F-Statistic: Significance of Overall F-Statistic: 
 0.0024‡  0.0000‡

Lags determined by Akaike information criteria. Values shown in parentheses are t-statistics.
+, * and ** denote significance at better than 10, 5 and 1 percent, respectively.
‡Probability that coefficients are jointly equal to zero.
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Table 3E.  Bivariate Error-Correction Model of NBP and Brent Prices
 NBP causes Brent Brent causes NBP

  Significance  Significance 
explanatory  of joint  of joint 
variables coefficients F-tests‡ coefficients F-tests‡

constant 0.0031  0.0043 
 (1.3196)  (0.6174)  

ΔPWTI (t-1) -0.0430  -0.2024 
 (-0.7519)  (-1.5819) 

ΔPWTI (t-2) 0.0412  -0.1088 
 (0.9033)     0.3712 (-0.8415)   

ΔPWTI (t-3) 0.0351  -0.1166 
 (0.7632)   (-0.9035)  0.0021

ΔPWTI (t-4) -0.0677   -0.0011 
 (-1.4919)  (-0.0083)

cointegrating term (t-1)  0.0057   -0.0988** 
 (0.6777)    (-4.2001) 

ΔPNBP (t-1) 0.0044  -0.1581** 
  (0.27081)   (-3.4735)

ΔPNBP (t-2) 0.0216   -0.1122 
 (1.3408)    0.5931 (-2.4456)    0.0032

ΔPNBP (t-3) 0.0021   -0.0140  
 (0.1299)   (-0.3115) 

ΔPNBP (t-4) -0.0101   0.0594 
 (-0.6556)   (-1.3627)

 R2 = 0.02 adj R2 = 0.00  R2 = 0.10 adj R2 = 0.08 
 Significance of Overall F-Statistic: Significance of Overall F-Statistic: 
 0.5540‡  0.0000‡

Lags determined by Akaike information criteria. Values shown in parentheses are t-statistics.
+, * and ** denote significance at better than 10, 5 and 1 percent, respectively.
‡Probability that coefficients are jointly equal to zero.
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2.4 Multivariate Estimation

To examine whether natural gas prices on either side of the Atlantic play 
an independent and direct role in determining natural gas prices on the other side 
of the Atlantic, and whether oil prices have a role in the coordination natural gas 
prices, we consider a multivariate model of natural gas price determination with 
both natural gas and crude oil prices as explanatory variables as follows:

 (4)

where Ph,t is a logged natural gas price; Pj,t is the other logged natural gas price; Pk,t 
is a logged oil price; the CIhj,t are equilibrium errors in the estimated cointegrating 
relationship between the two natural gas prices; the CIhk,t are equilibrium errors 
in the estimated cointegrating relationship between the natural gas price and an 
oil price; ahjk, bhj, bhk, ch, dx, αhj, and αhk are parameters to be estimated; and εt is a 
standard normal error term.

The bivariate model for Henry Hub and NBP (reported in Table 3A 
above) shows NBP has a significant role in explaining movements in the Henry 
Hub price of natural gas. As shown in the top panel of Table 4, the addition of 
WTI to the model reduces the NBP price to marginal significance, but WTI is 
significant at better than five percent. The lags of Henry Hub are also marginally 
significant. 

The addition of Brent to the bivariate model for Henry Hub and NBP 
yields no significant variables. Even though Brent is not significant in explaining 
the Henry Hub price of natural gas in either the bivariate or multivariate models, 
its inclusion in the multivariate model yields insignificant coefficients on the NBP 
price of natural gas.

Similarly, the bivariate model for Henry Hub and NBP (reported in Table 
3A above) shows Henry Hub has a significant role in explaining movements in 
the NBP price of natural gas. As shown in the bottom panel of Table 4, the ad-
dition of WTI to the model yields an insignificant Henry Hub price, but WTI is 
marginally significant. The lags of NBP are significant at better than one percent. 
The addition of Brent to what had been a bivariate model results in insignificant 
coefficients for both Henry Hub and Brent. The lags of NBP are significant at bet-
ter than one percent.

In short, natural gas prices on both sides of the Atlantic adjust to devia-
tions from the long-run relationship between natural gas and WTI prices in an 
error-correction process. Short-term dynamics are shaped by the lagged values of 
the WTI price and the dependent variable. For either Henry Hub or NBP natural 
gas prices, the natural gas price on the other side of the Atlantic continent appears 



Market Arbitrage: European and North American Natural Gas Prices  /  181

to have little or no independent influence once the price of crude oil is included 
in the model.

These findings suggest that crude oil prices play an important role in co-
ordinating natural gas prices across the Atlantic, and that direct arbitrage through 
LNG might have a lesser role. The marginal contribution of NBP in the model for 
the Henry Hub price suggests the possibility of some direct coordination between 
natural gas prices across the Atlantic, which could be facilitated by shipments of 
LNG. The evidence for such a relationship is weak, however. European pricing 
of LNG against oil could be reinforcing the relationship between crude oil and 
natural gas prices on both sides of the Atlantic.

Table 4. Multivariate Causality Tests for Natural Gas Prices
  Dependent Variable 
  Henry Hub

explanatory Significance of Significance of 
variables Joint F-tests‡ Joint F-tests‡

HH lags 0.0533 0.1284

NBP lags & CIHH,NBP 0.0723 0.1284

WTI lags & CIHH, WTI 0.0207 

Brent lags & CIHH,Brent  0.2151

Optimal Lags 4 4

 R2=.07 Adj R2=.04 R2=.05 Adj R2=.03 
 Significance of Overall Significance of Overall 
 F-Statistic:  -Statistic: 
 0.0005‡ 0.0166‡

 Dependent Variable 
 National Balancing Point

xplanatory Significance of Significance of 
variables Joint F-tests‡ Joint F-tests‡

NBP lags 0.0029 0.0083

HH lags & CIHH, NBP 0.7015 0.7009

WTI lags & CINBP,WTI 0.0708 

Brent lags & CINBP,Brent  0.2430

Optimal Lags 4 4

 R2=.11 Adj R2=.09 R2=.10 Adj R2=.08 
 Significance of Overall  Significance of Overall 
 F-Statistic: F-Statistic: 
 0.0000‡ 0.0000‡

Optimal lag length is determined by the Akaike information criterion. Causality test includes term 
to account for errors in cointegration between NBP and Henry Hub, WTI and Brent.
‡Probability that coefficients are jointly equal to zero.
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2.5 Estimation with Additional Variables

Brown and Yücel (2008b) find a number of additional variables affect 
the supply and demand for natural gas in the United States and the price at Henry 
Hub. The inclusion of these variables in the multivariate equation for the Henry 
Hub price of natural gas allows us to control for the influence of these additional 
variables on the Henry Hub price. Their inclusion in the multivariate equation for 
NBP allows us to see if the influence of these variables is arbitraged back to the 
NBP price.

The additional variables suggested by Brown and Yücel (2008b) include 
heating degree days, deviations from normal heating degree days, cooling degree 
days, and deviations from normal cooling degree days for the United States, U.S. 
natural gas storage and shut-in production in the Gulf of Mexico.6 Augmented 
Dickey-Fuller tests revealed all these additional variables are stationary in their 
levels representation.

There is little reason to expect these variables to be driven by natural gas 
or crude oil prices. Therefore, the additional variables are added to the multivari-
ate model as exogenous, which yields the following:

 (5)

where Ph,t is a logged natural gas price; Pj,t is the other logged natural gas price; Pk,t 
is a logged oil price; the CIhj,t are equilibrium errors in the estimated cointegrating 
relationship between the two natural gas prices; the CIhk,t are equilibrium errors in 

6. The heating and cooling degree data are collected by the National Oceanic and Atmospheric 
Administration and are obtained from the Haver Analytics data base. Data on U.S. natural gas storage 
are collected by the U.S. Energy Information Administration (EIA). Following Brown and Yücel 
(2008b), we calculate a storage differential as the difference between the storage in a given week and 
the average for that week over the past five years (the latter series also reported by the EIA). Shut-in 
production in the Gulf of Mexico is a series that Brown and Yücel (2008b) assembled from individual 
reports made by the Minerals Management Service of the U.S. Department of Interior.

 The use of four weather series—heating degree days, deviations from normal heating degree days, 
cooling degree days and deviations from normal cooling degree days—allows for both the influence 
of weather and seasonality. The normal seasonal influence of weather is reflected in the difference 
between heating degree day deviations and heating degree days, and in the difference between cooling 
degree deviations and cooling degree days.

 Heating degree days are available as a population or gas-weighted series. Cooling degree days are 
only available as a population-weighted series. For heating, natural gas is used directly. Gas-weighted 
heating degree days have more intuitive appeal and had a slightly better fit in the estimated equations. 
Consequently, we use gas-weighted heating degree days and population weighted cooling degree days. 
We find substantially similar results to those reported above when using the population-weighted data 
in place of the gas-weighted data.
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the estimated cointegrating relationship between the natural gas price and an oil 
price; Xy is a vector of z stationary exogenous variables representing local supply 
and demand conditions at Henry Hub; ahjk, bhj, bhk, ch, dx, αhj, αhk and dy, are param-
eters to be estimated; and εt is a standard normal error term. 

Because the price of Brent proved insignificant in the multivariate mod-
els above, we limit the analysis with exogenous variables to the two models with 
WTI as an explanatory variable. As shown in Table 5, inclusion of the exogenous 
variables does not change the basic results shown above.

For the Henry Hub price of natural gas, the relationship with WTI re-
mains an error-correction process. As found by Brown and Yücel (2008b), the 
exogenous variables affecting U.S. natural gas supply and demand are jointly sig-
nificant in explaining the Henry Hub price. The NBP price is insignificant, as are 
lagged values of the Henry Hub price.

For the NBP price of natural gas, the relationship with WTI also remains 
an error-correction process. The exogenous variables affecting U.S. natural gas 
supply and demand are marginally significant, but a joint test with the exogenous 
variables and the Henry Hub price finds insignificance. The Henry Hub price is 
insignificant, and lagged values of NBP are marginally significant.

Table 5. Multivariate Causality Tests with Exogenous Variables 
 Dependent Variable

 HH NBP 
explanatory Significance of Significance of 
variables Joint F-tests‡ Joint F-tests‡

NBP lags  0.0653

HH lags 0.1597 

HH lags & CIHH,NBP  0.3158

NBP lags & CIHH, NBP 0.1597 

WTI lags & CIHH,WTI 0.0000 

WTI lags & CINBP, WTI  0.0376

Exogenous Variables 0.0000 0.0564

Exogenous Variables, 
HH lags & CIHH,NBP  0.1450

Optimal Lags 4 4

 R2=.18 Adj R2=.15 R2=.13 Adj R2=.10 
 Significance of Overall  Significance of Overall 
 F-Statistic: F-Statistic: 
 0.0000‡ 0.0000‡

Optimal lag length is determined by the Akaike information criterion. Causality test includes term 
to account for errors in cointegration between NBP and Henry Hub, WTI and Brent.
‡Probability that coefficients are jointly equal to zero.
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The addition of exogenous variables to the model reinforces our earlier 
results. The inclusion of WTI in models explaining either Henry Hub or NBP 
natural gas prices renders the other natural gas price either marginally significant 
or insignificant, while WTI itself is very significant. These findings suggest that 
the coordination of natural gas prices across the Atlantic occurs through co-move-
ments with WTI rather than gas-to-gas arbitrage.

3. CONCLUSIONS

Bivariate causality tests between the Henry Hub and NBP prices of natu-
ral gas show bidirectional causality, indicating coordinated movement in natural 
gas prices across the Atlantic. These findings suggest the possibility of arbitrage, 
which could be accomplished through shipments of LNG. Although both the Eu-
ropean market and North American markets are recipients of LNG cargos, neither 
currently has LNG export facilities. Consequently, arbitrage is limited to the di-
version of cargos.

At the same time, bivariate tests between natural gas prices and crude 
oil prices on both sides of the Atlantic reveal an error-correction process in which 
natural gas prices adjust to deviations from the long-term relationship between 
natural gas and crude oil prices. Short-term dynamics are shaped by the recent 
history of the respective natural gas and crude oil prices. The existence of such a 
process suggests the possibility that the coordination of natural gas prices across 
the Atlantic could be facilitated through co-movements with crude oil prices. 

Testing in several different multivariate models reveals that crude oil 
prices could play an important role in coordinating natural gas prices across the 
Atlantic. These multivariate models suggest that direct gas-to-gas arbitrage may 
not be as important, but the extensive pricing of LNG against oil in Europe could 
mask such arbitrage by statistically reinforcing the relationship between crude oil 
and natural gas prices.

ACKNOWLEDGEMENT

The authors would like to thank Nathan Balke, Mark Hayes, Franzis-
ka Holz, Hill Huntington, Anne Neumann, David Victor, participants in Energy 
Modeling Forum study 23 and an anonymous referee for helpful conversations 
and comments and Raghav Virmani and Jackson Thies for capable research assis-
tance. The views expressed are those of the authors and do not necessarily repre-
sent those of the Federal Reserve Bank of Dallas or the Federal Reserve System.

REFERENCES

Asche, Frank, Peter Osmundsen and Maria Sandsmark (2006). “The UK Market for Natural Gas, Oil 
and Electricity: Are the Prices Decoupled?” The Energy Journal 27(2): 27-40. 

Bachmeir, Lance J. and James M. Griffin (2006). “Testing for Market Integration: Crude Oil, Coal and 
Natural Gas,” The Energy Journal 27(2): 55-71. 



Market Arbitrage: European and North American Natural Gas Prices  /  185

Brito, Dagobert L. and Peter R. Hartley (2007). “Expectations and the Evolving World Gas Market,” 
The Energy Journal, 28(1). 1–24.

Brown, Stephen P. A. and Mine K. Yücel (2008a). “Deliverability and Regional Pricing in U.S. Natural 
Gas Markets,” Energy Economics, 30(5): 2441–2453 (September).

Brown, Stephen P. A. and Mine K. Yücel (2008b). “What Drives Natural Gas Prices?” The Energy 
Journal, 29(2): 45-60.

Energy Modeling Forum (2007). Prices and Trade in a Globalizing Natural Gas Market, EMF Report 
23, volume 1, Stanford University (September).

Engle, Robert and C.W.J. Granger (1987). “Co-integration and Error Correction: Representation, Es-
timation and Testing,” Econometrica, (March): 251-76.

Engle, Robert and Byung Sam Yoo (1987). “Forecasting and Testing in Co-Integrated Systems,” Jour-
nal of Econometrics, 143-59.

Hartley, Peter R., Kenneth B. Medlock III and Jennifer E. Rosthal (2008). “The Relationship of Natu-
ral Gas to Oil Prices,” The Energy Journal, 29(3): 47-65.

Jensen, James T. (2003). “The LNG Revolution,” The Energy Journal, 24(2): 1–46.
Josse-Vásquez, Claudia Inés and Anne Neumann (2006). “Transatlantic Natural Gas and Oil Price 

Relationships: An Empirical Analysis,” manuscript, Dresden University of Technology.
Neumann, Anne (2009). “Linking Natural Gas: Is LNG Doing its Job?” The Energy Journal, this is-

sue.
Neumann, Anne, Boriss Siliverstovs, and Christian von Hirschhausen (2006). “Convergence of Euro-

pean Spot Market Prices for Natural Gas? A Real-Time Analysis of Market Integration Using the 
Kalman Filter,” Applied Economics Letters, 13(11): 727-732.

Rosendahl, Knut Einar and Eirik Lund Sagen (2007). “The Global Natural Gas Market: Will Transport 
Cost Reductions Lead to Lower Prices?” Discussion Paper 553, Research Department, Statistics 
Norway (November)

Siliverstovs, Boriss, Anne Neumann, Guillaume L´Hegaret and Christian von Hirschhausen (2005). 
“International Market Integration for Gas? Cointegration Analysis of Gas Prices in Europe, North 
America and Japan,” Energy Economics, 27: 603-615.

Villar, Jose and Joutz, Fred (2006). “The Relationship Between Crude Oil and Natural Gas Prices,” 
EIA manuscript (October).



186  /  The Energy Journal



187

The Energy Journal, Special Issue. World Natural Gas Markets And Trade: A Multi-Modeling 
Perspective. Copyright © 2009 by the IAEE. All rights reserved.

* DIW Berlin, Mohrenstr. 58, D-10117 Berlin, Germany. Email: aneumann@diw.de, phone: +49-
(0)30-89789-304.
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The increase in liquefied natural gas trade has accelerated the 
integration of previously segmented markets in North America, Europe, and 
Asia. This paper provides evidence on the integration of the transatlantic natural 
gas market; it thus complements other papers in the EMF 23 study that focus on 
prices and international natural gas trade. We test the theoretical proposition 
that in integrating markets commodity prices should move closer than before. 
Using 2,059 pairs of daily spot prices for natural gas in North America and 
Europe we investigate price dynamics covering the period from 1999 until 2008. 
We apply the Kalman Filter technique which measures convergence by allowing 
for dynamic structural change to gain detailed information on trends inherent 
in prices over time. Results suggest an increasing convergence of spot prices on 
either side of the Atlantic Basin. 

1. INTRODUCTION 

Markets for natural gas have witnessed profound changes in the past de-
cade. Liberalization in most parts of the world, restructuring of former vertically 
integrated supply chains, and falling transportation costs especially for liquefied 
natural gas (LNG) have pushed the emergence of a new “international natural gas 
market”, replacing the former regionally segmented markets in North America, 
Europe, and Asia. In addition, traditional pricing schemes are being reviewed 
moving from long-term, often oil-price indexed natural gas prices towards prices 
based on market mechanisms. 

The literature on market integration in commodity and natural gas mar-
ket has studied a variety of regional integration processes, but global natural gas 
markets per se have not yet been analyzed. The integration of the North American 
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market following FERC Order 436 (1985) has been studied extensively, e.g. by 
Serletis (1997), Walls (1994), and De Vany and Walls (1995), who use correlation 
and cointegration analysis. Results of an integrated market were confirmed by 
studies using other econometric tools such as time-varying coefficients, Johan-
sen test procedure, and impulse response functions, e.g. King and Cuc (1996), 
Cuddington and Wang (2006), and Serletis and Rangle-Ruiz (2004). Work on the 
cointegration of European natural gas import prices was first carried out by As-
che, Osmundsen and Tveteras (2001, 2002). For the UK market, that has been 
liberalized 15 years earlier than Continental Europe, Panagiotidis and Rutledge 
(2007) show that the linkage between the natural gas price and the price of oil has 
become more volatile over time which can be interpreted as a sign of decoupling 
of the natural gas price from the oil price. Neumann et al. (2006) have shown 
that integration between the UK market and the largest Continental European 
wholesale market (Zeebrugge) works well, but that price convergence between 
different Continental European markets is still to come about. Last but not least, 
Siliverstovs et al. (2005) were the first to address the issue of international market 
integration for natural gas; they concluded that for the period preceding liberaliza-
tion of natural gas markets in Europe, i.e. the 1990s, the hypothesis of integrated 
transatlantic natural gas prices should be rejected. 

The EMF 23 study has a focus on prices and trade patterns in interna-
tional natural gas markets presenting regional prices for natural gas. These are 
mainly calibrated by linking natural gas to petroleum prices (EMF, 2007, p. 18). 
However, price dynamics in natural gas markets may differ from those of crude 
oil, e.g. due to a different industrial organization of the sector. Existing literature 
analyzes the relation of different commodities (Hartley et al., 2008, Brown and 
Yücel, 2008, Villar and Joutz, 2006) and argues in favor of a long-run stable re-
lationship of crude oil and natural gas prices. This paper provides evidence on 
the integration of international natural gas markets, hence spot prices for a single 
commodity. We test the theoretical proposition that in integrating markets of ho-
mogenous products, prices should move in the same direction; when achieving 
full integration, price differentials should only represent differences in transporta-
tion costs and/or quality. Construction of LNG import and export facilities world-
wide facilitates flexibility in global trade of natural gas. Our hypothesis, spurred 
by evidence and market participants, is that as markets, in particular transatlantic 
natural gas markets, are getting closer intertwined, price integration is the natural 
consequence. 

The remainder of the paper is structured in the following way: the next 
section describes the recent developments on the international natural gas mar-
kets upon which our hypothesis of increasing integration is based. Section 3 pro-
vides the model specification and explains the data on natural gas and oil prices.  
Section 4 presents the estimation results: we find a trend towards a higher level 
of integration between North American and European natural gas prices. Section 
5 concludes.
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2.  RECENT TRENDS IN INTERNATIONAL NATURAL  
GAS MARKETS

International natural gas markets have gone through substantial institu-
tional and economic changes during the past decade. This section describes the 
major changes on the North American and the European wholesale markets, and 
points out the critical role of liquefied natural gas (LNG) for the process of inte-
gration. 

2.1  Development of trading hubs in North America and in Europe

North America pioneered the restructuring of natural gas markets as 
early as the 1970s, with deregulation of wellhead prices (Natural Gas Policy Act, 
1978) followed by opening up of access to the trunk line natural gas infrastruc-
ture (FERC Order 436, 1985). Subsequently, the trading place “Henry Hub” in 
Louisiana emerged as the market centre. It is closely connected to not less than 16 
pipelines, LNG infrastructure and three salt caverns for storage. Since 1988 Henry 
Hub serves as delivery and reference point for the New York Mercantile Exchange 
(NYMEX) gas futures contract and is the reference point for all natural gas export 
contracts to Mexico. Natural gas futures at the NYMEX have a depth of 5 to 6 
years and are complemented by options since 1992. It is a liquid market serving 
as reference for almost all natural gas trade in North America. 

The UK followed the US path with a time lag of about a decade. Break-
ing up the monopoly of British Gas in the UK in 1986 marked the landfall of the 
first truly competitive gas market in Europe. Already in 1994 the National Bal-
ancing Point (NBP), a notional trading point on the National Transport System 
(NTS), was used as an informal market and developed towards the main place for 
spot natural gas trading activities from 1996 onwards. There has been a steady 
increase in volume traded both physically and financially. A further expansion is 
expected once the LNG import quantities rise to substantial levels after the open-
ing of import terminals (Isle of Grain, Milford Heaven). Recently, the NBP has 
served as a reference point for prices in long-term contracts, which has further-
more strengthened its role. 

Continental Europe trailed far behind the US and the UK for a long 
time, until the EU Acceleration Directive (2003/55/EC) paved the way to a more 
stringent market opening. With regard to wholesale markets, the only significant 
development to date was the opening of the Zeebrugge hub (Belgium), after the 
connection with the UK through the Interconnector pipeline. Since its start in 
1999, traded volumes have increased steadily. A second hub on the Dutch trans-
mission grid (TTF) was set up in 2003 and has gained more importance since 
2005. We seem to observe a certain “déjà vu” effect of repeated history of natural 
gas trading in Continental Europe, now in its early stages as was Henry Hub 20 
years ago.
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The restructured industry in Europe and North America features a high 
proportion of spot trading. Recent natural gas sales contracts are of a relative short 
duration comparatively to the traditional long-term contract. Contract prices are 
being keyed to a natural gas market indicator, since oil-linked pricing is a poor 
indicator of a gas-to-gas competitive market. Trade press reporting for a refer-
ence point such as the Henry Hub in America, the NBP in the UK, or Zeebrugge 
in Continental Europe provides transparent information about the market. This 
favors competition, an aspect to which we now turn.

2.2  Increasing role of LNG and emerging transatlantic competition

Given its ease of use and environmental friendliness, natural gas has be-
come a key fossil fuel for the power sector and other industrial and residential 
demand. Demand for natural gas is increasing in all regions of the world, thus 
leading to upward pressure on prices and potential competition between the for-
merly segmented regions. In this context, the increase in LNG-trade provides the 
missing link for market integration across regions, in particular across the Atlantic 
Ocean. Although LNG has been around for about four decades now, it is only dur-
ing the last decade that it has come to play a role as a serious means of intercon-
necting markets. In fact, one already observes an active arbitrage in the Atlantic 
Basin, where LNG shipments from Trinidad and Nigeria have been diverted either 
to the US or Europe depending on spot prices. The impact of these swaps and di-
verting activities has so far only been modest on the spot price in countries where 
cargoes have been sent to.

The three major natural gas consuming regions of the world (North 
America, Europe, and Asia) differ in their import structure. Whereas LNG so far 
has only played a minor role in North America representing 3.6 % of US natu-
ral gas consumption in 2007, countries like Japan and South Korea are fully de-
pendent on LNG imports. In Europe both pipeline and LNG imports coexist and 
quantities differ on national levels. However, construction of a number of LNG 
importing facilities in the US and Europe should lead to significant interaction of 
these two regions.

According to theory, arbitraging possibilities occur in cases when the 
price differential of a homogeneous commodity exceeds transportation costs. 
Thus, convergence of North American and European prices should take place un-
til the difference reflects only transportation costs. The technical prerequisites for 
LNG to play that role are fulfilled: there is an increasing amount of liquefaction 
and regasification capacities on either side of the Atlantic. Ship capacities are 
not critical, first, because there is a large amount of non-dedicated capacities un-
der construction (IEA, 2007, p. 52), and second, there are no observable barriers 
to entry into that market. A favorable regulatory regime is established following 
the Hackberry Decision in the US and Article 22 of the European Gas Directive 
2003/55/EC.
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Recent evidence confirms the growing role of LNG: its share in global 
natural gas trade has risen to about 20% and is expected to reach 30% in the 
coming years (Cornot-Gandolphe, 2005). A growing share of this LNG-trade is 
short-term trading, about 11% (~20 bcm) in 2004, and rising (IEA, 2006). Spot 
trading of LNG has so far mainly occurred during cold winter month, providing 
an opportunity to meet peak demand, and during times of substantial price differ-
ences between North America and Europe.1 This is possible in times of increased 
flexibility inherent in long-term contracts. Natural gas storage deposits could be 
filled whilst sustainable low prices prevail, thus incurring strategic redirections of 
tankers to alternative market places performing at higher prices. 

3. DATA AND MODEL SPECIFICATION

3.1  Data

We are interested in the relation between natural gas spot prices on either 
side of the Atlantic Basin. Using daily data covering the time period January 1999 
until May 2008 provides a sample with 2,059 pairs of observations when prices 
are reported for the same day in the transatlantic basin.

The National Balancing Point (NBP) and Zeebrugge refer to the Euro-
pean and Henry Hub (HH) to the North American price included in this analysis.2 
Quotations for the NBP and Zeebrugge are provided by Heren and converted from 
pence per therm into $/MBtu using daily exchange rates taken from the Federal 
Reserve Bank. Data on Henry Hub are as reported by the Energy Information 
Administration. Table 1 provides summary statistics of prices in levels and log-
levels. Annual volatility, calculated as the standard deviation of the logged prices, 
was highest in 2005 when it reached 4.12 at NBP and 2.66 at the Henry Hub. 

Table 1. Summary Statistics
 NBP (log) Zeebrugge (log) Henry Hub (log)

Mean 4.57 1.32 4.84 1.41 5.44 1.59

Maximum 33.75 3.52 33.59 3.51 18.85 2.94

Minimum 1.03 0.03 1.92 0.25 1.59 0.46

Std. Dev. 3.23 0.61 3.16 0.57 2.46 0.48

Skewness 2.27 0.32 2.29 0.34 0.79 -0.35

Kurtosis 11.65 2.62 11.88 2.91 4.20 2.37

Observations 2,389  2,223  2,309

1.  LNG imports to the US have decreased continuously since 2004 as flows were shifted from the 
US to markets in Asia and Europe (EIA, 2008).

2.  We include Zeebrugge prices since it is a trading place where LNG import facilities, long distance 
pipelines, and storage facilities intersect. Hence, a trading party would at this date refer to Zeebrugge 
rather than NBP for possible LNG trade. However, spot cargoes have been mainly sent to facilities in 
Spain, but there are no price quotes publicly available for the time period under consideration.
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3.2  Model Specification

Recent developments in LNG trade and expectations of developments 
are going to change the pattern of integration between natural gas prices in North 
America and Europe. These trends are unlikely to be caught in a framework of 
cointegration based on long-run relationships: Before markets or prices can be 
considered integrated they have to undergo a gradual change from separation to-
wards integration. Cointegration analysis is based on the assumption of a fixed 
structural relationship between variables over time. Splitting the sample into sub-
samples and applying cointegration analysis should lead to the same result: if 
prices converge towards the end of the sample they should be cointegrated in the 
last subsample under consideration (King and Cuc, 1996). To avoid the reduction 
of degrees of freedom, we introduce a time-variant coefficient into the linear rela-
tionship of prices which measures convergence by allowing for dynamic structural 
change. Considering prices for Henry Hub and NBP (Henry Hub and Zeebrugge, 
respectively) we constitute a linear relationship between these two:

 (1)

 (2)

where P is the price in regions i and j, t denotes time and cij allows for trans-
portation costs which are assumed to remain constant over time. Equation (2) 
determines values of βt based on data of previous observations. If no profitable 
arbitraging opportunities arise prices are expected to equalize up to the difference 
in transportation costs, hence are considered to follow the law of one price. It 
holds for values of βt equal to one, therefore prices are said to be more integrated 
the closer βt is to one. This is valid since the price differential should converge to-
wards transportation costs implying βt to converge to the value of one. Formally, 
this can be expressed as 

 
with the final state of conver-

gence represented by  .3 
We use the Kalman Filter technique to the whole sample of daily prices in 

order to gain detailed information on trends inherent over time. The Kalman filter 
processes the spot prices and provides information on the value of the parameters 
cij and βt for each point in time over which both price series are available by pro-
ceeding in two successive steps. First, it estimates βt by using information up to  
t-1. Following, information at time t is realized and the estimates of βt are updated 
by incorporating prediction errors from the first step.

Hence, the filter produces linear minimum mean square error estimates 
of βt using observed data up through time t. These estimates are optimally updated 
as data beyond t becomes available. The filter also ensures that the revisions made 

3.  Hall, Robertson, and Wickens (1992) provide a refined interpretation of strong and weak 
convergence based on these expected values.
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in βt at time t+k follow a (time-varying) moving average process of order k-1. 
If the error terms are assumed to be normally distributed, the parameters can be 
estimated by using the maximum likelihood method.4 The Kalman filter exploits 
the dynamics of prices over time and removes the noise from the system by recur-
sively conditioning current estimates on all past measurements. 

An often voiced argument in context of this type of analysis of natural 
gas prices is the influence of oil prices. Even if it is argued that oil remains the 
driving force for natural gas prices we believe that prices for natural gas will be-
have increasingly independently of oil prices. Following the findings in Hartley et 
al. (2008) we use prices at Rotterdam (ARA) for Europe and in Los Angeles, CA 
for US, (FOB quotes) to analyze this relation. Therefore we extend the analysis 
by applying the same technique to natural gas price data adjusted for the price of 
residual fuel oil. Hence, we generate two time series which are by definition un-
correlated to the price of oil but highly correlated with the price of natural gas. 

 
 (3)

Following equations (3) and (4) results in new series for the Europe and 
the US which are the residuals of an OLS of the residual fuel oil price on the 
original natural gas price. Data is taken from EIA and converted from cent per 
gallon using a calorific value of 38,157 kwh. Equation (4) generates the final 
decorrelated time series ( ) by normalizing the variance of the residual series 
to the original series variance and adding the mean of the original price ( – ) to 
the generated data. 

Figure 1 shows the original time series in levels using logarithmic scal-
ing on the y-axis. The upward trend in prices for natural gas since the end of the 
1990’s is clearly depicted. Prices in North America and Europe are an image of 
one another until the end of 2002 with Henry Hub consistently prevailing at a 
higher level. Price spikes reflect exogenous influences such as the events around 
09/11, hurricanes Rita and Katrina. Note that prices in the UK jumped to exorbi-
tant levels in the cold winter 2005/2006 but have decreased to a conventional level 
since; the cold snap in January 2001 is clearly reproduced in Henry Hub prices. 
Zeebrugge prices mirror NBP prices, confirming the cointegration relationship 
shown in Neumann et al. (2006).

4.  See Harvey (1987) and Meinhold and Singpurwalla (1993) for a more detailed and technical 
description of the Kalman filter.
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Figure 1. Natural Gas Prices

The generated decorrelated time series for natural gas in Figure 2 indi-
cate seasonality of prices for natural gas in particular in the winters of 2000/01 
and 2005/06. Natural gas consumption at least in the US is characterized by strong 
seasonal peaks during the winter heating season (space heating) and lesser peaks 
in the summer cooling season (electricity generation).5 

Figure 2. Generated Decorrelated Natural Gas Prices

5.  For an in-depth analysis of the relation between natural gas and oil prices as well as seasonality 
and weather see Brown and Yücel (2008) and Hartley, Medlock and Rosthal (2008).
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4. RESULTS

4.1 Natural Gas Spot Prices

The analysis investigates the relation between the natural gas prices on 
either side of the Atlantic, i.e. the Henry Hub and NBP / Zeebrugge spot prices 
over time from 1999 to 2008. Applying a time-variant coefficient methodology 
allows us to determine whether recent trends in international LNG trade have led 
to a convergence of spot prices in the US and Europe towards the law of one price. 
An application of the Kalman filter to daily pairs of logged spot data results in the 
estimation of the βt-coefficient for the time period under consideration. Theory 
predicts that in a perfectly integrated market beta should be equal to one and cij 
would be interpreted to implicit transportation or transaction costs. Due to the 
non-normalized distribution of the estimated βt, it is ambitious to test the statisti-
cal significance of this βt -coefficient. Plotting the values of the coefficient over 
time provides an opportunity to evaluate whether or not convergence occurred. 
Figure 3 depicts in the left panel the result for the original natural gas spot prices 
assuming NBP to depend on prices quoted at the Henry Hub; the right panel 
shows the beta-coefficient for Zeebrugge and Henry Hub. 

There is evidence of prices converging towards the law of one price for 
both estimated relations, hence the β-coefficient moving towards the value of one.6 

6.  For values of βt not equal to one the interpretation of the variable accounting for transportation 
costs is rather ambiguous since there is no strict interpretation of this value in money terms. The filter 
does require a value of the mean and variance of β0 to begin the recursions. These values are estimated 
prior to the adjustment process by using the maximum likelihood method (Harvey, 1987). Hence, the 
estimated β-coefficients at sample start are somewhat “distorted”.

Figure 3. Beta Coefficients
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Interestingly, one could argue that there is some seasonality in the convergence 
more intensively occurring during winters (shaded areas) when markets are tight. 
It is during these times, i.e. when spot prices for natural gas are high and more 
volatile, that LNG cargoes are potentially redirected from the original unloading 
terminal to a more profitable market. 

4.2  Decorrelated Prices

Accounting for the strong relationship of prices for residual fuel oil, 
mainly in power generation, we generated two time series highly correlated to the 
values of the respective spot price for natural gas in the US and Europe, but inde-
pendent of oil prices. Applying the methodology of the Kalman filter as described 
above results in the beta coefficient as depicted in Figure 4. 

Whereas there is no clear evidence of convergence towards the law of 
one price when adjusting for the influence of residual fuel oil, the graph of the 
estimated coefficients exhibits interesting features. First, for the period until ap-
proximately 2003, prices seemingly do not interact. However, some indications of 
beginning intertwining of transatlantic developments are suggested for the second 
half of the sample. In particular, we observe a stronger tendency of natural gas 
prices to converge during the winter season of demand (shaded areas). Also, it 
coincides with first spot cargoes delivered to Spain in Europe and signed swap 
deals.7 Deliveries to the UK’s terminal at Isle of Grain have followed the price 
difference of North American and UK spot prices since late 2005 (IEA, 2006). 
Rather surprising is the enormous impact of high prices in the UK during winter 
2005/06 on the price relationship.8 

5.  CONCLUSION

This paper provides evidence on the integration of international natural 
gas markets. We have outlined the importance of LNG in the Atlantic Basin and 
reflected recent progress in the evolution of shorter-term trading for natural gas. 
LNG has been identified as the key driver for the transmission of regional impacts 
on prices. Hence, the market for natural gas is currently undergoing substantial 
change where regionally isolated markets are becoming more integrated. Under 
such circumstances, economic theory predicts that prices in two regions will con-
verge towards the law of one price until the difference represents transportation 
or transaction costs only. Using daily data for the Henry Hub in the U.S., NBP in 
the UK, and Zeebrugge in Continental Europe, we apply a time-variant coefficient 
estimation methodology to test the hypothesis of price convergence covering the 
period from January 1999 until May 2008. 

7.  Nigeria signed a deal with GdF and Enel in November 2005, GdF and Gazprom signed an 
arrangement allowing Gazprom to deliver a LNG cargo to Cove Point in the US.

8.  The Kalman filter has been applied to the two subsamples as described before with results 
almost identical to the one presented in Figure 3.
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In a first step we apply the Kalman filter technique to the logged val-
ues of spot prices for Henry Hub and NBP. The results show evidence of prices 
converging towards the law of one price. Following, we adjust the original price 
series for the influence of residual fuel oil prices and natural gas generating two 
time series which are highly correlated to the price of natural gas but independent 
of oil. Results obtained from the Kalman filter methodology for the generated 
series are less evident of a convergence process, but provide some support for 
recent trends in transatlantic LNG trade. In general, we observe closer linkage 
between prices in the winter months, which seems a reasonable result. At present, 
only importing facilities are located in the US and Europe. Therefore, arbitrage 
is essentially limited to the diversion of cargoes from their original destination 
to either side of the Atlantic wherever prices are higher. The construction of a 
liquefaction plant in either Europe or the US has the potential to enhance further 
arbitraging opportunities in the Atlantic basin. 

Further research might extend this analysis to Asian markets. Another 
open question is what effect the recent price increase in oil and natural gas prices 
has on the market, and how LNG trading will develop under these circumstances. 
Last but not least, further restructuring of the natural gas sector in Europe and 
Asia should tend towards more liquid natural gas markets in these regions and, 
thus, favor the convergence of prices over time.
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Modeling the Growth in Gas Reserves From Known Fields

Kevin F. Forbes* and Ernest M. Zampelli**

The extent to which future United States demand for natural gas is 
satisfied by imports of LNG is contingent on the adequacy and cost competitiveness 
of North American supplies. One of the cheaper and more important sources 
of natural gas supply is accounted for by reserve appreciation, i.e., reserve 
growth, in known fields. Based on an extensively applied methodology developed 
by Arrington (1960), the increase in proved ultimate recovery is presumed to 
increase at a diminishing rate with the age of the field. In this paper, a single 
equation model of natural gas reserve growth in the Gulf of Mexico is developed 
and estimated. The results strongly suggest that the annual growth rate in the 
reserves of a field is significantly affected by initial discovery size, price, water 
depth, and unobserved field-specific effects. Hence, estimating oil and gas reserve 
growth using an Arrington based approach may underestimate the response of 
reserve growth to changes in economic fundamentals. 

1. INTRODUCTION

The extent to which future domestic demand for natural gas is satisfied by 
imports of LNG is contingent on the adequacy and cost competitiveness of North 
American supplies. One of the most important sources of supply is accounted for 
by reserve appreciation, i.e., reserve growth, in known fields. Indicative of the 
importance this supply source, in 2006, the latest year for which published reserve 
data are available, approximately 98 percent of the dry natural gas reserve addi-
tions in the United States were accounted for by reserve changes in known fields.1

1.  In 2006, net reserve changes in known fields equaled 24,836 Bcf. while new field discoveries 
were 409 Bcf (EIA, 2007, Table 8)
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Based on an extensively applied methodology developed by Arrington 
(1960), the increase in proved ultimate recovery is presumed to increase at a di-
minishing rate with the age of the field. An excellent overview of the methodol-
ogy is presented in Morehouse (1997). While the contribution of the economic 
environment to the growth process has been acknowledged by geologists, the ap-
plication of the Arrington method presumes that growth is independent of the eco-
nomic environment. Given the implicit assumption that growth is systematically 
affected only by age, the contribution of reserve growth to supply will invariably 
diminish as fields become more mature.

This paper challenges this view. Specifically, we estimate the growth in 
reserves from over 500 known gas fields in the federal offshore waters of the U.S. 
Gulf of Mexico (GOM). A single equation model of natural gas reserve growth 
in the Gulf of Mexico is developed and estimated. Specifically, the annual growth 
rate in a gas field’s reserves is hypothesized to be a function of the age of the field 
as measured by the number of years since first production, the field’s reserve size 
in the year of first production, the real price of natural gas, water depth, and a set 
of unobserved field-specific factors. Unlike a traditional fixed effects model that 
cannot account for time-invariant variables, the empirical analysis makes use of a 
three-stage estimation process that estimates fixed effects in the presence of time-
invariant variables. The results strongly suggest that age is not the sole factor in 
explaining a field’s annual reserve growth. In particular, we find that the annual 
growth rate in the reserves of a field is significantly affected by initial discovery 
size, prices, water depth, and unobserved field-specific effects. Hence, estimating 
oil and gas reserve growth using an Arrington based approach may yield a dis-
torted assessment of future energy supplies. 

2.  MEASURING RESERVES GROWTH: THE CURRENT STATE OF 
THE LITERATURE

Ideally, one would measure reserve growth by comparing the current 
known oil and/or gas volumes (equal to cumulative production plus remaining 
reserves) of fields discovered in say, 1950, with their initial discovery sizes. Un-
fortunately, this is often not possible because the initial discovery sizes of fields 
discovered before 1975 or so are many times unknown. The standard solution to 
this problem is based on the work of Arrington (1960). With his method one can 
estimate reserve growth even when the initial discovery sizes are unknown and 
the number of time series observations is small. The Arrington method makes use 
of a ratio which has come to be known as an annual growth factor. This factor is 
the ratio of known oil and/or gas volumes from fields of a given age relative to the 
known volumes of fields in the previous age category. Mathematically, under the 
Arrington method one computes annual growth factors (AGF) as follows:
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 (1)

 

where:

AGFk is the annual growth factor for k years after discovery
 KPVt0,t0+k is Known Petroleum (and/or natural gas) Volumes k years after 
discovery for fields discovered in year t0

T is the last year for which data are available
 
In equation (1), the numerator is summed over all discovery years for 

fields that are k years old; the denominator is the corresponding sum for fields 
that are k-1 years old. For example, when k = 5, the numerator would equal the 
sum over all discovery years of the known petroleum values for fields that are five 
years old; the denominator would equal the corresponding sum for fields that are 
four years old. Accordingly, the equation in this case would yield a weighted aver-
age of the AGF for five year old fields. In the absence of growth, the AGF would 
equal unity. Values of the AGF less than unity imply negative reserve revisions.

In his original paper, Arrington fitted a smooth curve between the three 
year weighted averages of the AGFs for a sample of reservoirs and the number of 
years since discovery. This curve was used to arrive at a predicted AGF for each 
year following discovery, PAGFk. The predicted cumulative growth factor for k 
years after discovery (PCGFk) is the product of the predicted annual growth fac-
tors, i.e.

 (2)

Note that this methodology implicitly assumes that the age of the field 
or reservoir is the only systematic determinant of reserve growth. If this is not 
the case, then the method will likely yield a biased measure of growth. For ex-
ample, if, as we suspect, the economic environment affects reserve growth, then 
an Arrington-based supply analysis will underestimate the response of supplies to 
higher prices.

Numerous studies including Marsh (1971), Dolton et. al. (1981), Root 
(1981), Megill (1989a, 1989b, 1989c, 1989d), Attanasi and Root (1994), Attanasi, 
Mast, and Root (1999) and Root et, al. (1995) have applied variations of the basic 
Arrington method to project growth for fields in the U.S. onshore. Application of 
the method by Klett (2004) to Energy Information Administration oil and gas re-
serves data over the period 1977-1996 yielded AGFs that declined rapidly over the 
first three years following discovery and then stabilized at a value slightly more 
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than unity until about 90 years following discovery. 
Several studies have applied Arrington’s methodology in examining re-

serves appreciation in the GOM Outer Continental Shelf (OCS). These studies 
make use of annual field level data from either the Energy Information Admin-
istration (EIA) Oil and Gas Integrated Field File (OGIFF) or the Field Reserve 
History file from the United States Minerals Management Service (MMS). These 
data are available from 1977 and 1975 onwards, respectively. 

 Using the MMS GOM OCS data, Drew and Lore (1992) find that the 
annual growth rate for all oil and gas fields ranges from 10% per year in their first 
decade of productive life to 5% per year in the second decade, and to 3% in the 
third decade. Lore, et.al. (1996, 1999) calculate AGF’s and PCGFs using (1) and 
(2) respectively for 876 fields from the MMS database. Their results indicate that 
fields on average more than double in size within 6 years of discovery and triple 
within 16 years. They calculate that fields quadruple in size in about 40 years.

Attanasi (2000) examines reserve appreciation in the GOM OCS using 
the EIA OGIFF data. Based on the restricted least squares estimate in which AGFs 
are assumed to decline monotonically with the age of the field, Attanasi concludes 
that reserve appreciation in the GOM OCS is more robust than that reported by 
Lore et al. (1996, 1999). Specifically, he concludes that oil fields grow by a factor 
of eight within 50 years while gas fields grow by a factor of almost six. 

There are two notable studies of reserve growth in the North Sea which do 
not rely on the Arrington method. Watkins (2002) examined reserve appreciation for 
126 oil fields in the North Sea. In contrast to the GOM research noted above, Wat-
kins analyzes reserve appreciation from the year of first production instead of the 
year of discovery. This is justified by noting that the time interval between discovery 
and first production in the offshore can be long and that the number of years since 
the year of first production is a better measure of field maturity than the number of 
years since discovery. In contrast to the Arrington based findings for the GOM, he 
reports substantially lower reserve appreciation factors. In an earlier working paper, 
Sem and Ellerman (1999) also examined oil field reserve appreciation in the North 
Sea. Like Watkins, appreciation is measured as of the year of first production. Using 
both random and fixed effects specifications, the CGFs are regressed on the age of 
the field, age interacted with binary variables representing field size, a binary vari-
able representing the sector in which the field is located, and a binary variable rep-
resenting the post-1985 time period. Their results indicate that with the exception of 
medium sized fields, oil reserves appreciate 2-3% per year regardless of sector, year, 
or age. For the medium sized fields, i.e. those fields with reserves between 100 and 
400 million barrels in the first year of production, no significant reserve appreciation 
could be statistically discerned. The authors regard this outcome as a puzzle and 
conclude the paper by suggesting that the inclusion of “time varying factors such as 
the amount of development drilling, injection, prices (emphasis added) or perhaps 
changing tax treatment may contribute to a greater understanding of reserve appre-
ciation in the North Sea.” (Sem and Ellerman, 1999, p. 35)
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3. DATA AND MEASUREMENT ISSUES

In this paper, we employ a database from the United States Minerals Man-
agement Service (MMS) to evaluate the reasonableness of the Arrington method 
in estimating the reserve growth of known gas fields in the federal offshore waters 
of the U.S. Gulf of Mexico (GOM). We focus on natural gas because of the gas 
prone nature of the Gulf. The database was downloaded from the MMS website 
(http://www.gomr.mms.gov/homepg/offshore/fldresv/resvmenu.html). This data-
base provides a year by year reserve history for every oil and gas field in the federal 
offshore waters of the Gulf of Mexico over the period 1975 through 2003. In con-
trast to the United States Energy Information Administration’s reserve estimates, 
this database is not based on a survey of the operators. Instead, the estimates are 
produced by MMS, who as leaseholder, has access to the proprietary data that are 
needed to estimate reserves. In theory, this provides the data series with a consis-
tency that a survey based database cannot hope to match. This may not be a trivial 
consideration given that the reserve estimates can change with changes in reserve 
ownership when the database is based on survey. For example, the 2000 EIA sur-
vey of domestic oil and gas reserves deducted 533 Bcf. of natural gas reserves 
from the reserves of operators in the Texas portion of the Federal offshore Gulf of 
Mexico who transferred the operations of existing fields to another operator; the 
acquiring operators reported that the transfer increased their reserves by 767 Bcf 
(EIA, 2001, Table 8). Finally, given the intense interest of the investment commu-
nity in the reserve replacement ratio, firms have a financial interest in the estimates 
that they report. One example of where financial incentives are believed to have 
contributed to a reserve overstatement is Royal Dutch/Shell Group’s admission 
in 2005 that its oil and gas reserves as of 2002 had been overstated by 41 percent 
(New York Times, 2005).

Proved reserves are defined by the MMS as the “quantities of hydrocar-
bons which can be estimated with reasonable certainty to be commercially recov-
erable from known reservoirs and under current economic conditions, operating 
methods, and government regulations” (MMS, 2005, p 2). This definition of re-
serves is essentially equivalent to EIA’s definition of proved reserves as “ volumes 
of oil and gas that geological and engineering data demonstrate with reasonable 
certainty to be recoverable in future years from known reservoirs under exist-
ing economic and operating conditions.” (EIA, 2007, p. 1). Consistent with these 
nearly identical definitions, the correlation between the EIA and MMS measures 
of aggregate remaining proved gas reserves in the Gulf of Mexico OCS over the 
period 1990 through 2003 equals 0.86.2

 The MMS has been estimating proved reserves for the Gulf of Mexico 
since its inception in 1982. Prior to 1982, reserves were published by the United 
States Geological Survey. 

2.  EIA does not report Gulf of Mexico OCS proved reserves prior to 1990.
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One key issue in the literature is how best to measure the age of the 
fields. Drew and Lore (1992), Lore, et.al. (1996, 1999), and Attanasi (2000) base 
the age of the fields on the year of discovery. Klett (2004), Sem and Ellerman 
(1999), and Watkins (2002) have pointed out, using the discovery year as the 
starting point for reserve growth ignores the impact of delayed field development. 
Our view is that calculating age based on the year of discovery can result in severe 
biases when “old” but undeveloped fields are brought on stream. One dramatic 
example of this is a field that was discovered in 1955 that did not commence 
production until 1977. To assess the magnitude of this possible bias, CGFs were 
calculated through 2000 for all oil and gas fields discovered between 1975 and 
1998. For these same fields, the AGF’s and associated CGF’s were also calculated 
using the Arrington method with age being calculated based on the number of 
years since discovery. Fields that were discovered in 1975 were 25 years old in 
the year 2000. Using the Arrington method, one would expect 25-year-old fields 
to have a CGF of 3.62. The actual CGF for fields discovered in 1975 is a modest 
2.01. This does not appear to be an outlier. Except for three years (1980, 1981, and 
1985) the actual CGF’s calculated by discovery year are substantially lower than 
the CGF’s calculated using the Arrington method with age being calculated based 
on the number of years since discovery. Clearly, based on these data the Arrington 
method with age based on the number of years since discovery produces a mis-
leading estimate of cumulative reserve growth. For this reason, we will measure 
age based on the year of first production. 

Consistent with our expectations, a preliminary analysis of the data in-
dicated that the vast proportion of the gas fields in the GOM have a water depth 
less than 200 meters. In keeping with the exploratory nature of this research, we 
will therefore restrict the analysis to natural gas fields with a water depth less than 
200 meters. 

4. AN ECONOMETRIC MODEL OF RESERVE GROWTH

A model of reserve growth was estimated using field specific panel data 
for 526 gas fields. Because of our interest in the relationship between the eco-
nomic environment and reserve growth, our analysis focuses on the determinants 
of the AGF. In our opinion, specifying the model in terms of the CGF would re-
quire the inclusion of variables that reflect the economic environment in each year 
of field operation. This would present a nontrivial estimation problem given the 
unbalanced nature of our data set. 

 The model hypothesizes that the AGF for a given field in year t is a func-
tion of the year of first production, the age of the field in year t, the water depth 
of the field, the initial discovery size, and the price of natural gas in year t. The 
model also includes unobserved field specific factors as an explanatory variable. 
Algebraically, the model is:
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 (3)
 

where:
 ln(AGFk,t) is the natural logarithm of the annual growth factor for field 
k in year t. 
 ProdYearDumk, is a binary variable representing the year of first produc-
tion
 AGEk,t is the age of field k in year t based on the year in which field k was 
brought onstream.
 LnPGASt is the natural log of the natural gas price in constant 2000 dol-
lars in year t. The prices are based on MMS reported natural gas sales 
and production volumes for the Gulf of Mexico.
WaterDepthk is the average water depth of field k in feet.
 IntialSizek is the known natural gas volume (Bcf) for field k in the year 
of first production.
 OtherFactors is a variable that measures unobserved time invariant field 
specific characteristics. This variable was estimated using a three stage 
procedure that is described below.

Equation (3) was estimated over the period 1976 through 2003 for fields 
that commenced production over the period 1976 through 2001. The fields were 
discovered over the period 1955 through 2001. 

Standard panel estimation does not allow for the estimation of both the 
effects of time invariant variables (e.g. WaterDepth) and unobserved field specific 
effects. Very simply, perfect collinearity between the fixed effects and the time 
invariant variables precludes the implementation of the standard procedure. In an 
innovative paper, Plümper and Troeger (2007) develop a three-stage estimation 
method, the fixed effects vector decomposition, to circumvent this problem. Its 
logic is rather straightforward. Since the fixed effects measure the influence of 
all time-invariant variables, they first run a standard fixed effects model with all 
time-varying variables but excluding all the observed time-invariant variables (in 
our case, the time invariant variables are IntialSizek WaterDepthk and ProdYear-
Dumk). The resulting estimated fixed effects, therefore, measure the influence of 
both the observed and the unobserved time-invariant unit-specific factors. In the 
second stage, the estimated fixed effects from the first stage are regressed on all 
the observed time-invariant variables only. This effectively decomposes the fixed 
effects into two parts: that which can be explained by the observed time-invariant 
variables and that which can be explained by other unobserved time-invariant fac-
tors. The latter, of course, is represented by the estimated second-stage residuals. 
The third and final stage consists of a pooled estimation of the dependent variable 
on the time-varying variables, on all the observed time-invariant variables, and 
on the second stage residuals (which in this paper are referred to as OtherFac-
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tors). Because of the orthogonality between the observed time-invariant variables 
and the OtherFactors, the perfect collinearity problem is avoided. The interested 
reader should consult the appendix for a more technical outline of the procedure.

Preliminary estimation of equation (3) indicated the possible presence of 
AR(1) disturbances at the third stage. The equation was subsequently re-estimated 
using the Prais-Winston transformation to correct for the first order autocorre-
lation. The stage three estimates of equation (3) are presented in Table 1. The 
reported standard errors are robust to heteroscedastic disturbances.3 Consistent 
with the literature, the coefficient on 1/AGE is positive and statistically significant 
indicating that reserve growth diminishes with the age of a field, ceteris paribus. 
While the literature has focused almost exclusively on this variable, the results 
reported in Table 1 also indicate that the economic environment can affect the 
level of growth. Specifically, the coefficient on LnPGAS is positive and highly 
statistically significant. The coefficient on WaterDepth is negative and statistically 
significant. Since operating costs are a function of water depth, this finding is con-
sistent with the view that reserve growth and operating costs are inversely related. 
The coefficient on IntialSize is negative and is also highly statistically significant. 
One possible explanation for this finding is that reserve appraisals of new fields 
are costly and that the benefits from a more complete appraisal vary directly with 
the size of the discovery. This of course leaves the larger fields less potential for 
growth, on a percentage basis, relative to their smaller cousins. Finally, the low 
R2 and adjusted R2 values are typical of many panel models where there exists 
much diversity across cross sectional units. The high F-statistic, despite the low R2 
and adjusted R2 values, testifies to the overall significance of the model while the 
small p-values associated with the estimated coefficients attest to the significance 
of the explanatory variables at well below standard levels.

The estimated ceteris paribus effect of the start-up of production in 1976 
is reflected in the constant term. The differential impacts for other years are re-
flected in the production year binary variables (ProdYearDumxx). The coefficients 
on these variables appear to suggest two reserve growth regimes. Prior to 1987, 
the majority of the coefficients are positive and statistically significant implying 
that the reserve growth process for fields that commenced production in the years 
1977-1986 was at least as long as for those fields that went on stream in 1976, the 
year corresponding to the overall constant. After 1986, the majority of the coef-
ficients are negative and statistically significant implying that the reserve growth 
process for these fields was shorter than in 1976. One possible reason for this is 
the diffusion of 3-D seismic technology over the latter time period that yielded 
more accurate and comprehensive initial reserves assessments. 

3. The null hypothesis of normality of the third stage errors was rejected by a Jacque-Bera test. 
This is not a major concern since the estimation procedure adopts the robustness of the fixed effects 
estimator which is fully robust to a non-normal error structure. The authors thank Jeffrey Wooldridge 
for pointing this out. 
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Table 1. Panel Fixed Effects Vector Decomposition Estimates
Variable Coef. Std. Err. t P-Value

1/AGE 0.042 0.005 8.88 0.000

LnPGAS 0.056 0.002 28.01 0.000

WaterDepth -1.44E-04 3.59E-06 -40.13 0.000

InitialSize -6.26E-11 1.77E-12 -35.32 0.000

ProdYear_dum2 0.020 0.001 16.90 0.000

ProdYear_dum3 0.003 0.001 3.07 0.002

ProdYear_dum4 0.003 0.001 3.61 0.000

ProdYear_dum5 0.007 0.001 7.02 0.000

ProdYear_dum6 0.014 0.001 14.63 0.000

ProdYear_dum7 -0.006 0.001 -6.56 0.000

ProdYear_dum8 -0.013 0.001 -12.31 0.000

ProdYear_dum9 -3.71E-04 0.001 -0.35 0.724

ProdYear_dum10 0.007 0.001 5.52 0.000

ProdYear_dum11 -3.90E-04 0.001 -0.31 0.760

ProdYear_dum12 -0.020 0.001 -16.14 0.000

ProdYear_dum13 -0.017 0.001 -16.37 0.000

ProdYear_dum14 -0.028 0.001 -28.43 0.000

ProdYear_dum15 0.001 0.001 1.23 0.219

ProdYear_dum16 -0.023 0.001 -21.58 0.000

ProdYear_dum17 -0.002 0.001 -1.46 0.143

ProdYear_dum18 -0.027 0.002 -12.76 0.000

ProdYear_dum19 -0.107 0.002 -57.08 0.000

ProdYear_dum20 -0.066 0.002 -27.80 0.000

ProdYear_dum21 -0.066 0.003 -23.98 0.000

ProdYear_dum22 -0.124 0.002 -70.38 0.000

ProdYear_dum23 0.024 0.002 11.93 0.000

ProdYear_dum24 -0.139 0.002 -66.36 0.000

ProdYear_dum25 -0.116 0.002 -68.49 0.000

ProdYear_dum26 0.024 0.001 23.69 0.000

OtherFactors 0.959 0.005 195.48 0.000

constant -0.028 0.001 -29.94 0.000

Number of obs. 6300    
F(31, 6271) 21451.89    
P-Value 0.000    
R2 0.081    
adjusted R2 0.077

Standard errors are robust to heteroscedasticity and autocorrelation. 
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5. CONCLUSION

 The traditional approach to measuring reserve growth relies on the meth-
od first proposed by Arrington (1960). Under its basic form, a weighted average 
annual growth factor is calculated for all fields of a given age. The product of the 
annual growth factors over all ages represents the cumulative growth factor. While 
the Arrington method is currently viewed as one of the more useful approaches 
to measuring reserve growth, it ignores the effect that the economic environment 
as well as other factors such as the initial discovery size have on reserve growth. 
This paper has provided evidence that these factors do indeed play a critical role 
in the reserve growth process. 

The importance of these findings should not be underestimated. The in-
creases in U.S. natural gas prices since 2000 have convinced many analysts and 
observers that LNG imports will very soon be required if future U.S. natural gas 
demand is to be satisfied. Otherwise, the increase in natural gas prices is expected 
to continue virtually unabated due to the perceived inadequacies of U.S. natural gas 
supplies. Interestingly, however, a recent analysis of global LNG by Paul Sankey 
and Ryan Todd of Deutsche Bank, Sankey and Todd (2008), presents a somewhat 
different scenario. In their words, “…US gas supply growth is strong enough that 
we see the US market remaining relatively insular for the next 4-5 years, with price 
set by domestic F&D costs.” (p. 1). The authors further contend that “If the USA 
can sustain the kind of gas supply growth seen recently, then more natgas exports 
are a real economically reasonable response.” (p. 27). And finally, they observe that 
“Expectations for 2008 US natural gas production have been revised upwards to 
6% YOY, with 2% expectations for 2009 likely under upwards pressure given cur-
rent gas price and drilling activity.” (p. 27). The findings of this paper are entirely 
consistent with Sankey and Todd. Higher prices suggest greater reserve apprecia-
tion which in turn suggests greater supplies. The U.S. need for LNG is dampened 
with the possibility, in fact, that U.S. natural gas exports actually increase. This is 
not a scenario that is likely under an Arrington-based view of reserve growth. 

APPENDIX

Fixed Effects Vector Decomposition

This appendix provides a more technical description of the three-stage 
fixed effects estimation procedure, formally known as fixed effects vector decom-
position, developed by Plümper and Troeger (2007) and is drawn largely from 
their paper. Consider the model:

 (A-1)

where Xit represents a vector of time-variant variables, Zi represents a vector of 
time-invariant variables, ui is the unit-specific fixed effect, and εit is the normally 
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distributed random error component. The unit-specific effect ui is assumed to be 
correlated with at least one of the time-variant variables and with at least one of 
the time-invariant variables. The fundamental problem with using the standard 
fixed effects procedure to estimate (A-1) is the perfect collinearity that would 
exist between the unit-specific dummy variables and the time-invariant variables. 
Recalling, however, that unit fixed effects, in general, represent the mean impact 
of all omitted unit-specific time-invariant variables provides the basis for an alter-
native procedure. First, estimate (A-1) without the time-invariant variables using 
the standard fixed effects method. This effectively demeans the data and removes 
the individual effects ui giving:

 (A-2)

where ÿit,  ̈Xit, and ε̈it are the time-demeaned data on y, X, and ε, respectively, and 
where equation (A-2) is known as the within or fixed effects transformation. Es-
timating (A-2) yields the fixed effects estimator β̂FE and estimates of the ui given 
by:

In the second stage, the ûi are regressed on a constant and the vector of 
observed time-invariant variables Zi. Specifically, we estimate the equation:

 (A-3)

where ω is the constant term and ηi is the error. Note that ηi is the part ui that is not 
explained by the time-invariant Z variables. The residuals from the second stage 
estimation, η̂i, are estimates of this portion of ui. In the third stage, the complete 
model is re-run without the unit effects but with their decomposed fixed effects 
vectors using pooled OLS:4

 (A-4)

Since η̂i is no longer correlated with the Zi one can account for the im-
pacts of the unit-specific fixed effects that are unobserved. Note that the coeffi-
cient on η̂i should be equal to or very close to one in the stage 3 estimation.  
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