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FOREWORD 
In writing this foreword, the public debate is much aware of questions regarding the Europe-

an gas supply: how to substitute Russian natural gas for European consumers? What are the 

consequences of stopping Russian natural gas flows to Europe? What alternative suppliers 

are available and in which magnitude? What role can the Import of liquefied natural gas 

(LNG) play? These questions are currently in media focus in direct response to Russia's war 

of aggression against Ukraine in spring 2022. 

Philipp Hauser's doctoral thesis puts these questions into focus, however, his disserta-

tion was written well before the start of this war and the idea of his fundamental gas supply 

analysis was already started back in 2014. The analysis in the work helps to give answers to 

the current challenge, but also goes beyond that: the challenges on the European natural gas 

markets are not only characterized by the current development: First of all, the climate policy 

and in particular the Paris Agreement and the Green deal define the political objective to 

drastically reduce greenhouse gas emissions and with it, the question arises of what role nat-

ural gas should play in the future energy system. Natural gas as an energy source has signifi-

cantly lower CO2 emissions in the electricity and heat supply than other conventional energy 

sources used but is by far not CO2-neutral. Accordingly, natural gas is often seen as a short- 

to medium-term option for reducing greenhouse gases by substituting more CO2-intensive 

energy sources. However, in the long term, natural gas can only play a role in achieving cli-

mate neutrality in the case of the use of CO2capture and storage. The long-term development 

of natural gas demand is correspondingly uncertain. The current geopolitical tensions direct-

ly affect both the transport infrastructure and the gas supply from Russia. In addition to the 

gas procurement from Russia, the challenge of the further development of the European gas 

supply should also be mentioned. For example, gas deliveries from Europe, especially from 

the Netherlands and Great Britain, are continuously decreasing and must be replaced by al-

ternatives. 

Given these challenges, Mr Hauser asks himself how gas supply on the European nat-

ural gas markets can be guaranteed and what diversification measures exist. His overarching 

research question is: " What are the costs and benefits of diversification policies in the Euro-

pean natural gas market?". To answer the question, Mr Hauser uses quantitative models of 

the European and German gas markets that he developed within his work. His fundamental 

models are based on linear programming and represent supply and demand including the 

transport infrastructure in different granularity for the European natural gas market and the 

German pipeline system. In addition, he uses a stochastic version of the European gas market 

model to be able to methodically cope with the uncertainties in the gas market. Through his 

systemic and fundamental analysis of the natural gas supply system in Europe, the findings 

can not only be used in the current crisis. In his dissertation, Mr Hauser thus addresses an 

extremely relevant, important, and largely unaddressed question in connection with natural 

gas supply and the transformation of the European gas supply system - not only against the 

background of current developments in eastern Ukraine.  

Philipp Hauser’s dissertation shows much better than before how the demand, supply 

and infrastructure interact in the European natural gas market. Accordingly, he delivers in-

teresting and relevant results for research and industry as well as for political practice. I hope 

you enjoy reading this informative dissertation! 
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1 INTRODUCTION AND OVERVIEW 
During the last decade, the energy transition in Europe has focused on a fossil fuel phase-out 

in the European power sector1, e.g., by introducing an Emission Trading System for the Eu-

ropean power sector and energy intensive industry. However, the International Renewable 

Energy Agency (IRENA, 2021) defines the energy transition as a pathway towards a global 

transformation of our energy system in all sectors without any further greenhouse gas emis-

sions. For that reason, latest ambitions in the European Commission’s Fit-for-552 program 

expanded the range for regulation activities to all end energy sectors3. The role of gas in this 

transformation process is not obvious. On the one hand, in the power and heating sector, gas 

power plants are supposed to be a low-carbon alternative for providing power and heat at 

lowest emissions. This might lead to an increased demand for natural gas for the upcoming 

decade. However, on the other side, for achieving the long-term climate objectives a natural 

gas phase out is needed. This gas demand example illustrates the complex conflict of objects 

between sustainability, security of energy supply, and economic efficiency. This complexity 

necessitates a model-based approach for investigating the future natural gas market. 

European natural gas markets have been studied for many decades with focus on an 

enhanced market integration that subsumes infrastructure development as well as market 

regulation. Current developments in three fields have led to manifold challenges for the Eu-

ropean gas sector. As described above, the first field comprises climate politics that includes 

the Paris agreement4 and the European Green Deal (European Commission, 2019a). A sec-

ond field comprises geopolitical conflicts that emphasizes the threat of supply disruptions 

and culminated in discussions about the Russian-Ukraine dispute in 2006 and 2009 and the 

pipeline project of Nord Stream 2. A third field of upcoming challenges is about fundamental 

market changes for gas demand and supply, with the decreasing Dutch gas production as the 

largest example. The combination of these three challenges endangers one of the most im-

portant tasks of energy policy: ensuring energy security. 

In academic literature, the natural gas market is studied from many different research 

perspectives, considering the context of economy, policy, and technology. Within this thesis, 

three overlapping research fields are connected: first, energy security in natural gas markets, 

second, modelling natural gas markets and gas transmission networks, and third, spatial and 

 

1 In Germany, the energy transition comprises not only a fossil fuel, but also a nuclear phase out. The 
government has already decided on a phase-out of its nuclear power plants until 2022 direct after the 
Fukushima-disaster in 2011. 
2 The Fit-for-55 program comprises a package of interconnected proposals that enable an achievement 
of the target for reducing EU’s net emissions by at least 55% by 2030 compared to 1990 (cf. European 
Commission, 2021a).  
3 The European Commission’s objective is to adjust the regulation framework on the updated green-
house gas emission reduction target of minus 55% until 2030. 
4 Parties of the Paris Agreement agreed to limit the global average temperature below 2°C (United 
Nations Framework Convention on Climate Change (UNFCCC), 2015 Article 2, §1a).  
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temporal disaggregation of energy data. The intersection of these research areas and the re-

search gap with the thesis’ contribution is depicted in Figure 1.  

 

Energy Security in  
natural gas markets

Natural gas market 
modelling

Spatial and temporal 
resolved energy data

• (Linear) physical gas flow optimization
(Domschke et al. 2017)

• Infrastructure expansion/utilisation
(Lochner, 2012)

• Equilibrium models (Egging et al. 
2008; Hecking and Panke, 2012)

• Definition, dimension, index 
(Ang et al. 2015)

• Security of gas supply
(Stern, 2002; Weisser, 2007; 
Westphal, 2012)

• Russian gas supply disruptions
(Richter and Holz, 2015;  
Hecking et al., 2015)

• Diversification in gas markets 
(Schulte, 2019)

• Electricity sectors (Egerer et al., 2014; 
Kunz et al., 2018; Kotzur, 2018)

• Heat demand on regional/local level
(Greif et al., 2018; Felten et al., 2020)

• Gas demand (Kunz et al., 2018)

Contribution 3:
Model based analysis on Diversification policies in the 
European gas market using GAMAMOD-EU

Contribution 4:
Model based analysis on the thread of 
security of supply on the German gas 
transmission network using GAMAMOD-DE

Contribution 1:
First comprehensive description and 
structuring of gas market uncertainties and 
diversification in the context of security of 
supply.

Chapter 2 and 3

Chapter 8Chapter 5, 6, and 7

Contribution 2:
Comprehensive overview on natural gas infrastructure 
data in the context of market uncertainties in Europe

Chapter 4

 
Figure 1: Contribution of this thesis to the existing literature 
Source: Own illustration. 

The first strand comprises natural gas market modelling where researchers develop 

optimization, equilibrium, or simulation models. These model approaches differ in their fo-

cus on special gas market aspects such as modelling realistic physical gas flows (e.g., 

Domschke et al., 2017), modelling infrastructure expansion and utilization (e.g., Lochner, 

2011) or focusing on the behavior of market players (e.g., Egging et al., 2008; Hecking and 

Panke, 2012). A detailed overview about model approaches and examples is provided within 

Chapter 5.  

The second strand relates to research on energy security in natural gas markets, where 

gas market models are applied. It shows a wide range on qualitative and quantitative meth-

ods. A few studies focus on a general evaluation of energy security by creating quantitative 

measurements, such as indicators for evaluation of energy security (e.g., Ang, Choong and 

Ng, 2015). Qualitative analyses on the security of European gas supply discuss the topic 

often from a geopolitical point of view (Stern, 2002; Weisser, 2007; Westphal, 2012). On the 

European level, an intensive discussion exists on Russia’s role in the European gas market, 

given the fact of the ongoing dispute between Russia and Ukraine. In fact, the danger of 

possible supply disruptions from Russia to European gas markets is investigated in many 

studies (Hecking, John and Weiser, 2015; Richter and Holz, 2015). However, the discussion 

about energy security in gas markets lacks model applications. To the best knowledge, so far 

only Schulte (ff 2019, p. 69) initially focuses in his model on diversification and further ap-

plications should complete the literature. 

The third research strand is about providing methods and applications for highly spa-

tial and temporal disaggregated energy data. The above discussed aspects focus on security 

of supply from the perspective of transnational relations and cross-border connections. How-

ever, energy security has to be provided also on a regional and local level. During the last 

decades, methods and availability on infrastructure data have grown rapidly. Thus, a com-

pletely new research strand on data analysis is established with two emphases: first, the anal-

ysis and combination of large data sets (data science), and second, the objective of increasing 
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transparency and making these data public available (open data). Availability of highly tem-

poral and spatial disaggregated data motivates researchers to develop models that can pro-

cess these data and that can provide quantitative solutions for complex systems. Due to mar-

ket liberalization and regulation, data availability, in Germany, has increased, especially in 

the electricity sector (Egerer, 2016; Kunz et al., 2018). In applications, data are used to im-

prove models e.g., regarding residential buildings (Kotzur, 2018). In the heating sector data 

series on temperatures are used to create synthetic time series and to improve the modelling 

of plants with a combined heat and power output (Felten, Baginski and Weber, 2017; Greif, 

Conrad and Schmid, 2018). Approaches for distributed natural gas markets and regionaliza-

tion approaches for gas demands, are rarely observed in academic literature (Kunz, 2018). 

Latest research projects have focused on collecting gas infrastructure data to enable models 

with a large spatial resolution (cf. DLR, 2020). 

Research question 

The overall problem for policy makers in this context is to solve the question on how to 

guarantee the future security of supply in the gas market by facing the above-described chal-

lenges, caused by multiple uncertainties. The current political answer is to propose measures 

for liberalization and diversification in the European gas market. Against this backdrop, the 

overall research question (RQ) within this thesis is: 

 

RQ 1 What are costs and benefits of diversification policies in the European natural 

gas market? 

 

To answer the overall question, the main part of this thesis is divided into three parts, 

as shown in Figure 2. The first part analyses and discusses preliminary conditions (Chapter 1 

to Chapter 4) by answering the following sub-questions: 

 

RQ 2 What are the characteristics of gas markets and which uncertainties occur 

for decision making processes in the European gas markets? 

RQ 3 What is the concept of supply diversification in gas markets and which policy 

implications arise for the European Union? 

RQ 4 What was the initial situation for the European gas infrastructure in 2015? 

 

The second part comprises the development of gas market and gas transmission mod-

els (Chapter 5 and Chapter 8) guided by the following research questions: 

 

RQ 5 Which model approaches exist for dealing with questions about security of 

supply in natural gas markets? 

RQ 6 In which way can gas models include uncertainty dimensions and diversifi-

cation policies? 

RQ 7 How does a techno-economic gas transmission network model look like for 

the German case? 

 

The final part illustrates model applications with regard to diversification policies and 

Green Gas imports (Chapter 6 and Chapter 7), and sector coupling (Chapter 8), as shown in 
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Figure 2. In doing so, the Chapters answer the final three research questions. In a first step, 

the model application focuses on the classical natural gas market and its infrastructure: 

 

RQ 8 What is the optimal gas infrastructure investment portfolio for the European 

gas market in 2030 and 2045 taking diversification policies and gas market 

uncertainties into account? 

 

In a second step the application changes the perspective and considers imports of re-

newable and decarbonized gases. This approach might impact decisions on infrastructure 

investments as well and, hence, the respective research question is: 

 

RQ 9 How does the option of Green Gas imports affect the investment decision on 

gas infrastructure in the European gas market until 2045? 

 

Besides the European perspective, this thesis also discusses the German perspective of 

security of supply by following in a third step the following question: 

 

RQ 10 Does increasing natural gas demand in the power sector pose a threat of 

congestion to the German gas transmission network? 

Thesis’ contribution 

This thesis undertakes first efforts to combine diversification policies and stochastic optimi-

zation by using a fundamental market model. In doing so, it aims to extend the existing liter-

ature by answering the nine research questions and providing a comprehensive understand-

ing of the benefits and costs of diversification in the European gas markets with a special 

focus on Germany. Hereby, four major contributions are made (cf. Figure 1): 

First contribution: The thesis provides a comprehensive analysis of uncertainties in 

natural gas markets, addresses the problem of decision making and provides a structural 

framework for diversification concepts in gas markets in the context of energy security. For 

the first time, the direct connection of uncertainties and diversification options are consid-

ered together. 

Second contribution: This thesis provides the comprehensive description of both, 

model approaches and data processing in an open access repository. By doing so, the thesis 

focuses on providing data transparency for model data, by analyzing the initial situation of 

the European gas infrastructure in 2015, and by explaining future developments.  

Third contribution: A new European gas market model (GAMAMOD-EU) is pro-

posed, that enables the detailed investigation of policy instruments on diversification by ana-

lyzing infrastructure investment decisions and taking future uncertainties into account. To 

the best knowledge, there exist so far, no European gas market model with a country-specific 

resolution of all EU-28 Member States that are connected within the pipeline system. In ad-

dition, the model is one of the first ones that combines gas market uncertainties and diversi-

fication policies by implementing a stochastic programming approach. Finally, regarding the 

ongoing energy transition, the model is extended to incorporate investments in Green Gas 

production facilities in North African countries and, thus, this application belongs to the first 

studies that deals with the option of importing hydrogen into the European gas market. 

Fourth contribution: A novel model for the German gas transmission network, 

GAMAMOD-DE, is proposed. While first efforts for collecting publicly available gas mar-
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ket data are already done, this thesis contributes by going one step further and proposing a 

model for the German natural gas transmission system that allows analysis with a regional 

focus within national borders. To the best knowledge, this model is the first gas transport 

network model that depicts the entire German natural gas transport network, based on a bot-

tom-up approach. The model processes highly spatial and temporal disaggregated data for 

the electricity, heating, and industry sector. Furthermore, the model provides an intersection 

to an electricity market model to include power plant specific gas demand. An application 

investigates the threat of supply interruption in the German gas transmission network in 2012 

when the energy system has faced extreme weather conditions. GAMAMOD-EU and 

GAMAMOD-DE are models that build the base for future research projects. By model ex-

tensions, they can provide insights on how to decarbonize the energy system, i.e., through 

including hydrogen. 

Outline of the thesis 

Uncertainties on both sides, demand and supply, drive concerns of security of supply in the 

European gas markets. This thread forms the starting point for the analysis within this thesis, 

as it is depicted in Figure 2. 

Problem formulation

Thread of security of natural 
gas supply

Results on 
green gas imports

European gas market model
GAMAMOD-EU

Preliminary 
conditions and 

analysis

Demand 
challenges

Supply 
challenges

Results on 
supply diversification

Chapter 6

Uncertainties

Diversification policy

Infrastructure data

Final conclusion and policy recommendation
Chapter 9

Chapter 4

Chapter 3

Chapter 2

Chapter 1

Chapter 5

European 
perspective

Chapter 7

German gas transport model and results
GAMAMOD-DE

German 
perspective

Chapter 8

 
Figure 2: Problem statement of the thesis and overview of Chapters 
Source: Own illustration. 

The outline is as follows. Chapter 2 provides an analysis of future uncertainties in nat-

ural gas markets. Chapter 3 focuses on the classification of diversification in the context of 

energy security and security of supply. In addition, a brief digression structures the political 

positions of stakeholders about the European gas market. In Chapter 4 the initial situation of 

the European natural gas market is described by analyzing the demand, supply, and transmis-

sion infrastructure. Chapter 5 gives an overview about existing natural gas market models 

and classifies the developed models within this thesis. Furthermore, it describes the mathe-

matical formulation of the deterministic and the stochastic version of the European gas mar-

ket model GAMAMOD-EU. Chapter 6 introduces the study design and the scenarios, based 

on the challenges and policies that were primarily discussed, and presents the results. In 

Chapter 7, assumptions on the Green Gas scenario are discussed and results on infrastructure 

investments are presented. Within Chapter 8, the security of supply focus changes from Eu-
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rope to Germany, by introducing the mathematical formulation of the German gas market 

model GAMAMOD-DE as well as its application in the context of security of supply. Chap-

ter 9 summarizes the thesis, highlights the contribution, and answers the initial research 

question on what are benefits and costs of diversification policies. Finally, the Chapter pro-

vides an outlook for further research. 
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2 UNCERTAINTIES IN GAS MARKETS 
Natural gas markets are subject to major changes all over the world due to disruptive devel-

opments in production, i.e., shale gas resources and green hydrogen production, gas transpor-

tation, e.g., increasing shares of liquefied natural gas (LNG), and consumption, in the heating 

and power sector. These developments cause uncertainties for future gas market players 

worldwide and for the regional European gas market.  

To classify these uncertainties, this Chapter starts with a description of major gas mar-

ket characteristics and defines general terms5, technological and economic characteristics of 

natural gas, the concept of natural gas markets and, finally, major assumptions throughout 

this thesis. In the second Section, a classification of decision making is provided as well as a 

structured analysis about the most important gas market uncertainties 

2.1 Characteristics of Natural Gas Markets 

2.1.1 Definition of Natural Gas and Demarcation of Other Gas Terms 

Gas in the context of energy economics can be interpreted as a generic term for different 

forms of gaseous carbon-based primary energy resources. Therefore, an introduction of the 

terms: natural gas (or conventional gas), liquefied natural gas, shale gas (or unconventional 

gas), biogas and synthetic natural gas is given in this section. An extensive classification of 

carbon and non-carbon based fuel gases is presented in Cerbe (2008, p. 1 f). 

Natural gas 

The term natural gas describes naturally occurring gas reserves. The main chemical compo-

sition is CH4, which is also known as methane. Natural gas is mostly produced in deposits 

with porous rocks. Additionally, natural gas is obtained from the crude oil production as a 

by-product, also called associated gas. In general, after exploration a processing of the raw 

natural gas is needed before it can be injected into a pipeline system. This purification pro-

cess comprises the separation of e.g., hydrogen sulphide or nitrogen. As a result, the major 

share of the gas contains pure methane and a smaller share comprises inert gases, i.e., nitro-

gen and carbon dioxide. Depending on the gas field6, natural gas contains varying energy 

content, which is expressed in the gas quality and the calorific value. Differences relates to 

the composition of gases, especially the percentage of methane within the natural gas. A 

major difference in gas qualities in Europe is classified in low calorific gas (L-gas) e.g., ex-

tracted from the Groningen field in the Netherlands, with 82% methane, or gas fields in 

northern Germany. The second gas category are high calorific gases (H-gas) from fields in 

the North Sea, with 89% methane, and Russia respectively the Commonwealth of independ-

 
5 A glossary about European gas market terms can be found for example in Heather (2012, p. 57). 
6 An overview about natural gas reserves worldwide is presented in Table 7 (p. 50). 
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ent states with the highest energy content of natural gas, with 98% methane (cf. Correljé, 

Van der Linde and Westerwoudt, 2003, p. 232; Kästner, Kießling and Riemer, 2011, p. 26). 

Unconventional Gas 

Unconventional gas is distinguished in shale gas, tight gas, and coal bed methane. It de-

scribes gas resources in unconventional deposits, e.g., mudstone formations. While coal bed 

methane is extracted in the context of coal production, the production of shale and tight gas 

needs much more effort compared to natural gas extraction. The reason for that is that the 

gas is released through hydraulic fracking. This process creates cracks and fissures by hori-

zontal drilling and injecting a fluid, based on water, sand and chemicals. Due to ongoing 

discussion, whether fracking causes earthquakes, several countries, e.g., the Netherlands and 

the UK, installed observations through academic studies and memorandums for this gas pro-

duction method (cf. Holz et al., 2017; Oil & Gas Authority, 2019a). For a detailed overview 

about resources and technologies for shale gas extractions, please refer to International Ener-

gy Agency (IEA, 2013, p. 177 f). 

Biogas and biomethane 

Biogas describes methane based on fermentation of organic resources in a biogas plant. Or-

ganic material can be both, waste, e.g., manure, or renewable raw materials, e.g., corn. Bio-

gas had boomed in Germany after the introduction of the Renewable Energy Act7 in 2000and 

in combination with substitutions for farmers and biogas operators, for power producing in 

small, combined heat and power plants, based on biogas (Rieger, Möst and Fichtner, 2011). 

This boom has been accompanied by a strong debate on ethical responsibility of the agricul-

ture sector by producing foodstuff for energy production. While biogas is often directly used 

for decentralized electricity production in small and combined heat and power plants, it can 

also be processed and inject into the gas grid infrastructure. The latest Renewable Energy 

Act revisions from 2012, 2014 and 2017 lay down the lapse of the existing remuneration 

scheme and the question arise of how biogas plants can be maintained in a competitive mar-

ket environment, not only to produce green heat and electricity, but also to provide further 

services for the agriculture industry (Matschoss, Wien and Baur, 2020). 

Synthetic natural gas 

Finally, synthetic natural gas describes methane that entails the same chemical structure as 

methane but is the product of chemical processes that can be based on fossil or renewable 

feedstocks. One possible way for producing synthetical natural gas based on renewables is 

biomass gasification (Müller et al., 2019). The Sabatier process is another option (Michaelis, 

Junker and Wietschel, 2013, p. 164)). The latter process designates the exothermic reaction 

of hydrogen and carbon dioxide to methane and water (cf. Eq. 2.1).  

 

CO2 + 4 H2  CH4 + 2 H2O 

∆H0 = -165.0 kJ/mol 

(2.1) 

 

 
7 In the early version of §27 of the Renewable Energy Act (Erneuerbaren Energien Gesetz, EEG) from 
2000, the law provided opportunities to get remunerations for electricity from biomass. Since than the 
EEG has been subject to several reforms in 2004, 2009, 2012, 2014, and 2017 that have reduced the 
remuneration for producing electricity from biomass. 
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Thus, the advantage of this process is that it provides an option for recycling carbon 

dioxide that is used as a raw material for the process8. Carbon dioxide is one of the major 

greenhouse gases that is classified by the Intergovernmental Panel on Climate Change as 

“extremely likely” to be responsible for global warming and climate changes (IPCC, 2014, p. 

4). Using this carbon dioxide in the Sabatier process results in synthetic natural gas that can 

be treated as a substitute to natural gas. Producing synthetic natural gas might be one option 

to decarbonize the fossil based natural gas sector and to use the natural gas infrastructure that 

is not only well connected to the European centers but also provides an opportunity to store 

energy due to large salt caverns, e.g., in Germany.  

Regarding the availability of raw materials, there are many sources for CO2 as it oc-

curs for example as byproduct in biogas plants or fossil power plants. There, carbon dioxide 

can be captured and used (CCU) instead of being emitted into the atmosphere. The second 

raw material for the Sabatier process is hydrogen that should be based on non-fossil process-

es if hydrogen should be treated as climate neutral gas. Electrolysis provides an option to 

produce hydrogen based on water and electricity from RES, e.g., from wind power plants. 

From an economic point of view, no fair competition prevails between synthetic natural gas 

and natural gas right now, as e.g., synthetic natural gas production costs in Germany (80-200 

EUR/MWh) exceeds the costs for natural gas imports, e.g., from Russia with 20-30 

EUR/MWh (cf. Haumaier et al., 2020). Regulation frameworks, e.g., an appropriate carbon 

dioxide price might mitigate the cost differences and enable a competitive environment for 

both gas types. In addition, synthetic natural gas production costs may decrease in regions 

with higher renewable energy sources potential. In this case, it seems to be more attractive to 

transport hydrogen over longer distances, as the efficiency losses to produce synthetic natu-

ral gas are higher than the transport costs of hydrogen (Timmerberg, Kaltschmitt and 

Finkbeiner, 2020). Hence, the competitiveness of synthetic natural gas as a substitute de-

pends on the region, its techno-economic renewable energy sources potential, and the 

transport distance between to final consumers. This topic is picked up within Chapter 7 that 

answers the question of whether renewable based gas imports from North Africa provide an 

alternative to natural gas supplies.  

In general, the perspective of synthetic natural gas as an alternative fuel fails in four 

ways. First, the Sabatier process is exotherm that means that the process releases energy, 

mainly heat. Thus, regarding the efficient use of renewable energies, a transformation from 

natural gas to renewable based synthetic natural gases can be brought into questions. Moreo-

ver, the production of synthetic natural gases needs a higher installed share of renewable 

energies due to efficiency losses compared to a scenario where the pure renewable based 

hydrogen is used. Second, the natural feedstock on biogenic CO2 is limited. Third, synthetic 

natural gas can only mitigate greenhouse gas emissions as it can only be treated as a substi-

tute that reduces the usage of natural gas on the one side. On the other side, it receives the 

natural gas infrastructure in combination with further incentives for further natural gas ex-

plorations that can easily use the existing infrastructure. This is also discussed as a lock-in 

effect in a natural gas-based economy. Its application alleviates the pressure on producers of 

end-user applications to invent renewable fuel-based technologies. Fourth, synthetic natural 

 
8 In this context, CO2 recycling means closing the carbon cycle and avoiding emissions that have 
negative impacts on the atmosphere leads to global warming. For deeper insights and concepts for 
closed carbon cycles, please refer to Schneider et al. (2018, p. 41). 
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gas still contains carbon and its usage without carbon capture and storage (CCS) or CCU 

technologies nevertheless causes CO2-emissions9. 

The today’s gas market is dominated by conventional gas. The remaining technically 

recoverable conventional and unconventional gas resources give no reason to expect an up-

coming shortage, as Figure 3 illustrates.  

 

Conventional

64%

432

365Unconventional 22% 14%

Natural gas

Shale gas

Coalbed methane

Tight gas

 
Figure 3: Gas resources worldwide in tcm 
Source: Own illustration, based on IEA (2017, p. 345). 

Biogas 

Compared to these large fossil resources, the current potential for renewable gases as an 

alternative seems to be low. The first subgroup for renewable gases comprises biogas. Based 

on the fermentation of organic substrates, biogas closes the carbon cycle. Furthermore, bio-

gas can be converted into biomethane and afterwards it can be fed into the existing gas pipe-

line system. From a global perspective, the IEA (2020b, pp. 30, 36) assumes a biogas poten-

tial of 71 bcm in 2018 that could grow up to 1.2 tcm until 2040. However, the today’s global 

biogas demand amounts only 40 bcm. Although Figure 3 shows only fossil gas resources 

globally, a consideration of the biogas potential would not be recognizable within this illus-

tration. 

Hydrogen 

The second subgroup for renewable gases is hydrogen, based on renewable energy sources10. 

In 2019, the production of hydrogen from renewables amounts globally less than 47 TWh 

per year (IEA, 2019, p. 38). However, renewable hydrogen is attributed to play a major role 

in a future energy system based on 100% renewable energies. Prerequisites for such a role 

 
9 From a theoretical point of view, it would be possible to close the carbon cycle and to decouple the 
synthetic natural gas production from fossil fuel explorations. However, such a closed cycle should be 
the vision for a long-term perspective. Before, the transition phase would require a clear political 
intention to resist an option of further usage of natural gas, even if it would be still possible form a 
technical point of view.  
10 Renewable or green hydrogen means hydrogen based on renewable energy sources. Besides that, 
there exist efforts for establishing decarbonized gases, e.g., hydrogen that is produced with a low 
carbon dioxide footprint. Examples are methane pyrolysis or methane steam reforming in combination 
with carbon capture and storage (Sachverständigenrat für Umweltfragen, 2021, p. 15). 
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are that a steep decrease in the levelized costs of hydrogen can be realized. Furthermore, the 

availability of water at the location of the electrolyzer has to be ensured in future11.  

Early academic analysis focused on hydrogen applications in transport sector 

(Robinius, 2015) or in combination with power-to-gas (PtG) technologies in balancing mar-

kets (Michaelis, 2013). The research interest accelerated rapidly after the announcements of 

the European Commission (EC) and national governments for publishing hydrogen strategies 

to incentivize the constructing of a hydrogen economy12. Latest research focuses on the en-

tire hydrogen value chain and the integration into the existing energy system (Fraunhofer ISI 

and Fraunhofer ISE, 2019; Öko-Instititut, 2021). 

In the context of natural gas markets, hydrogen is not a pure substitute, as its techno-

logical characteristics, e.g., gas density or volumetric energy content, differs from natural gas 

(methane). However, there exist suggestions to blend natural gas in pipelines with hydrogen 

(10-20%) and, thus, enabling an enlarged usage of the natural gas grid infrastructure for en-

ergy transport13 and distribution (cf. DVGW, 2020; ENTSO-E and ENTSO-G, 2020).  

Liquified natural gas 

Finally, gases are not only distinguished by their sources, but also by their gaseous states. 

For transporting natural gas via shipping, the gas is compressed and stored in tanks under 

low temperatures, around -161 °C, so called liquified natural gas. This kind of gaseous state 

leads to a reduced volume of one six-hundredth of the gaseous state of natural gas under 

norm conditions (Cerbe, 2008, p. 14). With this technology, LNG shipping has provided an 

alternative to pipeline transport that has changed established market structures all over the 

world. 

 

To conclude this Section, this thesis focuses on natural gas, by describing markets and infra-

structure in a European context. About market developments, LNG and shale gas gain in 

importance and are therefore considered in the quantitative analysis within Chapter 6. In the 

context of the transformation of our existing energy system, the de-fossilization14 of the gas 

sector becomes a fundamental task. Applications of synthetic natural gas and biogas are dis-

cussed as alternative gas sources. Hydrogen can be the important complement to the extent 

of electricity consumption, as it provides with its storable and gaseous characteristics sys-

tematic advantages over an only electrical energy supply. To develop models that consider 

these aspects, the technological characteristic of natural gas has to be considered that is brief-

ly described in the next Section. 

 
11 Nine liters of water are required to produce 1 kg of hydrogen (IEA, 2019, p. 43).  
12 The German government published its national hydrogen strategy that aims to support the domestic 
production of hydrogen by building a capacity 5 GW electrolysis until 2030 (Bundesministerium für 
Bildung und Forschung, 2020, p. 3), while the European Commission aims to reach a capacity of 40 
GW in the same time period in Europe and a capacity of 40 GW outside from Europe, e.g., in North 
Africa and the Ukraine (IEA, 2020c, p. 290). 
13 This blended gas option is part of a number of research studies, focusing on the interaction between 
electricity and gas systems (e.g. Hüttenrauch, 2018). 
14 De-fossilization describes the objective to replace natural gas by substitutes that are based on RES. 
In many publications, the term “decarbonization” is used that actually holds only for the replacement 
of natural gas with hydrogen, as synthetic natural gas still contains non-fossil carbon. However, both 
terms are often used as synonyms. 
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2.1.2 Technological Characteristics of Natural Gas 

Technological natural gas characteristics determine the design of infrastructure, e.g., trans-

portation and storage systems. A detailed overview is given in Cerbe (2008) that is briefly 

summarized in the following, to provide a proper understanding of the research object.  

Using standard conditions (temperature 25°C and pressure 1.1013 bar), natural gas is 

in gaseous form. Accordingly, the extracted gas has to be transported in closed systems, 

mainly metal or plastic pipelines. The gas flow in gas transport pipelines is driven by differ-

ences in pressure and characterized by pressure losses. For that reason, compressor stations 

have to be installed to organize long distance gas transports. The average distance between 

two compressor stations amounts approximately 100 km in the transport pipeline system. 

Storability is one of the largest advantages of natural gas. Storages for natural gas are 

closed systems, e.g., depleted gas fields, aquifers, or salt caverns (underground, large vol-

umes) or gas tanks (aboveground, small volumes). Additionally, natural gas pipelines them-

selves can store natural gas temporally, also known as line-packing. By cooling down the 

gas, the physical state changes from gaseous state to liquid state. The resulting LNG has a 

reduced volume and can be stored and transported in tanks via shipping.  

The gas quality differs among different sources according to its energy content. There 

are two indicators for defining the energy content, the gross calorific value and the net calo-

rific value that describes the chemical bounded energy that is released during combustion the 

gas (Cerbe, 2008, p. 52f). The difference between gross and net calorific values relate to the 

resulting condensation enthalpy of water steam. All conversions in the following refer to the 

gross calorific value. Gas quality differences are important for most final consumers, who 

need a homogenous quality with limited deviation for their gas applications. Hence, gas trad-

ers and grid operators have to ensure a constant gas quality that can be quantified using the 

Wobbe index (Cerbe, 2008, p. 59). 

Natural gas is a primary energy carry, and its bounded chemical energy is converted 

into end energy by accepting transformation losses. According to customers’ end energy 

demands, the chemical energy of natural gas is transformed into heat or electricity-based 

applications. Only a smaller share of natural gas is used as a raw material, e.g., in chemical 

industries such as the fertilizer manufacturers. 

2.1.3 Economic Characteristics of Natural Gas 

The field of energy system analysis started in the beginning with large complex energy sys-

tem models, e.g., MAKRAL and TIMES, and could be divided in top-down and bottom-up 

approaches (cf. Dagoumas and Barker, 2010). During the last two decades, the approaches 

have been converged, while the research landscape in Europe has focused at first on pure 

electricity systems with large efforts on modelling infrastructure and on power generation. 

Due to the energy transition and the concepts of sector coupling, the natural gas pipeline 

system gains later in importance and the initial discussion about the future energy system 

based on “all-electric” or “green gas” seems to accept reasons for a parallel existing of both 

infrastructures (Hauser and Möst, 2018). For that reason, in the following, the economic 

characteristics of natural gas is compared to other energy commodities such as electricity.  

In an economic context, natural gas can be described as a private good with all its 

characteristics, because the usage of natural gas is excludable and there exist a rivalry on 

consumption of natural gas. From a physical point of view, natural gas is a non-

homogeneous good, as there exist different gas qualities. However, the technological differ-

ences can be tackled by converters, e.g., from low to high caloric gas. Most customers have 

only a demand on an energy volume, but not a special gas type and, hence, they perceive gas 
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as a homogeneous good15. For that reason, it is valid to treat natural gas also as a homoge-

nous good in energy models (Vasin et al., 2017). In dependence to the research question, it is 

more or less important to consider different gas qualities in energy system model. Regarding 

the research questions in this thesis, it is sufficient and valid to deal with energy units (e.g., 

GWh) instead of volumes (e.g., bcm). According to that, prices are indicated in EUR per 

energy unit.  

Another important contrast, compared to electricity, refers to the storability of natural 

gas with lower costs and higher energy amounts than electrical storage systems. As de-

scribed earlier, even the pipeline transport system itself is a gas storage system. This charac-

teristic motivates visions and discussions that deal with the transformation of renewable 

produced electricity that should be stored in the natural gas infrastructure. On the other side, 

compared to oil, the natural gas demand side is highly depended on reliable supplies, i.e., in 

the household sector, as there are almost no substitutes. Furthermore, the pipeline based nat-

ural gas transport in the downstream is much more vulnerable compared to oil truck 

transport, because of two aspects. First, oil trucks can be repaired in case of damage more 

easily and, second, oil trucks can be scaled up more easily, than spare capacity in gas pipe-

lines (cf. IEA, 2014a, p. 49 f)  

Finally, the European natural gas market is characterized by only a small number of 

large suppliers in the upstream market, e.g., Russia, Norway, and the Netherlands, that meets 

the demand of all European customers in the downstream market. This is in particular a huge 

difference compared to electricity market where the number of power produces has increased 

due to the rise or decentralized RES. In contrast, the natural gas supplier market structure is 

characterized as an oligopoly market, where producers can earn a supplier rent by using their 

market power through strategic production behavior with the objective to impact the market 

price. Furthermore, natural gas transmission corresponds to a natural monopoly 

(Hirschhausen, Neumann and Ruester, 2007, p. 4). Although the European market is charac-

terized as a non-perfect competitive market, it is reasonable to investigate the infrastructure 

usage with a model that assumes perfect competition as it can be expected that the market 

become more competitive in the upcoming years, driven by the market liberalization and the 

entry of new gas suppliers (Bothe and Seeliger, 2005, p. 1). This approach is also applied 

within this thesis. A description of the structure and the development of gas markets is pro-

vided in the next Section. 

2.1.4 Characteristics of Natural Gas Markets 

The natural gas market is a general term that needs to be extended for two reasons. First, to 

enable a precise development of research questions. Second, a subdivision is important to 

include the right market characteristics in mathematical formulations. A common classifica-

tion of natural gas markets can be distinguished into three market segments: Upstream, Mid-

stream and Downstream (cf. Figure 4).  

The Upstream market is characterized by an unequal distribution of natural gas re-

sources worldwide. Only a few, often state-owned firms compete in this market and there-

fore this market is mostly described as an oligopoly in energy system models (Holz, 2009, p. 

27). The infrastructure in this market includes the exploration of new gas fields and drilling 

wells. Additionally, gas liquefaction for LNG shipping is categorized to the upstream mar-

 
15 In the context of energy transition, some customers attach great importance to receive biogas. This 
requirement makes a different in gas qualities. Biogas certificates and a Book & Claim system make it 
possible that the sustainable characteristic of biogas can be treated separately from the physical gas 
flow. 
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ket. The midstream market organizes transportation of natural gas by shipping or pipelines, 

storing natural gas and sale on wholesale markets. The downstream market includes the dis-

tribution of natural gas and sale to final consumers, as well as the aspect of gas consumption. 

Another division is according to local and regional markets. Examples for local mar-

kets are GASPOOL or Net Connect Germany that have enabled trading within a market area 

in Germany until 202116. Gas to gas trading results in one single market price for the market 

area and replaces more and more bilateral gas contracts17 that are dominated before market 

liberalization started in the 1990s18. Heather (2012, p. 4) calls these local markets “gas hubs” 

and shows the stage and development since 2000. With the changed network access regula-

tion in 2007 in Germany, the Third Energy Package from 2009, and the introduction of an 

entry-exist system19, gas hub prices in Central Western Europe have been converged and 

merged that was widely analyzed in the literature (Robinson, 2007; Renou-Maissant, 2012; 

Growitsch, Stronzik and Nepal, 2013; Petrovich, 2013; Stern and Rogers, 2014; Hulshof, 

Maat and Mulder, 2016; Nick, 2016; del Valle et al., 2017; Chyong, 2019). 

 

 
16 Since October 2021, both market areas have been combined to form the new Trading Hub Europe. 
17 Historically, gas was traded by using long-term contracts that often includes take or pay clauses and 
that have been hedged by oil price indexation. Since the relation of crude oil and natural gas as substi-
tutes rational no longer holds, gas contracts are more decoupled from oil prices and are based to a 
higher level on gas-to-gas spot market trading with a share of 66% in 2016 (cf. Chyong, 2019, p. 96). 
18 The liberalization process hast started in the 1990s and has led to an unbundling process of vertical 
integrated natural gas firms. The objective was to enable competition on different levels of the gas 
value chain (e.g., trading) and to regulate natural monopoles (transport) to reach a price decrease for 
customers. These principals are laid down within the Third Energy Package that includes the Third 
Gas Directive (2009/73/EC) and was launched by the EC. 
19 The European Commission introduced an entry exit system based on its Regulation (EC) No. 
715/2009 in order to reduce transaction costs and transport costs. The previous system has based on 
distance related transport fees. The major change was to charge a capacity related fee for entering and 
leaving a grid area, while the dispatch within the area is optimized by the gas grid operator. The im-
plementation was reviewed by DNV KEMA (2013) that provides an extensive overview about charac-
teristics, best practice and barriers for access and trade in the entry-exit regimes in gas. 
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Figure 4: Gas value chain, structured in up-, mid- and downstream markets 
Source: Own illustration based on Rüster (2010, p. 47) and Neumann, et al. (2015, p. 5). 

The European Union’s objective is to connect local markets and to build larger re-

gional markets, e.g., the Central Western European market. Miriello and Polo (2015) identify 

three steps in the development of gas hubs and argue that the UK (National Balancing Point, 

NBP) and the Netherlands (Title Transfer Facility, TTF) are the most developed gas hubs. 

Hereby, the European Commission follows its Energy Union Policy that can be summarized 

with the heading energy security, solidarity, and trust and that focuses on the establishment 

of liquid gas hubs in the regions of Northern, Central, and Eastern Europe as well as in the 

Mediterranean area (cf. Correljé, 2016).  

From a global perspective, the introduction of LNG shipping has led to a wide discus-

sion whether the natural gas market is already a global market. Although all markets are 

connected to each other, price differences indicate that there still exists a regional focus that 

can be distinguished in three areas: South Asian market, where price are on the highest level, 

Europe with moderate prices and North America with the most liquid markets lowest prices 

natural gas spot market prices at the trading point Henry Hub (Siliverstovs et al., 2005; 

Benmenzer, Gobet and Jérusalem, 2007; Stern, 2014; Hauser, Schmidt and Möst, 2016). 

2.1.5 Assumptions and Restrictions of Natural Gas for the Thesis 

As a conclusion of the technological and economic characteristics, there are some crucial 

assumptions that hold for this thesis.  

Regarding the technical characteristics described above, gas volumes are treated by 

using the energy content of gas described in units of MWh, GWh, or TWh or by quantifying 

the gas volumes in billion cubic meters (bcm). If not other stated, it holds that 1 bcm entails 

the energy content of 9770 GWh. Although it is important to consider the technical gas flow 

in short-term optimization models, this thesis use a transport model approach to keep 

transport equations linear and to get information about the general balance in the system, in 

particular in the model types of GAMAMOD-EU (Chapter 5 to Chapter 7) and 
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GAMAMOD-DE (Chapter 8). Assumptions on a linearized consideration of the technical 

gas flow is provided in Appendix B. 

Regarding economic assumptions this thesis investigates the natural gas market form 

the perspective of an optimal system planer and follows the perfect competition approach to 

keep the model formulation linear. The discussion focuses only on the partial energy system 

European gas market (GAMAMOD-EU) respectively German gas network (GAMAMOD-

DE) by neglecting the endogenous consideration of interdependences with other partial ener-

gy markets, e.g., the oil or electricity market. Within the European gas markets, gas trade 

flows are depicted without the consideration of bilateral long-term contracts but assume that 

through arbitrage options the spot trading approach depicts the perfect market outcome. If 

not other stated, economic values are given in EUR with reference to 2015. 

2.2 Decision Making Under Uncertainty in Natural Gas Markets 

2.2.1 Normative Decision Theory 

The above-described characteristics of natural gas markets are not static, but subject to dy-

namic changes in market environments. For example, new technologies, disruptive innova-

tions, or political crisis have the potential to change fundamental market conditions.  

In general, the objective of improving decisions in gas markets is based on mecha-

nisms that holds for the entire energy systems and for the interested reader, the extensive 

elaboration of Droste-Franke et al. (2015) is recommended. Methods and recommendations 

for the gas industry can also be found by analogy with Weber (2005) who describes uncer-

tainties for the electric power industry. Uncertainties in energy markets with special focus on 

energy storages can be found in Keles (2013). 

For politicians and for the gas industry, decision makers need to assess future gas 

market developments to take reliable decisions in short- and long-term respectively for oper-

ation and planning the future gas system. Inspired by Weber (2005, p. 11), three examples 

concerning gas grid operators, gas traders and politicians for typical decisions in gas markets 

are as follows.  

Gas grid operators (1) have to take long-term decisions (for 10 to 40 years) for in-

vestments in gas infrastructure, e.g., new gas pipelines or compressor stations, while estimat-

ing future gas demand and supply. Gas traders (2) have to take mid-term (during a year) 

decisions for storing natural gas in off-peak demand periods, anticipating natural gas prices 

in demand peak periods. Politicians (3) have to decide about gas market rules that ensure 

energy security, provides incentives for investors, ensures fair prices for consumers, and take 

environmental objectives into account. 

Against this backdrop, energy system analysis provides methodologies and tools to 

deal with a complex number of future developments and to ensure transparency in the pro-

cess of decision making. Figure 5 provides an abstract illustration of decision making. In 

time step t0, decision makers have a set of options for actions but only limited knowledge 

about how the future market environment, characterized by a set of parameters P, looks like. 

The choice of methodology depends on the quality of information about parameter p’s reali-

zation in time step 1. 
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Figure 5: Decision making process 
Source: Own illustration, based on Weber (2005, p. 21 f). 

According to the normative decision theory decision making processes can be clus-

tered within three major groups: (1) Decision under certainty, (2) Decision under uncertainty 

with the two subgroups of (2a) Decision under risk and (2b) Decision under incertitude (cf. 

Weber, 2005, p. 22). 

Decision under certainty (1) means that the realization of p at time t1 is known, when a 

decision has to be taken at time t0. This is a strong assumption and often the expected value 

of p at time t1 is used, while other realizations of p are neglected. Decisions under uncertain-

ty (2) try to respect different probable realizations of p for the decision-making process and 

can be distinguished in decisions under risk (a) and decisions under incertitude (b), as it was 

already described by Knight (1921) and Keynes (1921). Decisions under risk are character-

ized by the existence of computable objective probabilities for different realizations of p in 

time t1. In contrast, decisions under incertitude are characterized by the absence of objective 

probabilities for the realization of p (cf. Schwarz, 2019, p. 48). 

Another distinction for decision processes refers to the time horizon. In operation, de-

cisions are often repetitive and short-term, e.g., selling or buying natural gas on spot markets. 

Long-term decisions are often non-repetitive or unique, e.g., investments in a new pipeline. 

Depending on the time horizon and the level of information about the uncertain parameter 

different methodologies can be used to cover uncertainties in decision making processes. 

Schwarz (2019, p. 51 ff) distinguishes four approaches, namely (1) building scenarios and 

calculating sensitivities, (2) stochastic programming20, (3) robust optimization, and (4) min-

imizing regret.  

 
20 Möst and Keles (2010) provide a survey of stochastic modelling approaches for liberalized electrici-
ty markets. The application for the gas market is provided within this thesis and follows Birge and 
Louveaux (2011) who introduce stochastic programming.  
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The application of an appropriate method depends on the data availability about the 

uncertainty of the parameter’s future development. There exist often historical data for short-

term repetitive decisions that can be used for future decisions by estimating the probability 

distribution. In contrast, these data do often not exist for long-term decisions. An alternative 

might be the usage of expert knowledge regarding the probability distribution of the future 

development of parameters (cf. Keles, 2013, p. 3). 

The focus of this thesis lies on investment in natural gas infrastructure that can be con-

sidered as a long-term decision under uncertainty. A common challenge is to assume appro-

priate probabilities for future scenarios, due to a lack of historical data. By estimating subjec-

tive probabilities based on expert surveys, approaches of stochastic programming can be 

applied. Before discussing the used methodology in more detail, the next Section evaluates 

crucial uncertainties in natural gas markets that impacts investment decisions. 

2.2.2 Structuring Uncertainties in the European Natural Gas Markets 

The previous Section has shown that uncertainties determine methodological approaches for 

decision making processes. This holds for investments in natural gas infrastructure. Regard-

ing the development of natural gas markets, fundamental changes can be observed since the 

decade of 2000s on both sides, the supply, and the demand. The Section below clusters un-

certainties in three categories concerning supply, demand, and structural uncertainties, i.e., 

the regulatory framework and the geopolitical landscape. While this Section describes the 

background on uncertainties on a qualitative level, Chapter 4 supports with the database in 

detail. 

2.2.2.1 Supply Uncertainty 

Traditional suppliers for the EU-28 gas markets are Russia, Norway, and North African 

countries, i.e., Libya and Algeria. Additionally, relevant production volumes were produced 

within the EU-28 area, respectively in the Netherlands and the UK. During the last decades, 

the Western European natural gas production decreases continuously and will be reduced to 

a minimum level before the 2030s. Furthermore, the shale gas boom that happened in the 

early 2010s in the USA will most probably not be repeated in Europe and, hence, cannot 

mitigate this European decline of gas production (Riedel et al., 2017; cf. Saussay, 2018). 

Thus, the question arise of which gas sources will replace the reduced domestic gas 

production volumes in Europe in future. While Russia introduced new pipeline projects (i.e., 

Turk Stream and Nord Stream 2) during the las years, a couple of other pipeline projects 

were discussed and partly already cancelled, e.g., South Stream or Nabucco pipeline that 

have been as pipelines through the Southern Gas Corridor (cf. Dieckhöner, 2012). While the 

dominant supplier Russia tries to increase its market share by increasing and diversifying its 

export routes, new suppliers in the Caspian region, the area of the Eastern Mediterranean 

Sea, but also global suppliers via LNG shipping are discussed to replace the shrinking local 

gas production in Europe. 

Natural gas resources are located worldwide, but they are concentrated within a lim-

ited number of countries. Although there exist no “GASPEC”, as known from oil produced 

countries (Organization of the Petroleum Exporting Countries, OPEC)21, the dependence on 

 
21 There was also a discussion whether a Gas OPEC, a cartel similar to the OPEC in the oil market 
might be possible (Finon, 2007; Egging, 2009; Gabriel, 2012). Finon, (2007) argues that Russia and 
other countries would not create a cartel but coordinate projects in order to limit operating costs. Eg-
ging et al. (2009) develop the dynamic World Gas Model and show that a cartel of GECF (Gas Ex-
porting Countries Forum) would create a reduced consumer surplus and an extra profit for suppliers, 
especially for non-GECF members. Gabriel et al. (2012) modelled several gas cartels to study the 
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supply countries might be high for single countries, e.g., Baltic States depending almost 

completely on Russian gas supplies. This increases the threat of geopolitical conflicts22. 

In this context not only sources and suppliers, but also transit routes gain in im-

portance for the future security of supply. The continuing Russian-Ukraine gas dispute might 

lead to a stop of Ukrainian gas transits to Europe after 2024 that will change transit flows 

through Europe (cf. Section 3.3). Consequently, further inner-European pipeline projects 

might be necessary, to ensure natural gas distribution among all European countries and to 

complete the European Commission vision of an Energy Union. Regarding the list of pro-

jects with common interests (PCI), a few reverse-flow projects is already listed, however, the 

list and the real need of the proposed projects is controversial discussed (cf. Section 4.2.3). 

The expansion of LNG terminals in Southern Europe, but also in the Baltic States, highlights 

supply alternatives, e.g., from Qatar, USA or even Australia. At least the USA and Qatar 

deliver already natural gas to the EU-28 and are willingness to strengthen their market posi-

tion. 

Finally, natural gas supply is not only about sources and transit routes, but also about 

the ability of suppliers to serve peak demand. Regarding the future role of natural gas con-

sumption in the energy transition process, it might be that the average utilization of pipelines 

decreases, while peak capacities are still needed. This holds for distribution grids 

(Umweltbundesamt, 2019, p. 226). This issue is driven by the uncertainty of future gas de-

mand that is discussed next. 

2.2.2.2 Demand Uncertainty 

The Paris Agreement is considered as an important achievement in approaching the chal-

lenge of climate change (cf. United Nations Framework Convention on Climate Change 

(UNFCCC), 2015). The overall objective of all signed parties is the reduction of CO2-

emissions to stop the global warming. However, national determined contributions have to 

be enhanced to keeping warming well below the mark of two respectively below 1.5 degrees 

Celsius compared to the pre-industrial time (Rogelj et al., 2016). A much faster change is 

needed, e.g., by considering IT solutions, to achieve a transnational climate policy (Spreng 

and Spreng, 2019). 

These efforts have strong implications for the energy system in Europe. In the Europe-

an Union natural gas is mainly used in the electricity and residential heating sector, but also 

for industry processes providing process heat or industry gas. Only a limited share of natural 

gas demand is using in the transport sector. Based on Eurostat (2019b), Germany (836 

TWh), UK (762 TWh) and Italy (669 TWh) are the EU-28 Member States with highest natu-

ral gas demand in 2015. To fulfill the objectives of the Paris Agreement, the European 

Commission announced its Green Deal policy that increases the likelihood of a fossil fuel 

phase, and not only for coal and lignite, but also for natural gas (cf. European Commission, 

2019a).  

On the other side, regarding the energy transition in countries as Germany, natural gas 

might be an option or “bridge-fuel” for smoothing the transition pathway from a carbon in-

tensive energy mix, based on hard coal, lignite, and natural gas into a sustainable energy 

system, carbon-free and basing on RES. Thus, the future demand on natural gas depends also 

 
effect on gas prices and found a relevant impact on European gas prices. However, decreasing 
transport costs and a shale gas production in the US might limit this effect. 
22 There exist a number of papers in academic literature, that discuss the concept of geopolitics in the 
context of energy security (Finon, 2007; Finon and Locatelli, 2008; Austvik, 2018) and the Russian 
options for gas pricing (Orlov, 2015, 2016). 
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on whether natural gas power plants will be used as back-up technology for providing heat 

and electricity, or whether a transition in all energy sectors to renewable energy sources will 

make further operation of gas-based technologies obsolete.  

From the perspective of infrastructure, the question of the future gas peak demand de-

cides whether new pipelines are needed, while the annual utilization of pipelines will deter-

mine the economic efficiency of the capital-intensive infrastructure. Natural gas storages 

might balance peak and off-peak periods and can mitigate investments in over capacities in 

import infrastructure. 

As the latest global outlook for natural gas, the World Energy Outlook (WEO), shows 

a strong increase, especially in China and India, the European perspective for future gas de-

mand is predicted to be 8% over by 2030 than in 2019 (IEA, 2020c, p. 189). However, the 

WEO sees also uncertainties regarding accelerated coal, lignite or nuclear phase-outs that 

may lead to higher gas demand in Europe. 

The transition of the energy system in to an “all-electric world” or a “green gas” world 

will mainly determine the future gas demand. To sum up these ambivalences, the develop-

ment of future gas demand depends on drivers and barriers that can be clustered in three 

categories: technological, economic, and political (cf. Table 1). 

A long experience with natural gas technologies in Europe drives a further increase of 

gas demand. One of the strongest arguments is the existing natural gas infrastructure that is 

already connecting all EU-28 Member states and provides an option to transport energy in 

parallel to the electricity grid. Furthermore, the infrastructure may transport and store renew-

able gasses in the future as well. Another driver is the storability of natural gas that provides 

the opportunity of seasonal storing natural gas in gas caverns and depleted gas fields as well 

as in the pipeline system itself. Regarding the applications, flexible scheduling of natural gas 

power plants enables balancing of fluctuating renewable energy sources in the power sector. 

Furthermore, electricity generation from gas power plants can be further improved by estab-

lishing modern combined heat and power plants with an efficiency of more than 60% 

(Heymann and Bessa, 2015). Finally, the consumption of natural gas causes relative low CO2 

emissions, compared to other fossil energy commodities, e.g., hard coal, lignite, or crude oil. 

However, latest discussions about the missing data on methane leakage, regarding the entire 

value chain, have create doubts about the actual advantage of natural gas compared to other 

fossil fuels (cf. discussion on methane leakage within Section 4.2.4). 
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Table 1: Drivers and barriers for an increasing natural gas demand in the EU-28 

Categories  Drivers Barriers 
Technology    
  Resources 

and  
infrastructure 

Availability of gas infrastructure 
Storability of natural gas 

Decreasing natural gas production 
in the EU-28 
Expansion and restructuring of 
infrastructure are needed 

 Usage and  
application 

Flexible scheduling of gas power 
plants 
High efficiency in combined heat 
and power plants 
Relative low CO2-emissions  

Substitutability of gas based through 
electricity-based applications 
Methane leakage  

Economy    
 Natural gas 

price 
Currently, moderate natural gas 
prices 
More competition through gas-to-
gas trading and less dependence 
on oil prices 

Challenging market situation for gas 
power plants due to RES 
Threat of increasing gas price vola-
tility due to gas-to-gas 

 CO2 price Increased CO2-prices with rela-
tive advantage of gas-based ap-
plications  

Very low and very high CO2-prices 
depresses demand on natural gas 

Policy    
 Energy 

security 
Diversification on energy carriers 
(electricity and gas) increases 
security of supply 

Dependence on natural gas imports 
from (partly) instable world regions 

Source: Own collection based on Hauser et al. (2017, p. 8). 

Besides methane leakage, other technological barriers dampen the enthusiasm about 

increasing gas demand. Regarding European reserves, decreasing gas production in Germany 

and the Netherlands will increase the dependence on gas imports. Even if renewable gas will 

be established, it is likely that larger amounts on green hydrogen will be produced outside 

the EU-28. Hence, a further increase on gas demand would probably cause a need of restruc-

turing the infrastructure. For example, the construction of new LNG import terminals or new 

import pipelines would be needed that enable also reverse flows to realize gas flows from 

Western to Eastern Europe. In addition, gas-based applications have a high substitutability 

through electricity-based applications, e.g., in the mobility sector (e-vehicles), the heating 

sector (power-to-heat), and the power sector (batteries and demand side management). 

From an economic perspective, drivers can be seen in the current moderate natural gas 

price level that is expected to be moderate during the upcoming decades. The reason for that 

is because the gas market faces overcapacities mainly due to the US shale gas boom and 

moderate global gas demand. Another driver might be the establishing of gas-to-gas trading 

hubs across Europe. Gas trading hubs push competition and mitigate oil price indexed gas 

contracts. Finally, moderate, or even high CO2-prices would increase the relative advantage 

of gas-based applications compared to other fossil fuel-based applications, because the pen-

alty costs are much lower for gas applications due to the lower emission factor. 

Economic barriers occur mainly due to the challenging market situation for natural gas 

power plants in power systems with high shares of renewable energy sources (e.g., Germa-

ny), as renewable energy sources suppress natural gas power plants out of the market (cf. 

Eser, 2019, p. 55 ff). This situation will might change when an accelerated nuclear and coal 

phase-out will happen across Europe (Scharf, Anke, Hauser and Möst, 2020). Then, the im-

portance of gas-to-gas trading will increase that impacts the gas prices and might lead to 

higher gas price volatilities (Mu, 2007; cf. Brown and Yücel, 2008; Lin and Wesseh, 2013; 

Nick and Thoenes, 2014). Price volatilities consequently decrease planning security for in-

vestors that build another barrier for new investments in gas power plants. Finally, the CO2 
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prices is not only a driver, but also a barrier, when CO2 prices reach extreme price levels. 

While very low-price levels depress the demand on natural gas-based applications with low 

emissions, very high CO2 prices drives innovations for non-fossil-based applications and 

foster disruptive technological breakthroughs,  

In the end, the usage of natural gas has also a political dimension regarding energy se-

curity, price affordability and ecology. The aspect of energy security drives the future gas 

demand in terms of technology diversification. A parallel usage of gas and electricity-based 

applications decreases dependence on one single energy commodity. On the other side, an 

increase in gas demand also increases the dependence on natural gas imports from (partly) 

instable world regions, e.g., North Africa respective potential for geopolitical conflicts that 

endanger security of supply (Dickel et al., 2014, p. 17 ff). 

Demand and supply uncertainties are framed by policy decisions that can summarized 

with regulatory uncertainties and that are discussed in the next Section. 

2.2.2.3 Structural Uncertainties 

Structural uncertainties comprise in this context regulatory issues and geopolitical circum-

stances. With the Third Energy Package, decided in the Directive 2009/73 (European Par-

liament and European Council, 2009a), and the introduction of liberalization, gas markets 

have fundamentally changed within the EU-28. Regional European natural gas markets re-

spectively virtual trading hubs as the NBP, TTF or the Trading Hub Europe, are integrated 

into a trading system all over the world. Hence, gas pricing and trading depends not only on 

European policies, but also on trading in global markets e.g., at the Henry Hub in the USA or 

on LNG import prices in Japan. Consequently, global demand and supply shocks, impacts 

also regional gas markets in Europe as it is observed e.g., in the steep demand increase in 

Japan after the Fukushima disaster in 2011, (Vivoda, 2014).  

While oil price indexation had a big influence on market prices, the impact decrease 

significantly after introducing the liberalization in the European Energy market (Nick, 2014; 

Hauser, 2016; Schmidt, 2018). With the establishing of gas-to-gas trading, increased market 

prices and a convergence of gas prices across Europe can be observed.  

Besides gas trading, regulation focuses on gas transporters, as pipeline systems can be 

seen as a natural monopoly (Hirschhausen, 2007, p. 2). The evolution of price systems for 

gas transport (distance related, entry-exit, post stamp) as well as the obligation for third party 

access has pose uncertainties for grid operators in the past. The process of liberalization is 

not finished and changes in regulation are ongoing discussed. Currently, policymakers focus 

on the appropriate choice of multipliers for short-term and long-term capacity tariffs that 

affects infrastructure utilization (Çam and Lencz, 2020). A future regulatory question con-

cerns the treatment of renewable gas and possible obligations to integrate shares of biogas or 

hydrogen into the gas grid. Such an obligation may pose a threat for grid operators as this 

would cause additional retrofitting costs according to the changing gas quality.  

2.3 Interim Summary on Gas Market Uncertainties 

The consideration of technological and economic natural gas characteristics is important to 

develop appropriate models that are suitable to support decisions in gas markets. Technical 

characteristics gain recently in importance regarding the gas market transition towards 

“green gases”, as this comprises the harmonization of different gas qualities, including re-

newable energy sources-based gases. Economic characteristics refer to questions of gas pric-

es and whether single market players can influence quantities and prices.  
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Stochastic programming provides a methodology to incorporate multidimensional un-

certainties in gas market models. These uncertainties are structured within this Chapter by 

discussing three fields: supply, demand, and market structure. As a major result, it becomes 

obviously that it is difficult to deal with structural uncertainties, whereby regulatory issues 

are one part of inner-European political decision processes. Foreign politics determine geo-

political strategies that impact gas markets increasing importing costs, e.g., because of transit 

tariffs, or the threat of supply disruptions when security of gas supply is used as a vehicle to 

achieve political objectives. On the one hand, it is important that gas models consider this 

geopolitical perspective to adequately support decision makers. On the other hand, geopoliti-

cal uncertainties are almost unpredictable in gas markets. To deepen this aspect, the perspec-

tive of diversification and the specific interests of major players in the European gas market 

are briefly discussed within the next Chapter. 
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3 DIVERSIFICATION IN GAS MARKETS 

TO ENSURE SECURITY OF SUPPLY 
The consideration of uncertainties in the previous Chapter motivates the question of possible 

options for action. One answer is diversification and in the context of energy security it can 

be interpreted as a political objective and a measure for improving security of supply. Before 

discussing this approach in detail, this Chapter starts with a new theoretical framework to 

energy security in natural gas markets based on the academic literature. Afterwards, a dis-

cussion on the term security of supply and various definitions is provided. In the third step, 

measurements, and methods for quantifying security of supply are introduced. Based on the 

provided definitions and measurements, existing policy measures are introduced for the EU-

28 with a special focus on supply diversification. Then, a structured overview introduces 

political positions of stakeholders regarding the European gas market. The Chapter ends with 

a summary and highlights the aspects that built the base for the model application in Chapter 

6 below. 

3.1 Diversification in the Context of Energy Security 

Supply diversification in energy markets is just one policy measure to improve energy secu-

rity. Hence, in a first step, a general framework of energy security is described to clarify 

crucial terms in the context of natural gas markets. 

3.1.1 Framework of Energy Security and Security of Supply 

The term energy security is used in many contexts, e.g., from the perspective of small enti-

ties, for example hospitals, on the level of countries, for example Germany, or community of 

states, for example the European Union. Furthermore, the assessment of energy security 

differs considering various dimensions, for example the time horizon (short-term, long-

term), geographical scope (local, regional, or global) or the cost for energy security. Besides 

these dimensions, with certainly there can be found further aspects for classifying energy 

security. Consequently, there exist no single definition that is generally accepted. Rather, a 

context specific definition of energy security is needed. 

While searching for a high-level definition the literature research shows that there ex-

ist numerous reviews that try to find general criteria for energy security. Ang et al. (2015) 

provides a literature review on definitions for energy security, based on 104 studies from 

2001 to 2014 and find seven main aspects that are addressed in definitions: energy availabil-

ity, infrastructure, energy prices, societal effects, environment, governance, and energy effi-

ciency. Additionally, they point out that the definition has also a dynamic nature. The defini-

tion of the IEA has a high acceptance in the field of energy economics and says that energy 

security is “[…] the uninterrupted availability of energy sources at an affordable price.” 

(IEA, 2014a, p. 13). Compared with Ang et al., this statement focuses only on two main 
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dimensions, energy availability and energy prices. While the IEA definition focus mainly on 

economic aspects, the suggestion in this thesis is not to limit the discussion about energy 

security only on economic aspects but consider also two other important dimensions: envi-

ronmental sustainability and geo-politics.  

Regarding academic literature, energy security refers to all energy carries, fossil fuels 

and commodities in different contexts and time frames. In recent years, many publications 

focus on energy security in the electricity sector. Especially in articles since the Fukushima 

disaster in 2011, the acceptance of nuclear power plants and their contribution to the security 

of supply was discussed (Kunz et al., 2011)23. An outlook to a future low-carbon energy sys-

tem and the main uncertainty drivers are discussed in Guivarch and Monjon (2017), who 

present three requirements for vital energy systems: sovereignty, robustness, and resilience. 

They also highlight a conflict of political objectives, in particular the dilemma that an 

achievement of CO2-reduction targets and security of energy supply might be difficult to 

reach to the same extent24. Against this backdrop, this thesis delimits energy security in the 

context of natural gas, as well as for the special perspective of the EU-28. The framework for 

classifying security of supply and diversification as well as the relation between these terms 

is illustrated within Figure 6. 
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Figure 6: Framework of energy security, security of supply and diversification 
Source: Own illustration. 

Natural gas is an important energy resource not only in the European electricity sector, 

but also in the heating sector for industrial processes and private households, and as raw 

material in industries. Energy security in the context of natural gas can be divided in security 

 
23 In the German context, after the Fukushima nuclear disaster, the German government decided a 
phase-out of all nuclear power plants until 2022. In this context, the security of (electricity) supply in 
Germany and Central Europe was investigated by Kunz et al. (2011). 
24 For example, an energy system that is only based on electricity from renewable energy sources 
induces very low CO2-emissions but has a lower level of technology and supply diversification in 
terms of energy carriers, as it waives all fossil fuels.  
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of demand for countries with energy resources (e.g., Russia with large oil and gas reserves) 

and in security of supply for countries with a high dependence on energy resources (e.g., 

Germany). In other words, security of supply is strongly connected to import dependence. 

Stern (2002) classifies import dependence into three categories: source dependence, transit 

dependence, and facility dependence. For example, the Baltic States depend almost 100% on 

Russian gas (source dependence), a critical share of gas supply for the EU-28 is transported 

through the Ukraine (transit dependence), and LNG exporters depend on sufficient regasifi-

cation capacities in the respective demand country (facility dependence). 

Dealing with energy security and security of supply in this context matters for politi-

cians on a national and European level. The overall objective in energy policies for European 

governments is to ensure security for all customers, especially for households and the indus-

try. In the context of the EU-28, the energy policy aims to ensure low prices and high envi-

ronmental standards in a competitive matter for European citizens. These priorities are also 

known as the energy economics triad with its objective’s energy efficiency, environmental 

sustainability, and security of energy supply.  

Besides the political perspective, energy security assessment, and here in particular 

security of supply, depends on the time horizon. Most papers distinguish between long-term 

and short-term security of supply. While short-term security of supply refers to sudden dis-

ruption of supply, long-term energy security concerns structural aspects that causes disrup-

tions (Kruyt et al., 2009). Against this backdrop, political instruments and measures have an 

effect either in the short-term e.g., due to the building of new gas import infrastructure like 

pipelines or LNG terminals, in the medium term, e.g., due to establishing long-term contracts 

or supply diversification strategies, or in the very long-term, e.g., due to a substitution of 

natural gas with other energy commodities or by increasing energy efficiency and reducing 

total gas demand. This thesis focuses on the medium term, on the time frame between 2015 

and 2045 and analyzes diversification policies that alleviate on the one hand, source depend-

ence and on the other hand, increase security of supply by extending the European natural 

gas infrastructure. 

Before determining the right level of security of gas supply, the individual risk level 

has to be defined. Academic research and regulation state, that security of supply is  

 … an issue of risk and adequate security levels depend on the consumers’ willing-

ness to pay for security (Van Oostvoorn, 2003, p. 10). 

 ... a concept of physical availability, with customers that may elect of taking risks on 

a contractual arrangement and, finally, a concept of a reasonable price (Luciani, 

2004, p. 2) 

 … a concept that can be compared by using benchmarking methods of countries in-

cluding ex post and ex ante analysis (Chalvatzis and Ioannidis, 2017) 

 … essential for the EU-28 as well as for its individually Member States. To reduce 

the impact of potential crises, triggered by the disruption of gas supplies, Member 

States should facilitate the diversification of energy sources and gas delivery routes 

and supply sources (EU regulation 994/2010) 

 … in the German context is referred to natural gas supply for gas power plants, 

which is regulated to ensure electricity production and a robust energy system (§16, 

EnWG, 2005) 

So far, it has to be noted that ensuring security of supply is a task of politics and regu-

lation and depends on the individual risk level. In the past, a major motivation for dealing 

with security of supply was driven by individual national interests and source dependences, 

and during political crisis. Weisser (2007) describes this context as “political blackmailing”. 
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The background is, that national gas reserves are mainly located outside the EU-28 Member 

States. In case of political crises, producer countries could use the supply of natural gas to 

increase the pressure on gas depended countries, and more particularly on the Baltic States. 

However, political conflicts are not the only reasons for increasing security of natural gas 

supply in the EU-28 Member States. Reasons might be: 

 political conflicts between supply and demand country (source dependence) 

 conflicts or war in transit countries (transit dependence) 

 technical defect on import pipelines, e.g., due to natural disasters (facility depend-

ence) 

 sudden sharp decrease of demand, e.g., caused by cold temperatures or natural disas-

ters (e.g., the Fukushima disaster25) 

 non-political motivated sudden stop of production, e.g., caused by natural disasters 

as earthquakes (e.g., Groningen field) 

An incomplete list of historical events since 2000 that have endangered the security of 

supply in the European gas market is provided in Table 2.  

Table 2: Historical, critical events on security of supply in the European gas market 

Event Year Reason for 
endangered 
security of sup-
ply 

Effect on gas 
supply 

Affected region Duration 

Gazprom supply 
stops towards 
Belarus 

2004 Political dispute Pipeline supply 
disruption 

Lithuania, 
Germany, Po-
land 

18 hours 

Shut down of 
gas storage 

2006 Accident / fire 
on platform  

Higher gas 
prices 

UK 42 days 

Russian-
Ukrainian crisis 

2006 Political dispute Pipeline supply 
disruption 

East and Mid-
dle Europe 

3 days 

 2009 Political dispute Pipeline supply 
disruption 

South East 
Europe 

12 days 

 2014 Political dispute Pipeline supply 
disruption 

Ukraine  4 months 

 2015 Political dispute Pipeline supply 
disruption 

Ukraine  3 months 

Libya Crisis 2011 Terrorist attack Pipeline supply 
disruption 

Libya, Italy, 
France 

8 months 

Sinai pipeline 2011 Terrorist attack Pipeline supply 
disruption 

Egypt, Israel, 
Jordan 

continuing 

Fukushima 
disaster 

2011 Natural disaster High LNG 
demand in 
Japan  

Western Eu-
rope 

months 

Cold European 
Winter 

2012 Weather, cold 
period 

Shortage in 
Russian gas 
production 

Central and 
Western Eu-
rope 

weeks 

Hostage on a 
gas compound 

2013 Terrorist attack Stop of gas 
production 

Algeria 4 days 

Groningen cap 
reduction 

2015 Earthquakes Reducing of 
gas production 

Western Eu-
rope 

continuing 

Cold European 
Winter 

2016 Scarcity of 
nuclear in 
France 

Higher gas 
prices 

Southern Eu-
rope 

days 

 
25 The effect of the Fukushima nuclear disaster on regional gas hubs is discussed in academic litera-
ture. While some authors state that the increased Japanese LNG demand had led to a tightening in the 
global LNG market and, hence, to temporally higher gas prices (Stern, 2014), other studies found that 
the Fukushima disaster did not led to increased gas prices for European spot markets (Hulshof, 2016). 
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Event Year Reason for 
endangered 
security of sup-
ply 

Effect on gas 
supply 

Affected region Duration 

Baumgarten 
blast 

2017 Compressor 
station accident 

Higher gas 
prices 

Austria, West-
ern Europe 

days 

Source: Own collection, based on Lanhenke et al. (2007, p. 25 f), Nick & Thoenes (2014), Stern, J. 

(2006), Priani & Yafimava (2016), Flouri et al. (2015), Shaffer (2011), Stern (2014), Westphal (2012), 

and Bros (2018). 

The events are classified by the year, the reason for the disruption or tight supply situ-

ation and the affected market areas as well as the respective duration. All these events had 

the common effect of endangering a proper function of the European gas market. In contrast 

to disturbances in other trade relations, e.g., being out of stock for a type of consumer goods, 

a gas supply disruption can lead to much higher costs, not only for individual customers but 

also for the whole economy (Weisser, 2007). These failure costs result due to a compensa-

tion of non-supply and a long-lasting shut down of a national economy. Compared to these 

costs, costs for ensuring security of supply are often less.  

For dealing with energy security and security of supply in the context of natural gas 

markets, measurements are needed, to evaluate energy security, security of supply, and an 

appropriate level of diversification. In the next Section, measurements are introduced that 

allow providing recommendations for actions. 

3.1.2 Measurement Concepts of Energy Security and Security of Supply 

As energy security was historically strongly related to oil, measurements where focused on a 

secure supply of oil (cf. Greene, 2010). Today, energy systems are more complex and not 

only oil, but also other commodities as well as transport routes or end usage can be affected 

by interruptions and endanger energy security. Creating indicators and indices is a proper 

methodology for describing and comparing different complexities within one figure.  

There exists a broad variance on energy security indicators and indices in academic 

literature that differ in their methodological26 approach, for example the use of static or dy-

namic perspective as well as the application of aggregated and disaggregated indicators. 

Well-known indicators are developed by energy agencies, e.g., the IEA, the World Bank, or 

governmental institutions, e.g., the EC. For in-depth analysis, the following authors provide 

literature reviews, concepts and classifications for measuring energy security through indica-

tors and indices: Kruyt et al. (2009), Chester (2010), Löschel et al. (2010), Socavool & 

Mukherjee(2011), Winzer (2012), Gracceva & Zienewski (2014), Ang et al. (2015), Narula 

& Reddy (2015), Radovanović et al. (2017) and Kumar et al. (2018). 

Compared to energy security in general, only a smaller number of researchers focus on 

measuring energy security and security of supply in the European natural gas market: An-

droulaki & Parras (2016) propose a multi-criteria decision support scheme for the case of 

Greece while measuring security of supply via the indicators of reserves-to-production and 

the overall risk of (energy transport) corridor. Flouri et al. (2015) using a Monte Carlo simu-

lation to study how gas supply interruption affects the EU gas security, while using an index 

of a successful supply strategy. Le Coq & Paltseva (2012) focus on transit risk and the effect 

 
26 Most of the academic approaches discussed here are based on historical data and statistics. Howev-
er, the importance of social science and individual behavior of costumers increase, especially when it 
comes to security of supply of households. Hence, empirical methods, like done in von Selasinsky et 
al. (2014), who have used interviews and surveys with affected stakeholder groups, might create new 
insights off the fundamental analysis. 



Chapter 3: Diversification in Gas Markets to Ensure Security of Supply 

30 

of new pipeline routes on security of supply. However, besides these academic proposals, 

there exist institutional concepts in measuring natural gas security in the European context, 

namely the model MOSES27, the winter risk assessment and the European Gas Target Mod-

el. These three approaches are introduced and summarized in the following. 

The IEA developed MOSES that investigate risk and resilience of an energy systems 

regarding domestic and external perspectives (IEA, 2011, p. 10). For natural gas, MOSES 

comes up with seven indicators to evaluate natural gas security. The two external risk factors 

are the political stability of suppliers and import dependence of a country, while offshore gas 

production is classified as a domestic risk. On the other side, external resilience factors for 

natural gas security are the number of entry points and supplier diversity, while natural gas 

intensity and the respective send-out capacity from gas storages account for domestic resili-

ence factors. Using the MOSES model, countries can be classified from A to E, while coun-

tries in group A28 have reached a high natural gas security and countries in group E depend 

on gas imports with more than 70%. For 2011 and regarding European countries, the method 

has shown that France, Italy and Spain belong to group A, while Germany is classified in 

group C due to only a medium resilience on import infrastructure and diversity (IEA, 2011, 

p. 28). However, to the best knowledge, after 2011 there was no further IEA assessment by 

using the MOSES model. 

Another method for measuring security of supply in the European natural gas market 

is proposed by the ENTSO-G security of supply stress test (ENTSO-G, 2014). In contrast to 

static indicators or indices, the test is based on defined disruption scenarios that lead to a risk 

assessment for the winter 2014/15. The two major aspects of the chosen scenarios are on the 

one hand, a disruption of Ukrainian gas transit and on the other hand, a stop on all Russian 

gas supply. The analysis was done for a duration of one, six and ten months. Results of this 

analysis was fed into a confidential report for the EC. The shorter supply disruption results 

are published in an open access report (cf. European Commission, 2014a, p. 4f). The winter 

risk assessment was done to evaluate national measures of EU-28 Member States for ensur-

ing natural gas security and to derivate further steps for handling supply disruption risks. In 

fact, the two major activities comprise a permanent monitoring for the EU-28’s gas security 

through ENTSO-G and ACER as well as further discussions with Member States for improv-

ing energy security policies. Since the Winter Supply Outlook 2013/14, the ENTSO-G con-

siders each year security of supply through disruption scenarios. The 2019/20 version of the 

report considers disruption scenarios of transit routes not only from the East, in particular 

Ukraine and Belarus, but also disruption of supply through Algerian pipelines and LNG. The 

results show that overall, the European gas infrastructure has the resilience to deal with a 

cold winter in 2019/2029. While a disruption of the Algerian supply route would cause no 

demand curtailment, a regional supply-disruptions in South-East Europe would be take 

please in case of a Ukraine transit disruption (ENTSO-G, 2019b, pp. 28, 34). The general 

assessment on security of gas supply in Europe holds also for the winter 2021/22, although 

the situation is much tighter due to the lowest EU storage levels (only 75%) on the 1st of 

October 2021. In particular, the constructing of new gas infrastructure in south eastern Eu-

rope has led to a reduced risk of demand curtailments (ENTSO-G, 2021, p. 39) 

 
27 Model of Short-Term Energy Security 
28 There are three cases for a country to be classified within group A. Either the country exports natu-
ral gas or imports less than10% of its own gas supply, or imports between 10-40% of its own gas 
supply with a diversified import infrastructure. Diversification here means more than 5 pipelines or 
more than 3 LNG import terminals (IEA, 2011, p. 10). 
29 The only exceptions are Bosnia and Herzegovina that faces medium shares of demand curtailment 
during a cold winter due to insufficient import capacities. 
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In 2015, the Agency for the Cooperation of Energy Regulation (ACER) continued the 

work of the Council of European Energy Regulators (CEER) and updated the developed Gas 

Target Model (GTM) from 2011 according to the requirements for natural gas security 

(Council of European Energy Regulators, 2011; ACER, 2015a). In the context of security of 

supply, the GTM focus on the Residual Supply Index (RSI). In combination with the Her-

findahl-Hirschman Index and the number of supply sources, ACER describes the so called 

“health metrics” for the gas market. A detailed description is provided in the next Section.  

3.1.3 ACER Health Metrics  

ACER provides with its health metrics a method to quantify security of supply in the Euro-

pean gas market that built a base for discussion policy instruments and to justify concrete 

measurements to improve the individual situation on the security of gas supply. For that rea-

son, the health metrics are introduced in more detail within this Section. Furthermore, they 

are discussed for the European Union and single Member States to break-down the initial 

situation of security of supply in Europe.  

The first ACER health metric focuses on the number of supply sources. The GTM 

recommends to have access to at least three different gas supply sources (ACER, 2015b, p. 

22). Considering EU-28 as a single entity, this specification can be satisfied easily. In oppo-

site, the requirement is challenging in the consideration for single Member States, e.g., for 

the Baltic States and Eastern European countries, as some of them have pipeline access only 

to one gas source, Russia. 

The second health metric in ACER’s GTM is the Herfindahl-Hirschman index (HHI) 

that is a well-known method for measuring general market concentration. The HHI is calcu-

lated according to Eq. (3.1), where xi describes the individual share of the player i, while I 

includes the entirety of all players i, and X represents the sum of all shares xi. Accordingly, 

the range of HHI reaches from  up to 10000.  

 
 

(3.1) 

While this concentration index is mainly used to evaluate the concentration of firms in 

markets, in the application to national gas markets the HHI considers country specific supply 

shares. According to recommendations of ACER, a market concentration for a member state 

should not exceed the value of HHI = 2000, nevertheless, most EU-28 countries do not fulfill 

these criteria (ACER, 2015a, pp. 22, 25). 

The application of the HHI for assessing energy security in natural gas markets is con-

troversially discussed. While Bros (2018) argues that a too high HHI in Italy was the reason 

for several gas alerts, Ritz (2016, p. 23) highlights the limited significance in the isolated 

consideration of the HHI in terms of consumer prices and technological details. A higher 

share of Russian gas supplies may lead to cheaper consumption of European gas customers, 

as Russia has the lowest production costs. Furthermore, Ritz points out that it makes a differ-

ence whether a country has LNG and pipeline access or only pipeline access, as LNG suppli-

ers compete more aggressively than pipeline suppliers.  

In an application of the HHI, the net natural gas supply30 is considered, as shown in 

Figure 7. For the EU-28, the net natural gas supply amounts 4,427 TWh in 2014 

 
30 The net natural gas supply is defined by the sum of domestic production and all (net-) imported 
natural gas flows as well as stock changes and other balances. Transit flows through the EU-28 territo-
ry should not be considered to evaluate the supply concentration of single gas supply countries. 
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(EUROGAS, 2015), while round about one third comes from indigenous EU-28 production 

facilities and two thirds come from imports. This relation illustrates the import dependence 

of the EU-28. Import dependence highlights the importance of security of supply, as shown 

in the introduced energy security framework. Hence political measures can be justified to 

decrease this dependence or, if this is not possible, to take care of a diversified and competi-

tive supply mix. 

 

4.427

1.526

36

3.010
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ImportChanges in 
Stocks and 
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-109
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Figure 7: Supply structure in TWh for the EU-28 in 2014 
Source: Own depiction based on Eurogas (2015, p. 6). 

Against this backdrop, the supply shares of the four most important non-EU suppliers 

and the indigenous production share of the EU-28 are depicted on the left side of Figure 8 for 

the year 2014. 

In 2014, only one third of gas supply is produced within EU-28 Member States. The 

most important suppliers for the EU-28 are Russia, Norway31, Algeria and Qatar. Regarding 

the development of the supply structure some changes are already predictable. The EU-28 

gas production decreases continuously and latest announcements of the Dutch government to 

stop gas production in the Groningen field will speed up this trend. If no new gas reserves 

will be found, the share of imports from non-EU suppliers will increase. The right side of 

Figure 8 sketches a possible future where the Dutch gas production quantities are replaced 

by additional gas imports from Russia. Hence, the Russian supply share would increase from 

27% in 2014 to 42%. This would also impact the competition structure that can be measured 

by the HHI. 

 

 
31 EUROGAS is a gas industry association that published a statistic yearly report from 2010 to 2015. 
In the latest report, the supply of Norway is aggregated with other smaller suppliers as Trinidad and 
Tobago and Nigeria. A separated supply figure for Norway is not stated in the report Eurogas (2015, 
p. 6). 
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Figure 8: EU-28 suppliers’ share in 2014 (left) and in a scenario for 2030 (right) 
Source: Own depiction based on Eurogas (2015, p. 6) 

The HHI recommendations of ACER’s “health metrics” can be also applied for the 

supply structure of the EU-28 itself. For that reason, gas supplies of the four most important 

non-EU suppliers and the ten biggest indigenous gas suppliers are listed in Table 3. Accord-

ing to Equation (3.1), the supply share and the HHIs for the year 2014 and a possible future 

year after 2030 are calculated. The HHI results show a change from a competitive market 

environment with high market concentration in 2014 (HHI = 1816) to a non-competitive 

market environment with a strong market concentration in the possible future scenario for 

2030 (HHI = 2798). According to the ACER GTM health metrics, the HHI for the EU-28 in 

2014 is in line, while a replacement of Dutch gas volumes by Russian gas imports would 

lead to a non-healthy market environment, at least from the market concentration’s point of 

view. 

The third ACER GTM health metric is the Residual Supply Index (RSI). The idea here 

is to ensure a proper satisfaction of domestic gas demand, even without the capacities of the 

largest upstream supplier. The index can be calculated according to Eq. (3.2). ACER rec-

ommends an RSI of more than 110% (ACER, 2015a, p. 22). A rough estimation for EU-28 

can be made with the following approximations32: total import capacities to the EU-28 

amount 450 bcm, while Gazprom, the Russian state-owned gas export company, owns 122 

bcm pipeline capacity with direct access to EU-28 Member States. Furthermore, the annual 

EU-28 gas demand can be estimated with 507 bcm. According to these figures, the RSI 

amounts 64%, which is much less than the recommended threshold of 110%. Indeed, the 

picture for single EU-28 Member States is much diversely, as some Member States are well 

connected in the European gas grid, e.g., Germany, and other Member States have access to 

only one single gas supplier, e.g., Baltic States. Hence, the diversification not only of supply 

sources, but also on supply capacities is discussed even more, to increase the RSI, and thus 

the security of natural gas supply. 

 
32 The base for total import capacities as well as the annual gas demand of EU-28 is discussed in 
Chapter 4. The capacity of Russian pipeline infrastructure to EU-28 refers to Holz (2014, p. 25). 
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Table 3: List of selected gas supply disruption events with impact on the EU-28  
Historical data, 2014 Possible future year 

after 2030 
 Gas supply xi [in TWh] share (100 xi)² share (100 xi)² 

non-EU Producers      

Russia 1227 27% 732 41% 1710 

Norway & others 1185 26% 683 26% 683 

Algeria 371 8% 67 8% 67 

Qatar 227 5% 25 5% 25 

EU-28 Producers      

Netherlands 649 14% 204 0% 0 

United Kingdom 426 9% 88 9% 88 

Romania 118 3% 7 3% 7 

Germany 98 2% 5 2% 5 

Italy 76 2% 3 2% 3 

Denmark 54 1% 1 1% 1 

Poland 48 1% 1 1% 1 

Hungary 20 0% 0 0% 0 

Croatia 19 0% 0 0% 0 

Austria 14 0% 0 0% 0 

other EU-28 producers 6 0% 0 14% 208 

sum  4536 100% 1816 100% 2798 

Assessing the HHI  
(threshold: 2000) 

<2000, 
in line with  

health metrics 

>2000,  
not in line with 
health metrics 

Source: Own calculation, based on Eurogas (2015, p. 6). 

 

 

(3.2) 

 

The discussion of the ACER health metrics has shown that it is likely that the tight-

ness of the security of supply increases in Europe, though a decreasing domestic gas produc-

tion and supply diversification. For that reason, this thesis develops measures to mitigate the 

threat of supply disruptions. Besides the ACER health metrics there exist measures that fo-

cus on further parameters in the context of security of supply that are briefly introduced af-

terwards. 

3.1.4 Other Indices for measuring security of supply 

Other proposed measurements in academic literature can be classified according to IEA’s 

model MOSES in risk indices and resilience indices. A further example for a risk index is the 

transit risk index (Le Coq, 2012). Further resilience indices are the Supplier Concentration 

Index (SCI) and the N-1 standard that are used by the European Commission (Pirani and 

Yafimava, 2016, p. 34) as well as the supply security indicator (Holz, Engerer and Kemfert, 

2014, p. 4). Ekins (2009) distinguish resilience indicators into three categories. The first 

group of macro indicators describe e.g., the final energy demand trend compared to the gross 

domestic product (GDP) or the share of single energy source to primary energy mix. The 

second group comprises reliability indicators, e.g., the Value of Lost Load (VOLL) or the 

Loss-of-Load expectation (LOLE). The final group of resilience indicators focus on infra-
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structure enhancement, e.g., expanding natural gas storages, additional LNG import facilities 

or extended gas interconnectors. 

The resilience and reliability indicator VOLL has an overarching significance in ener-

gy system modelling, as it is a common approach to investigate the effects of supply inter-

ruptions, in electricity and gas models. The VOLL concept is strongly correlated to the 

measurements of willingness to pay and willingness to accept, which help to assess and 

quantify the effect of non-supply (Von Selasinsky et al., 2014). As mentioned earlier, un-

planned supply interruptions in natural gas systems have strong negative impacts, not only 

on national economies, but also for health, when gas interruptions occur in winter times 

when gas is needed for heating. Hence, the proper estimation for an interruption of gas sup-

ply, including assumptions on total energy loose and time of interruption, is challenging and 

has a strong impact on the investment results. In academic literature, published assumptions 

on VOLL parameters are rarely documented and only a limited range of reference values can 

be found in Ekins (2009) and Lochner (2011)33. These assumptions built the base for the 

model parameterization in this thesis and are listed in Table 4. 

Table 4: Assumptions and concepts for the value of lost load in natural gas markets 

Name Explanation Value 
Industry 
Threshold price 1 

Industry demand can be reduced by 50%, if marginal 
supply costs increase about the defined level of threshold 
price 1 
 

55 EUR/MBtu 

Industry 
Threshold price 2 

If the 50% potential is completely used, industry accept 
higher prices up to a threshold price 2 
 

100 EUR/MBtu 

Industry) Classified as a reliability indicator 
LOLE: 4 hours per year; 0,05% of year 
 

£5/therm 

Residential gas Not allowed to interrupt gas supply at any price No value 

Source: Own compilation based on Lochner (2011, p. 74) and Ekins (2009, p. 55). 

The described measurements are suitable for quantifying the security of supply situa-

tion within one value and enable a relative comparison of the level of security of supply con-

cerning different geographical areas or different time periods. To improve the security of 

supply, concrete measures have to be taken by decision makers and with the help of the in-

troduced measurements their impact can be re-evaluated. The next Section discusses these 

concrete measures that can be taken by decision makers. 

3.2 Measures to Ensure Security of Supply and Diversification 

The previous Section 3.1 introduced the concept of energy security and security of supply in 

the context of natural gas markets. Furthermore, measurements to quantify and compare 

different levels of security of supply are discussed. Based on these findings, this Section 

focuses on measures to improve the security of supply in natural gas, for both, the EU-28 as 

well as the level of single EU-28 Member States. While a general overview about the legal 

architecture of the European gas market is given in Mete (2020, p. 199 ff), this Chapter fo-

cuses on measures to ensure security of supply. First, the Section discusses two specific 

terms: “supply diversification” and “long-term contracts”, in the context of security of sup-

 
33Lochner points out that on the short-term natural gas power plants are flexible enough to reduce their 
demand on natural gas, because their competitiveness in production electricity depends on natural gas 
prices. However, the elasticities for several countries are not investigated by Lochner (2011, p. 74). 
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ply. Later, a brief overview about proposed measures of the European Commission, the IEA 

and the regulatory agency ACER is presented. 

3.2.1 Supply Diversification as Key Measure for the EU-28 

A look back at the younger history, there have been several events that have endangered the 

security of natural gas supply within the EU-28. Thereby, the reasons are manifold, e.g., 

technical problems or political conflicts. Table 5 provides an overview of exemplary events, 

classified to their respective dependency, as well as mitigation measures. Furthermore, the 

classification is extended by the dimension of “crisis” and “no crisis”, following the system-

atic of IEA measures (2014a, p. 54). 

Table 5: Classifying import dependence and measures to react on crisis and no crisis 

Kind of  
dependence 

Crisis No crisis 

Event Measure Event Measure 
Source  
dependence 

Political con-
flict, e.g., Arabic 
spring in Libya 
in 2011 

Diversification 
of sources 

Sudden cold period and 
sharp increase on demand, 
e.g., February 2012 in Cen-
tral Western Europe 
 

Market mecha-
nisms, strategic 
gas reserve 

Transit  
dependence 

Political con-
flict, e.g., Rus-
sia-Ukraine 
dispute in 2014 
 

Diversification 
of routes 

Delay on new pipeline 
projects, e.g., Nord Stream 
2 

Market mecha-
nism, n-1 criteria 

Facility  
dependence 

Accident, e.g., 
fire on UK stor-
age platform in 
2006  

Diversification 
of facilities 

Ownership of strategic gas 
infrastructures 

Unbundling 

Source: Own collection, based on Stern (2002, p. 12). 

According to different definitions and to individual risk assessments, there exist an 

abundance of approaches to increase security of supply. Using the IEA definition that refers 

to countries, security of supply means to have uninterrupted access to natural gas at an af-

fordable price. For that reasons, concerns about security of supply increases when domestic 

reserves run short. Again, regarding the introduced energy security framework, source de-

pendence applies to most of the EU-28 Member States. An overview about import depend-

ence for selected Member States is shown in Figure 9. 

The figure shows the relative import dependence in relation to the domestic demand. 

Countries with no domestic gas production, as Belgium, have an import dependence of 

100%. When domestic gas production exists, it alleviates the need for imports, e.g., in Ger-

many, where the import dependence amounts 91% in 2015. Cyprus and Malta have no gas 

production and demand at all; thus, the 0% import dependence is a neutral position. Most of 

the EU-28 Member States (21 of 28) depends on more than 70% of gas imports to meet the 

domestic demand. Only two countries, the Netherlands and Denmark, produce more gas than 

their domestic demand requests. The resulting negative import dependence can be interpret-

ed as an independence buffer that amounts in the Dutch case -34%. 

The European Commission highlights diversification of external natural gas supplies 

in the context of the European Energy Security Strategy in their communication paper (EC, 

2014, p.15). Motivated by the experience from 2006 and 2009 with Russian gas supply dis-

ruptions, the European Commission counts on the potential of growing LNG supplies. New 

suppliers could be the USA and Australia, but also existing suppliers might increase their 

supply quantities, e.g., Qatar. Additionally, new discoveries are expected in East-Africa that 



3.2 Measures to Ensure Security of Supply and Diversification  

37 

might lead to new African gas suppliers soon34. Despite new LNG supplies, the Caspian 

pipeline gas has also a high potential of diversifying the European supply structure, in par-

ticular Azerbaijan and Turkmenistan make efforts to deliver gas via the Southern Gas Corri-

dor35. A second crucial aspect of diversification is the improvement of pipeline connections 

within the EU-28. To create an integrated European gas market, all EU-28 Member States 

need to have access to diversified natural gas sources, and hence additional pipeline capacity 

and flexible gas flows have to be established. In this context, a series of projects is proposed, 

and these projects are listed in the biennially updated list of Projects of Common Interest 

(PCI). The funding of Connecting Europe Facility (ECF) supports these projects between 

2014 and 2020 with a total amount of € 5.35 billion (EC, 2016). 
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Figure 9: Natural gas import dependence of EU-28 Member States in 2015 
Source: Own illustration based on Eurostat (2019c). 

Not only politicians, but also researchers analyze options for the EU-28 supply diver-

sification strategy. Umbach (2010) lists several alternative gas sources and pipeline projects 

but also highlight the fact that a freeze or decrease of the EU-28 gas demand would limit the 

option for Russia to use its energy and pipeline monopolies as a political instrument. Heck-

ing et al. (2016) point out that the EU-28 diversification options depend on Russia’s gas 

price strategy, taking into account that lower Russian gas prices lead to higher gas imports 

from Russia, while higher Russian gas prices provide incentives to build new pipelines to the 

Southern gas corridor or to expand the European LNG import infrastructure. These are just 

two examples in the academic literature that show the complexity in the question of security 

of supply in gas markets. Hence, to take sustainable and reliable decisions, quantitative gas 

market models, as in this thesis proposed, are needed to increase transparency through clear-

ly defined cause-and-effect relationships in the European gas markets. 

 
34 New gas reserves are found in Mozambique and Tanzania. However, from today’s perspective, it 
not sure whether these gas reserves will reach the European gas market or whether they will be used 
for building a regional East African gas supply structure (Demierre, 2015). 
35 The Caspian region is part of Central Asia where a plenty of countries increase their efforts in pro-
ducing natural gas: Turkmenistan, Uzbekistan, Kazakhstan, Kyrgyzstan, and Tajikistan. According to 
an expected Chinese gas demand increase, it is more likely that these gas quantities reach the Chinese 
markets, than sending them to Russia (Pirani, 2019a). 
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To sum up, diversification strategies are a measure that are appropriate for increasing 

energy security and security of natural gas supply. However, the concrete EU-28 strategy 

depends also on external circumstances, e.g., Russian gas price strategy, that impact the sup-

ply structure, and EU-internal sustainable energy policy agreements among all Member 

States, that impact the future gas demand. In establishing new diversified supply options, 

market rules on the European energy market have to be considered. Other non-market-based 

measures that can support supply diversification are long-term contracts that are discussed in 

the next section. 

3.2.2 Long-term Supply Arrangements in Liberalized Markets 

Long-term contracts have been widely used to ensure both, security of supply and security of 

demand at the same time36. They have been used since the first gas contracts were estab-

lished between Russia and Germany, e.g., before starting the market liberalization. These 

contracts had a time horizon for more than 30 years, e.g., between Gazprom and Ruhrgas, 

and included take-or-pay clauses37. With this arrangement, a risk sharing between the export 

country and the import country was established that contributes to increasing the security of 

supply. Westphal (2012) admits that long-term contracts do not strength competition in lib-

eralized markets, however, they can contribute to a security of supply structure. Against this 

backdrop, higher gas prices in long-term contracts can be interpreted as a markup for securi-

ty of supply. 

For the next decades, it can be expected that the importance on long-term contracts to 

ensure security of supply decreases further in European gas markets. Two reasons can be 

cited for this: First, the liberalization efforts of the European Commission with the third en-

ergy package and several gas market directives have introduced measures for increasing the 

availability of flexible LNG quantities as well as oil price independence. Consequently, gas 

prices are decoupled from oil price movements in combination with a higher importance for 

spot markets (cf. Wachsmuth, Breitschopf and Pakalkaite, 2017). Second, the increasing 

uncertainty about the European gas demand’s peak slows the efforts for contracting new 

long-term contracts, due to the fear of overcapacities, as it has already happened in the past. 

Hence, new long-term contracts will have a much shorter time horizon (less than 10 years) 

than the initial long-term contracts. Consequently, a decreasing contribution of long-term 

contracts is likely for ensuring security of supply in gas markets. 

3.2.3 European Commission - Security of Supply Measures 

The European Commission distinguishes between short-term and medium-term measures. 

Short-term measures describe actions for reacting on supply disruption risks for the upcom-

ing winter. These risks are analyzed through energy security stress tests that were investigat-

ed in 2014 for the case of a gas supply disruption from the East, that means Russian gas sup-

 
36 A broad collection about 426 historical long-term contracts is provided by Neumann et al. (2015). 
They analyze contracts with a start date before and after 2000 and show that the number of shorter 
duration contracts (5 to 10 years) have increased, while the number of contracts with very long dura-
tions (more than 30 years), have strongly decreased. A detailed report on LNG contracts is provided 
by a non-profit organization, the International Group of Liquefied Natural Gas Importers 
(International Group of Liquefied Natural Gas Importers (GIIGNL), 2019, p. 6), that publishes con-
tract information from 2018, where the longest durations for contracts are about 25 years. 
37 The concept of take-or-pay clauses comprises that the exporter has the burden of investment in 
production capacities and export pipelines, while the importer commits regular cash flows for the 
exporter, regardless of whether the gas is imported or not. In this context, Stern (2002, p. 4) describes 
this initial investment also as multi-billion-dollar investments, and he mentioned that these contracts 
might be hard to get financed in liberalized market structures. 



3.2 Measures to Ensure Security of Supply and Diversification  

39 

plies (European Commission, 2014a). These disruption scenarios are also taken up by aca-

demics, i.e., Hecking et al. (2015) and Richter and Holz (2015). 

Based on the stress test results, national measures for short-term reaction in the case of 

supply disruption are analyzed by the European Commission (2014b). Five measures in na-

tional plans are evaluated (1) optimization in the use of storages, (2) ramping up domestic 

production and buying from other sources, (3) using demand side management measures, (4) 

fuel switching, and (5) non-market-based measures. Furthermore, the European Commission 

provides twelve recommendations to: i) ensuring that gas markets work, ii) defining criteria 

of an emergency case, and iii) coordination in emergency planning and possible interven-

tions. 

Regarding medium-term measures, the European Commission focuses among other 

key areas38 on domestic energy production within EU-28 Member States as well as diversifi-

cation of sources and transit routes. Herewith, the European Commission focuses on a liber-

alization of energy markets and prefers market mechanisms to ensure competition and lowest 

consumer prices. Non-market-based instruments, such as strategic reserves, are the last resort 

and should be applied as late as needed. 

In the context of the European Commission’s framework on energy security the diver-

sification topic within this thesis is classified as a medium-term measure. Besides this time-

related classification, there are further frameworks of security of supply measures, provided 

by the IEA and ACER. After introducing these frameworks in the following, a comparison is 

discussed within Section 3.2.6.  

3.2.4 IEA - Proposed Emergency Response Measures  

The IEA propose emergency response measures for natural gas crisis. Within this frame-

work, it is important to distinguish between a gas crisis, which is a sudden, unpredictable 

event and events, when the demand increases because of peak situations, e.g., in cold win-

ters. The latter should be covered by the market, while for crisis, emergency measures are 

needed (cf. IEA (2014a, p. 54)). In fact, five measures are proposed, namely (1) emergency 

gas stocks39, (2) supply response, (3) demand response, (4) interruptible contracts and (5) 

fuel switching. 

Most of the EU-28 Member States without high shares of gas production have estab-

lished national gas emergency strategy plans, but only a few countries have implemented 

emergency gas storage volumes. So far, a gas stock obligation exists in countries with low 

domestic gas production and high gas consumption, in particular Denmark, Italy, Poland, 

Portugal, Slovak Republic, and Spain (IEA, 2014a, p. 63). The regulation in Germany, the 

EU-28 Member State with the highest annual gas demand, requires a strategic reserve for oil, 

but not for natural gas40. The IEA consists not only of European Member States, but also 

strong national economies as the USA, Japan, South Korea, or Australia. Hence, the pro-

 
38 The other four areas are (1) energy efficiency, (2) completing the internal energy market, (3) speak-
ing with one voice, means having a common energy policy to external stakeholders of the EU, and (4) 
strengthening emergency and solidarity mechanism. 
39 Emergency gas storages are gas storage capacities that operate outside the market. Due to their 
physical availability, they are the most reliable emergency measure, but also with highest costs. 
40 The option of a German strategic gas reserve was analyzed by the consultants of BBH (2015). They 
found that a strategic gas reserve depends on the desired security level and is only necessary, if more 
than one negative scenario, i.e., low gas storage levels in combination with political conflicts, take 
place. The analysis show that a strategic reserve for 25 years would entail investments of 10 to 40 
billion EUR and operation costs of 4 to 10 billion EUR. Against this backdrop, the authors conclude 
that other regulatory measures as establishing “saved costumers” or enabling access for TSOs on gas 
storages should be preferred. 



Chapter 3: Diversification in Gas Markets to Ensure Security of Supply 

40 

posed IEA measures hold not only for EU-28 Member States, but rather than in general for 

gas consuming countries. 

Although national gas emergency gas storages might be a valid option to increase se-

curity of supply, this thesis does not consider a European-wide emergency gas storage level. 

Moreover, the focus is on a supply diversification strategy, while here gas storages might 

also play an important role in an indirect way to enable imports and supply shares of multi-

ple suppliers. 

3.2.5 ACER – Recommendations of the Gas Target Model  

As part of the third energy package, the European Commission founded ACER to complete 

the European energy market for both, electricity, and natural gas. Besides the tasks of creat-

ing monitoring procedures and transparency, increasing competition and strengthen efficien-

cy, a major purpose focuses on energy security41. 

In the report “European Gas Target Model – Review and update” (ACER, 2015a f), it 

is preceded that well-functioning markets provide security of supply. Hence, all emergency 

measures should be based on market mechanisms and non-market-based measures have to be 

treated as the last resort and have to pass a cost-benefit analysis. In general, a consistent def-

inition on specific consumer groups is needed, to give security of supply access on demand 

side flexibility. Furthermore, imbalance prices have to reflect the cost of supply disruptions 

in a gas supply emergency situation, in order to create incentives, e.g., for gas storage opera-

tors. Imbalance prices should be dynamic without a cap. In supply disruption regions, ACER 

describes three measures to react. Firstly, increasing the extent of replacing existing gas 

sources. Secondly, measures to make most appropriate usage of gas storages. Providing new 

incentives to fill gas storages in winter times42. Finally, the third bundle of measures com-

prises the diversification of supply sources in the upstream market. 

According to the measure of integrating gas storages on a market base into the security 

of supply system, the unbundling of storage operators and TSOs should be fulfilled. Further 

regulatory issues could help to improve the contribution of storages to security of supply, in 

particular a revision of entry-exit tariffs for storage operators, but also a system balancing 

prices43 that can achieve costs for Volume of Lost Load should be allowed, to create incen-

tives for market participants for contributing to security of supply. 

Finally, like the proposed measures of IEA and EC, ACER highlights the measure of 

source diversification to provide security of supply. In this context, ACER argues that spare 

capacity is also needed to enable competition in the upstream market, in particular to enable 

more gas transport from a special source (ACER, 2015a, p. 17). This poses the question, 

whether additional import capacity (pipeline or LNG) is needed, not only to meet the de-

mand but to enable competition in the upstream gas market. 

 
41 According to the Regulation (EC) No 713/2009 of the European Parliament and of the Council of 
13 July 2009 establishing an Agency for the Cooperation of Energy Regulators (cf. European 
Parliament; European Council, 2009c). 
42 Due to the expectation of low winter demand and high existing import capacities as well as decreas-
ing summer/winter gas price spreads, new incentives for gas storage operators are needed (ACER, 
2015a, p. 17). 
43 For example, in October 2019, balancing prices for positive and negative energy in GASPOOL’s 
market area ranged from 8 to 14 EUR/MWh, while the VOLL is estimated with more than 18 Mio. 
EUR/MWh in the industry sector (cf. Lochner, 2011, p. 74; GASPOOL, 2019). However, for the 
German gas market, there exist no cap for system balancing prices, as the regulation on balancing 
prices is set by the resolution of the Bundesnetzagentur (2014, Az.: BK7-14-020). 
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While all three institution, EC, ACER, and IEA, focus with their measures on different 

aspects of the gas market, they have a common approach, namely supply diversification. 

This conclusion and its meaning for the further analysis within this thesis is discussed next.  

3.2.6 Conclusion on Measures for Providing Energy Security 

Providing energy security and in particular gas supply security in the European gas market 

requires appropriate measures. The EC, IEA and ACER propose measures that were dis-

cussed in the previous sections and are summarized in Figure 10. 
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Figure 10: Overview of measures for gas market security by EC, IEA, and ACER 
Source: Own illustration. 

Although all three institutions propose similar measures, they focus in their recom-

mendations on different aspects and time frames. The European Commission admits the need 

for security of supply measures in the natural gas market that is considered in the short-term 

with the winter stress test assessment and focuses on short-term measures. The ACER’s 

GTM provides a general framework of the European gas market, not only for defining emer-

gency measures, but also for a general competitive environment in the medium term. All 

institutions, EC, IEA, and ACER highlight the preference for market-based security of sup-

ply measures. Supply diversification is mentioned by all of them. If needed, non-market-

based measures should only apply, when the proposed instruments pass a cost-benefit analy-

sis. Against this backdrop, a strategic gas reserve and long-term contracts have to be classi-

fied as non-market-based measures and should be replaced by market-based instruments, 

e.g., flexible spot markets and intensified cooperation between Member States. From a tech-

nological point of view, some of these market-based measures require sufficient import spare 

capacities that furthermore might lead to new infrastructure projects, today already known as 

PCIs. Cooperation between EU-28 Member States mean also to find common political inter-

est in energy security, between East and West in the European Union. Supply diversification 

might be one common objective of all Member States, and thus it can be considered as the 

central measure for ensuring security of supply in the gas market. For that reason, the next 

section focuses on the European diversification policy and sketches the positions of all 

stakeholders in this process. 
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3.3 European Diversification Policy 

The discussed measures in the previous Section have highlighted the importance of supply 

diversification as a central measure to ensure security of supply in the up-coming decades for 

the EU-28 gas market. Besides a technological and economic perspective, this question relies 

also on political interests of the involved parties. The leading political questions are summa-

rized by Stern (2018)44: (1) Is Europe becoming over-dependent on Russian gas?, (2) do 

Russian gas imports pose a threat to European countries and, in particular, to security of 

supply in Poland and Ukraine, and (3) will the pipeline projects Nord Stream 2 and Turk 

Stream reduce Ukraine gas transit to Western Europe, and thus increase Ukrainian security 

threats?, (4) will there be enough LNG in the market to provide alternative gas supplies to 

Europe and, finally, (5) while these aspects consider only the short-term perspective of secu-

rity of supply, will on the longer term security of gas demand, no matter whether natural gas 

or renewable methane, may be already under threat?  

Depending on the perspective, these questions can be answered in different ways. 

Since the EU-28 is a multilateral construct, different interests have to be bundled in order to 

reach a compromise. For many political questions, the line of conflict divides the EU-28 

member countries in a Western and Eastern group. Furthermore, EU-28 neighboring coun-

tries’ interests have to be taken into account, e.g., Ukraine’s economic dependence on gas 

transits to the EU-28. These transits are contrary to Russian projects like Nord Stream 2 and 

Turk Stream. Supply countries outside from Europe have also interest in the development of 

the European gas market, in particular the USA undertakes special efforts when it comes to 

the question of LNG’s role in the gas supply mix. A closer discussion of each stakeholder’s 

interest is provided in the following sections.  

In the context of this thesis, it is important to provide an overview about these geopo-

litical interests, as this thesis follows a fundamental analysis approach that cannot fully cover 

non-energy related or geopolitical interests. In the consequence, each model result has to be 

interpreted in a wider political context. Before discussing the individual stakeholder posi-

tions in detail, a classification of the term “Europe” in the context of this thesis is given. 

3.3.1 Stakeholders and Political Positions in the European Gas Market 

To evaluate the impact on security of supply for Europe, it is important to define the geo-

graphical and political scope of the term “Europe”. There exists a wide variance regarding 

considered countries in academic studies and reports, e.g., reports by associations such as 

IEA or the Organisation of Economic Co-operation and Development (OECD) that deal with 

European natural gas markets45. This thesis considers the 28 European Union Member States 

(EU-28) as Europe, as shown in Table 6, because of two major reasons. Firstly, political 

actions to tackle the challenges of geopolitical uncertainties are negotiated by the institutions 

of the European Union, namely the European Commission, the European Parliament, and the 

European Council. Secondly, the European regulation ensures data availability and transpar-

ency for all European member state, e.g., through the Eurostat data base (Eurostat, 2019d).  

 
44 Jonathan Stern presented these theses on the 2018 ewi conference in Cologne. 
45 As these institutions provide intensive data reports on natural gas markets, it is crucial to consider 
the respective institutional definition of European countries in order to avoid wrong conclusions, due 
to different data bases. 
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Table 6: Groups of stakeholders in the European gas market 
EU-28  Suppliers  Other stakeholders 
Western 
(low dependence on 
Russian gas) 

Eastern  
(high dependence on 
Russian gas) LNG Pipeline EU-28 neighbors, e.g.: 

Germany Estonia Qatar Russia Belarus  
Austria Finland USA Norway Ukraine 
Italy Latvia Peru Algeria Switzerland 
Luxembourg Lithuania Trinidad  Balkan states 
France Bulgaria & Tobago   
Netherlands Slovakia   Other gas demand 
Romania Hungary   and supply regions in  
Cyprus Slovenia   the world, e.g.: 
Malta Czech Republic   China 
Belgium Greece   Japan 
Croatia Poland   Caspian region 
Denmark    Central Asia 
Ireland     
Portugal     
Spain     
Sweden     
United Kingdom     
Source: Own classification. 

By focusing on the EU-28, the following aspects and changes should be kept in mind. 

First, although Norway geographically belongs to Europe, the country is not part of the Eu-

ropean Union. Hence, the Norwegian natural gas production has to be considered as imports. 

The same holds for Swiss that is surrounded by EU-28 Member States, but not part of the 

European Union. Second, the EU-28 is an ongoing political construction that has changed 

over the last decades. While in 2013, the latest Member State Croatia has entered the Euro-

pean Union, in 2016 the people in the United Kingdom (UK) have voted in a referendum to 

leave the European Union and this withdrawal was done by the end of January 2020. How-

ever, negotiations and agreements about the further cooperation between the EU and UK are 

still in preparation. For that reasons, this thesis defines a fixed ensemble of Member States 

and considers the 28 legal members of the European Union from 2015, also named as EU-

28. 

3.3.2 The Position of the European Union 

The EU-28 Member States depend on natural gas imports from sources outside of their terri-

tories. Decreasing domestic gas reserves, e.g., the Netherlands, and new Russian pipeline 

projects e.g., the Nord Stream 2 pipeline, increase the dependence on Russian gas supplies. 

In academic literature (cf. De Jong et al., 2012; Andersen and Sitter, 2018), but also on the 

political level, a broad discussion focusses on Russia’s ability in using these dominant sup-

ply position for blackmailing the EU-28 Member States by disrupting gas supply to receive 

political power. Against this background, political discussions and activities take place on all 

EU-28 levels, the EC, the European Parliament, and the European Council including the 

national Energy Ministers, by highlighting different aspects. 

The European Commission focus on security of supply, by establishing stress tests and 

winter outlooks, to assess the short-term resilience of the European gas system (cf. European 

Commission, 2014a). In the medium-term, the EC’s objective is to increase security of sup-

ply through supply diversification. The base of this politics is given in the Third Energy 
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Package from 2009 that comprises two directives for the electricity and gas markets46 and 

three regulations, while one explicitly focuses on the natural gas transmission networks47. As 

mentioned earlier, the work of ACER continues the objectives of the Third Energy Package 

for both, electricity, and the gas (cf. Section 3.2.5). The European Parliament (EP) discusses 

intensively the Russian options to use its supplier position for making foreign policy 

(Korteweg, 2018). In this context, energy policy is discussed as one part of foreign policy to 

put pressure on dependent Member States and to promote the respective interests, not only in 

the energy sector, but also in other areas of political activity. On the level of the European 

Council, the individual interests and the maintenance of sovereignty are paramount to the 

Member States. The Energy Ministers have agreed on their informal meeting in Greece in 

2014 on the strategy that more diversified natural gas resources are needed, as net imports 

will slightly increase, latest by 2030, in order to strengthen the EU-28’s bargaining power 

(Energy Minister, 2014). 

The initiatives of the EC, EP and the Energy Ministers show that the European gas 

market policy overlaps various political action areas. In this context, Dickel et al. (2014) 

highlights the need to distinguish natural gas security and geopolitics. In general, Europe has 

only limited options to become independent of Russian gas before mid of 2020, mainly due 

to long-term contract obligations. Furthermore, even after 2024, a continued natural gas rela-

tionship between EU-28 and Russia is needed. In the short-term, a solution for Ukraine 

transit and regulation on Turk Stream has to be negotiated48. For a medium perspective, the 

future role of Russian gas in the European low-carbon energy strategy has to be defined. 

The EU-28 Member States are an inhomogeneous group with not only different inter-

ests and political relationships, but also regarding the future development of the European 

gas market. In this matter, two major groups can be distinguished. On the one side, there is 

the group of the Eastern EU-28 countries that can be classified by Member States with a 

dependence on Russian gas supply of more than 50% of their gas availability. Their position 

in the gas market policy is to create alternatives to Russian gas supplies. On the other side, 

the group for Western EU-28 countries is summarized with Member States that have a lower 

dependence on Russian gas than 50%. For them, the diversification problem is less strictly, 

as most of them have already the opportunity to receive natural gas quantities by LNG ship-

ping from different sources worldwide or access to alternative pipeline suppliers than Russia. 

An overview about the import dependence on Russian gas imports in 2014 and the respective 

classification of Member States to Eastern and Western EU-28 states is given in Figure 11. 

Within this thesis, the inhomogeneous structure of the EU-28 is highlighted by analyz-

ing contrary diversification strategies that treat the EU-28 as a single entity and by imple-

menting strategies on the individual Member State’s level.  

Based on the Nord Stream 2 discussions, the different positions among stakeholder 

groups regarding the future development of the European gas market can be highlighted even 

more clearly and this will be discussed next. 

 
46 According to the Directive 2009/73/EC concerning common rules for the internal market in natural 
gas and repealing Directive 2003/55/EC 
47 According to the Regulation (EC) No 715/2009 on conditions for access to the natural gas transmis-
sion networks and repealing Regulation (EC) No 1775/2005 (cf. European Parliament and European 
Council, 2009b). 
48 For more information on the Russia-Ukraine transit talks, the interested reader is referred to the 
research of Pirani et al. (cf. Pirani, 2016; Pirani and Sharples, 2020)(Pirani, 2016, 2020, 2019b). 
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Figure 11: Import dependence of EU-28 Member States on Russian gas in 2014 
Source: Own illustration, based on Eurogas (2015). 

3.3.3 The Position of the Eastern EU-28 Countries 

The stakeholder group of the Eastern EU-28 Member States (cf. Table 6) is characterized by 

a high dependence on Russian natural gas, mainly due to former political integration in the 

Commonwealth of Independent States. While the Baltic States and Balkan states depend on 

Russian gas to meet their domestic demand, other countries such as Poland and Czech Re-

public rely also on earnings from gas transits. According to their position in the gas supply 

structure, the latter will lose their strategic position in the gas transit, while Russia diversifies 

its supply structures via Nord Stream 2 and Turk Stream. Hence, they have a negative atti-

tude about the Nord Stream 2 project. On the other side, the Baltic States and Finland make 

efforts to reduce their dependence on Russian gas and to improve security of regional gas 

supply (Kaare, Koppel and Leppiman, 2013). Since 2014, many projects of LNG regasifica-

tion facilities have started and finished. For example, Lithuania operates a floating storage 

regasification unit, named “Independence” (Collins, 2018, p. 16). The LNG regasification 

terminal in Świnoujście, Poland, operates since July 2016 (King & Spalding, 2018, p. 19). 

A strong correlation between dependence on Russian gas imports and the ability to 

deal with external, internal, and business challenges is discussed by Mišík (2016). Based on 

expert interviews he concludes that Austria’s ability to deal with energy challenges is much 

stronger than the ability of the Czech Republic, while Slovakia’s energy security is vulnera-

ble.  

The South East EU-28 States as well as the Balkan States are less affected by the Nord 

Stream 2 pipeline, but rather by the replaced Ukraine transits through a new Turk Stream 

pipeline. Furthermore, Balkan States lack on an integrated gas network that prevents the 

creation of a liquid gas hub, comparable to the converged gas hubs in Central Western Eu-

rope. Explorations in Bulgaria and Romania provides the chance to decrease the import de-

pendence by new domestic gas productions (cf. Bowden, 2019). 

In the context of this thesis, one focus is to enable a country-specific analysis in the 

context of the individual consternation of supply shortages and dependences, e.g., on Nord 

Stream 2, by developing a novel European gas market model.  
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3.3.4 The Position of the West European Countries 

Western European countries (cf. Table 6) have a lower dependence on Russian gas supplies 

as they also have access to other pipeline sources, from North African countries, and access 

to LNG suppliers. However, regarding the Nord Stream 2 project, different positions can be 

observed. Germany will benefit from the extension of Nord Stream 1 (NS1) capacities due to 

increasing gas transit profits. The remaining EU-28 neighboring countries of the Baltic Sea 

that are affected by Nord Stream 2, i.e., Finland, Sweden, Denmark, had a strong negative 

attitude to this pipeline that has led to a row of parliament processes in the respective coun-

tries. In April 2019, the dispute between France and Germany about the new gas directive 

(Directive (EU) 2019/692) and the way how to unbundle the Russian role in gas production 

and gas transport endangered the implementation of the Nord Stream 2 project but was 

solved in the very last moment. In the meanwhile, the construction of Nord Stream 2 pipeline 

was finished in summer 2021. 

Besides Nord Stream 2, the new pipelines thorough the Southern Corridor (Turk 

Stream or TANAP) are also discussed controversy. Thereby, apart from political issues, 

these new pipelines bring natural gas volumes to southern borders of the EU-28 into gas 

pipelines that did not deal with Russian gas before. This might be also a technological chal-

lenge for the future, as gas qualities may change with fluctuating LNG prices and new gas 

transit routes dynamically. 

3.3.5 The Position of Russia 

Russia depends on revenues of oil and natural gas exports, to European customers. While 

Russia focuses on the security of demand (Sod) and starts with gas supplies to China, this 

effort will not replace the importance of natural gas to European customers in the short and 

medium term (Shadrina, 2014). Currently, Russia constructs a pipeline “Power of Siberia” to 

export natural gas to Asia, but by the end of 2017, the pipeline construction was slower than 

expected (Collins, 2018, p. 15) 

Russia is aware of the European decarbonization strategy, due to the Paris agreement 

2015 and this vision endangers the future revenues on gas supplies in the long-term. For the 

medium term, the diversification strategy and regulation on unbundling of the gas value 

chain endangers the business model of Gazprom. 

As Russia is one of the most important players in the European gas market, this thesis 

reserves special attention on Russia in its model scenarios.  

3.3.6 The Position of the United States 

Starting with the shale gas boom in the United States, the USA’s interest is to sell LNG to 

the EU-28. Therefore, their strategy is to impede the construction of the Nord Stream 2 pipe-

line and to support activities of diversification, not only to sell their own gas volumes, but 

also for combining this measure with their sanction politics against Russia (Collins, 2018). 

Furthermore, the U.S. representatives argue that they see the danger of a European depend-

ence on Russia, through a large share of gas imports and U.S. administrative states that the 

European energy security is a national interest of the USA (Ratner et al., 2013). 

There are already several EU-28 LNG terminals in operation, especially in Southern 

Europe (Italy, Greece, and Spain) and Western Europe (France, Netherlands, Belgium, and 

the United Kingdom). Additionally, some new terminals are planned in the Baltic Sea re-

gion. In this context, a German LNG terminal was discussed during the supply crisis in 2006 

and 2009 and again in recent discussions. A possible location for a German LNG terminal 

might be at Wilhelmshaven, Brunsbüttel, or Rostock. 
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In 2018, gas supplies of almost 3 bcm LNG from the USA were delivered to Europe, 

entering the European gas market via several LNG import terminals, e.g., the import terminal 

in Poland. This is 10% share of the US LNG export volume. All in all, the USA are not only 

a stakeholder in the discussion about the Nord Stream 2 but are rather involved in the devel-

opment of the energy corridor on the East Mediterranean Sea (U.S. Department of State, 

2019). 

The change of the USA from an import to an export country is a recent development 

and leads to a need for adoptions in existing gas market models. Within this thesis, the USA 

is already considered as an important gas market player and modeled as an LNG supplier. 

3.3.7 The Position of other countries and stakeholders 

There are other interest groups on the development on the European gas market that are 

summarized in the following. The Ukraine was already mentioned and wants to be compen-

sated for the loosing transit fees through the building of the Nord Stream 2. The EU-28 tries 

to solve this dispute in a trilateral talk among Russia, Ukraine, and the EU-28. Norway and 

the North African gas suppliers have to expect a stronger competition, in particular when the 

Southern Gas Corridor will be established. In a global context, South East Asia and Japan as 

major LNG demand hubs might have an interest in not see increasing LNG supplies in Eu-

rope as this might lead to and increasing global LNG price. On the other side, global LNG 

suppliers, e.g., Qatar, Nigeria but also in the future Australia, can increase their market 

shares in Europe. 

However, the focus of this thesis is the European gas market models and global price 

developments in Asia or Australia are only indirectly considered through price levels for 

LNG. 

3.4 Interim Summary on Diversification in Gas Markets 

This Chapter classifies diversification as a policy measure in the context of energy security 

and introduces measurements for quantifying energy security. In the context of gas supply, 

the ACER health metrics provide indicators for monitoring the energy security in gas mar-

kets. Quantifying the supply situation is important to derivate policy measures. Against this 

backdrop, supply diversification is one key measure to ensure security of gas supply, as it is 

mentioned in the recommendations of the EC, IEA, and ACER. However, concrete options 

of action, i.e., infrastructure projects, depend also on conflicting interests of stakeholders in 

the European gas market. Therefore, the next Chapter focuses on the status of the European 

gas infrastructure. 
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4 NATURAL GAS INFRASTRUCTURE 
The previous Chapters have discussed the role of diversification to ensure security of supply 

and have highlighted the importance of appropriate gas infrastructure to enable diversifica-

tion. Before implementing diversification concepts into a natural gas market model, this 

Chapter focus on the status of the European gas infrastructure and aims to answer four ques-

tions: What is meant by natural gas infrastructure? Why and how much gas import capacity 

does the EU-28 need? What is the contribution of pipelines, LNG import terminals and stor-

ages to security of supply? Does ownership of gas infrastructure pose a threat to the security 

of supply? 

Therefore, an overview about the status of gas infrastructure in the EU-28 is given and 

the outline of the Chapter is as follows: First, a definition and overview about natural gas 

infrastructure elements is provided. By analyzing the demand and production for EU-28 gas 

markets, the import need is discussed. Then, the Chapter focus on a detailed description of 

import and transmission pipelines within the EU-28, and the status on the LNG and storage 

infrastructure. The Chapter ends with a digression about infrastructure ownership, incentives 

in investments and the threat of stranded assets in gas industries. 

4.1 Infrastructure Need for Connecting Gas Supply and Demand 

This Section is divided into three parts. First, an overview about the initial gas supply situa-

tion in the EU-28 in 2015 is given and major changes that affect security of supply in the 

upcoming decades are discussed. Second, a more detailed view on specific gas demands of 

the EU-28’s Member States is analyzed. Third, the global gas production with focus for the 

European gas market is presented and the contribution of unconventional and alternative gas 

sources is discussed. 

The overall findings in this Section built the base for gas market model in general and 

are also reflected in the developed model within this thesis afterwards. 

4.1.1 Classification of Gas Infrastructure and EU-28’s Initial Situation in 2015 

Natural gas infrastructure contains all technological facilities along the value chain of natural 

gas starting from exploration and production to transport and storage up to distribution and 

consumption. A commonly used structure of this value chain is divided in three categories, 

namely Upstream, Midstream and Downstream (cf. Section 2.1). 

Against the background of the research question, “what is the role of gas infrastructure 

for gas supply security in the EU 28?” this Chapter focus on infrastructure in the midstream 

market. Most gas production countries are located outside of the EU-28. Hence, transporta-

tion and storing of natural gas plays a crucial role to ensure security of gas supply. Transpor-

tation connects non-European gas producers with European consumers, and it is organized 

by high-pressure transportation pipelines or by LNG shipping. Since European gas demand 

is characterized by a seasonal pattern, storages balance peak (in winter) and off-peak periods 
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(during summer) and enable an efficient usage of production and transportation infrastruc-

ture. 

Figure 12 provides an overview about the import capacities to the European Union 

(EU-28) in 2015. Annual capacities of gas import pipelines (488 bcm) and LNG regasifica-

tion facilities (201 bcm) leading to a total import capacity of 689 bcm49. The question, 

whether this import capacity is sufficient depends on the import needs. For 2015, EU-28 gas 

import need can be estimated by the difference of gas demand (507 bcm) and annual produc-

tion (140 bcm), resulting in 367 bcm that is guaranteed by the existing import capacities50.  

Pipeline 
Capacity (2015)

LNG Import Capacity (2015)

4788 TWh1964 TWh

Storage 
Capacity 
(2015)

1417 TWh

EU 28

3585 TWh
5061 TWh

 

Figure 12: Import capacities to the EU-28 in 2015 and outlook for 2035 
Source: Own illustration based on, GIE (2016, 2019), Holz et al. (2014, p. 25) and IEA (2014b, 2016, 

p. 29, 2018, p. 34). 

Regarding 2035, a decline in the European gas production down to 77 bcm is very 

likely, due to exhausted gas resources and already announced political decisions, e.g., form 

the Netherlands51. In contrast, gas demand developments are uncertain. Figure 12 assumes a 

slight increase in the EU-28 gas demand up to 595 bcm for 2035. Consequently, the import 

needs in 2035 would increase by 518 bcm that can still be covered with the pipeline and 

LNG import capacities from 2015, while the security margin of free import capacities to 

react on sudden disruptions would decrease. 

Uncertainties about the existing gas import infrastructure and the future gas demand 

can change this picture even more. Figure 13 illustrates assumptions that would decrease the 

today’s import capacities significantly. The left bar shows the today’s total pipeline import 

capacities for the EU-28, based on Holz et al. (2014, p. 25) that includes 155 bcm export 

 
49 In this context, Malta and Cyprus are not considered. Pipeline capacities are based on Holz et al. 
(Holz, 2014) and LNG capacities are based on GIE (2019). A detailed description on considered pipe-
line capacities can be found in the Appendix in Table 32. 
50 Assumptions on gas demand refer to IEA (2014b) and assumptions on EU-28 gas production refer 
to IEA (2016) for 2015 and on IEA (2018) for 2035. 
51 The initial statement of the Dutch government was done after a series of strong earthquakes hap-
pened in the region of Groningen in 2018 and announced a production stop by 2030 (Bergen, 2018). 
Due to the progress in establishing great capacities to convert high calorific imported gas to the low 
calorific gas, a production end could come a lot sooner, namely by the end of 2022 (Meijer, 2019). 
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capacity from Norway to the EU-28. Following Hall (2018, p. 2), it is likely that Norwegian 

gas exports will decline to about 90 bcm per annum between 2030 and 2035 and the decline 

is illustrated in the second bar. With regard to the today’s Ukraine transit capacities of 142 

bcm, a reduced gas transit to a minimum of 60 bcm52 would lead to another decrease of 82 

bcm of the EU-28’s import capacity, shown in the third bar. Finally, a complete stop of the 

Ukraine transit is also possible and would also reduce the remaining 60 bcm Ukraine gas 

transit and ends with a low pipeline import capacity of 281 bcm per annum that could be-

come true in 2030.  
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Figure 13: Assumptions on reduced Norwegian gas production and Ukraine transit volumes 
that may reduce EU-28’s pipeline import capacities 
Source: Own assumptions based on Hall (2018, p. 2), Holz et al. (2014, p. 25) and UCEP and KAS 

(2018, p. 13). 

This analysis neglects that there exist also new pipeline projects that must be balanced 

against this import decline. However, the Nord Stream 2 pipeline project is only one exam-

ple that new pipeline infrastructure projects are controversial discussed. One major argument 

that doubt the need for further gas import pipelines is that the future gas demand is overesti-

mated and that there will be no supply gap if Nord Stream 2 is not build (Neumann et al., 

2018).  

Indeed, the prediction of the future gas demand faces many uncertainties. Further-

more, not only the level of future gas demand, but even the demand trend (decrease, increase 

or steady state) is uncertain. The WEO creates three scenarios with gas demand from 312-

637 bcm in 2040 showing in Figure 14.  

A fundamental characteristic of markets is that prices reflect the balancing mechanism 

between demand and supply. Hence, in Figure 14, the demand is treated with a negative sign 

and domestic production within the EU-28 with a positive sign53. Assuming that the natural 

gas demand is only hardly possible to reduce, the imbalance between production and demand 

results in the need of import, shown in blue bars. Figure 14 shows the import needs for 2015 

 
52 A breakeven level of 40 and 60 bcm per annum is needed to keep the Ukraine transit pipeline in 
operation (Ukrainian Centre for European Policy (UCEP), 2018, p. 13). 
53 Norway is not part of the EU-28 and hence its production capacities does not count for the EU-28.  
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and possible developments up to 2040, based on WEO scenarios: New Policy, Current Poli-

cy and Sustainable Development (IEA, 2017)54.  

The green line illustrates the maximum pipeline import capacity in 2015 and the black 

dashed line shows the decreased import capacities taken the assumptions of a worst-case 

capacity decline into account, as beforehand discussed in Figure 13. 
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Figure 14: Import capacity need depending on future gas demand in the EU-28 
Source: Own illustration based on IEA (2017). 

Regarding 2040, future gas import capacities would be needed in the Current Policy 

Scenario as the projected import needs exceed the existing import capacities of 2015. The 

major driver here is the assumption of an increased gas demand from 2015 to 2040 by 26% 

up to 637 bcm/a. In contrast, the import needs for the New Policy and the Sustainable De-

velopment Scenario could be covered by the existing pipeline import infrastructure from 

2015. Only if existing pipeline capacities decrease without a compensation of new pipeline 

import infrastructure (black dashed line), the New Policy Scenario would also lead to addi-

tional import needs in 2040. 

This discussion focuses only on pipeline imports and neglects increasing LNG import 

opportunities that could balance additional import needs in the future. However, LNG also 

reacts flexible on global gas prices and could be also short if it is only traded on short-term 

markets. Nevertheless, the supply share of LNG increases in European gas markets that im-

proves the supply situation of the EU-28 even more. 

To sum up, the role of natural gas infrastructure depends mainly on the future trend of 

gas production and gas demand. While for the production trend within the EU-28 is quite 

clear, the future gas demand is hard to predict. For that reason, the next Section focuses on 

the natural gas demand in the EU-28. 

 
54 The WEO from 2017 refers only to demand data of 2016, while the existing gas capacities are as-
sumed for the year 2015. The structural changes from 2015 to 2016 are small and, thus, a usage of 
these data allow a general understanding of the essence.  
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4.1.2 Natural Gas Demand in EU-28 

Natural gas is a primary energy carrier that is used in the energy sector (mainly for power 

production and heating processes), in the transport sector (e.g., for ships, gas vehicles) and as 

raw material in chemical industries, e.g., natural gas steam reforming to produce hydrogen. 

For that reason, the natural gas demand plays an important role in the energy system of the 

larger EU industry states, in Germany (DE), the United Kingdom (UK), and Italy (IT) and, to 

a smaller amount, in France (FR), the Netherlands (NL) and Spain (ES). The gas demand of 

the first four countries comprises 60% of the EU-28’s gas demand in 2015 (Eurostat, 2019c). 

Figure 15 depicts the country-specific55 gas demand in 2015 as well as a reference assump-

tion on the gas demand in 2030, based on the Ten-Year-Network-Development Plan 

(TYNDP) of the European Network of Transmission System Operators for Gas (ENTSO-G, 

2017b). These data show the initial situation in 2015 and the outlook for future gas demand. 

These assumptions built the data base for the developed model in the following Chapters. 

The discussion horizon of this thesis covers the period from 2015 to 2045, while the 

2017’s TYNDP horizon is limited to the year 2030. Due to this limitation, the assumption 

holds that the reference gas demand in 2045 continues the trend of the TYNDP56.  
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Figure 15: EU-28’s gas demand in 2015 and reference demand for 2030 and 2045 
Source: Own calculation based on Eurostat (2019c) and ENTSO-G (2017b). 

The outlook follows the ENTSO-G “Slow Progression” scenario57 in the TYNDP that 

was also used by Eser (2019, p. 28). For the total gas demand in the EU-28, the assumptions 

 
55 The figure presents the gas demand for 14 countries with the highest gas demand. The rest of EU-28 
countries comprises the gas demand of Ireland, Greece, Denmark, Lithuania, Croatia, Finland, Bulgar-
ia, Luxembourg, Latvia, Sweden, Slovenia, and Estonia. 
56 Please note that the gas demand in 2015 refers to the reported data of Eurostat. Compared to this, 
this thesis follows the projected gas demand data for 2030 and creates a trend up to 2045, based on the 
base year (2017) in the ENTSO-G report. This multiple source approach might be the reason of the 
effect in some countries of a demand increase from 2015 to 2030, while the demand decreases after-
wards until 2045. However, as natural gas is supposed to be a bridge fuel in many energy systems, this 
demand trend is considered as possible. 
57 The “Slow Progression” scenario assumes that the energy policy scenarios for 2050 are not realisti-
cally reachable and lowest green ambitions are imputed. Furthermore, a low CO2 price is assumed and 
only low progress in the development of renewable energies (ENTSO-G, 2017b, p. 65) wind.  
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hold of a slight gas demand increase from 4,464 TWh/a in 2015 to 4,516 TWh/a in 2030 and 

stays almost stable up to 4,514 TWh/a in 204558. 

It is remarkable, that there is no common trend among EU-28 countries. While the gas 

demand for Germany is predicted to decrease strongly, even in the Slow Progression scenar-

io, the gas demand of Southern European countries, in particular Italy and Spain, increases 

up to 2030 and, due to the used approach, also up to 2045. One reason might be the individu-

al structure of national power plants as well as heating systems.  

For example, the intensively increase of renewable energy resources in Germany have 

led to overcapacities in electricity generation, reduced electricity prices and a decreased dis-

patch of fossil power plants that highlights the need for gas power plants to achieve lower 

marginal power production costs due to higher flexibility (cf. Eser, 2019, p. 79). Against this 

backdrop, drivers for natural gas demand until 2035 are also discussed in the study of 

McKinsey (2019, p. 21) for both, a global and a European perspective. The study concen-

trates five drivers: (1) the power and (2) transportation sector as well as (3) the chemical 

industry. Furthermore, (4) the role of China as big energy demand region and (5) the Middle 

East as global gas supply region is considered.  

In contrast to the assumed slight demand increase in this thesis, the McKinsey study 

finds a decrease for the upcoming European gas demand. The main factor for shaping the gas 

demand in Europe is seen again in the development of the power sector and due to the com-

petitive situation of renewable energies to gas power plants. For the chemical industry and 

the transport sector, in particular replacing heavy oil by LNG in shipping, a slightly demand 

increase is expected. However, the decreased demand in the power sector dominated the 

general trend for future European gas demand.  

The different outlooks for European gas demand between the McKinsey study and the 

ENTSO-G’s Slow Progression scenario are caused by the study assumptions on climate ac-

tions and keeping the pathway of the 2015 Paris Agreement respectively the European Green 

Deal. Combined with the strong impact of the power sector on the gas demand, the future 

gas demand is subject to uncertainties. 

Besides ENTSO-G’s TYNDP and the McKinsey study, many other studies investigate 

the future EU-28 gas demand. Scharf et al. (2020, p. 3) provide a meta-analysis of 36 studies 

and point out the scenario setting as a major driver for model results on future gas demand. 

While studies with target scenarios predict a strong decline in fossil gas demand, non-target 

scenarios show a stable respectively soft increase in the future European gas demand. 

To sum up, the future gas demand depends on the role of gas in an ongoing energy 

transition combined with the objective of reducing CO2-emissions in all sectors. The techno-

logical option of Capture Carbon and Storage (CCS) might cause a delay of a gas phase-out 

in the energy system59. However, it is obviously that the future gas demand depends on many 

drivers and, hence, cannot predicted easily. Therefore, this thesis uses the manifold used and 

discussed ENTSO-G outlook of the TYNDP as base line of future gas demand. Furthermore, 

future gas demand is considered as one major uncertainty and, hence, the methodology of 

stochastic programming is used to determine an appropriate analysis of future gas infrastruc-

ture and diversification policy (cf. Chapter 5). 

 
58 The country specific demand for all EU-28 countries as well as for the Ukraine, Turkey, Belarus, 
Norway, Switzerland, Serbia, Bosnia and Herzegovina and Norther Macedonia is provided in the 
Appendix in Table 30. 
59 McGlade et al. (2018) discuss the role of natural gas in the UK until 2050 in combination with the 
availability of CCS technologies. They conclude that the UK gas demand decrease down to 50-60% of 
2010 demand (with CCS), or even to 10% (without CCS). However, the “slow progression” scenario 
of the ENTSO-G sees only a reduction of 8% from 2015 to 2045. 
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4.1.3 Natural Gas Production in EU-28 

4.1.3.1 Natural Gas Reserves Worldwide 

Natural gas is an energy carrier that exists all over the world. The total natural gas proved 

reserves60 at the end of 2018 amount 197 trillion cubic meters and are concentrated on single 

regional hotspots (cf. BP, 2019, p. 30). The largest natural gas reserves are in the Middle 

East region and the former Commonwealth of Independent States (CIS), i.e., Russia. Thus, 

Table 7 provides a list of countries that possess largest gas reserves, sorted by world regions. 

Table 7: Natural gas reserves worldwide 

Region Country  Reserves 
[in tcm] 
1988 | 2018 

Region Country Reserves 
[in tcm] 
1988 | 2018 

 
Europe 

  
Africa 

 

 Norway 1.2  1.6  Nigeria 5.3 5.3 

 The Netherlands 1.7 0.6  Algeria 4.3 4.3 

 UK 0.8 0.2  Egypt 2.1 2.1 

     Libya 1.4 1.4 

Russia and Central Asia  Middle East  

 Russia 33.4 38.9  Iran 22.8 31.9 

 Turkmenistan 2.5 19.5  Qatar 11.3 24.7 

 Azerbaijan 0.7 2.1  Saudi Arabia 5.8 5.9 

 Uzbekistan 1.2 1.2  United Arab Emirates (UAE) 5.8 5.9 

 Kazakhstan 1.3 1.0  Iraq 3.0 3.6 

     Kuwait 1.4 1.7 

     Israel 0.0 0.4 

        

Asia  North America  

 China 1.4 6.1  United States of America (USA) 4.4 11.9 

 Indonesia 2.2 2.8  Canada 1.7 1.9 

 Malaysia 2.4 2.4     

 India 0.6 1.3     

 Myanmar 0.3 1.2     

Oceania  South America  

 Australia 1.6 2.4  Venezuela 4.6 6.3 

Source: Own research, based on BP (2019). 

From 1988 to 2018, the total proved gas reserves increased by more than 60 tcm. The 

table above shows also new gas founds that came up during the last three decades, in the 

Middle East (Qatar and Iran), Turkmenistan, and the USA that explored new gas fields. But 

also, in closer distance to European consumers, in the Mediterranean Sea, new gas explora-

tions were made that prompts desire for extraction by Israel, Egypt, Cyprus, Greece and Tur-

key. 

 
60 The definition of (proved) reserves comprises gas resources that are discovered and economically 
extractable with current technologies. A discussion on this classification with a special focus on shale 
gas is provided by Riedel et al. (2017). 
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4.1.3.2 Conventional Gas Production 

The EU-28 has access to domestic and non-European gas sources to meet its gas demand, as 

discussed in the previous Section. While European gas reserves are declining, natural gas 

reserves outside the EU-28 gain in importance for the European gas sector. 

Within the EU-28, the total volume of produced natural gas in 2015 amounted 

1,342 TWh and was mainly produced in the Netherlands (525 TWh), United Kingdom (403 

TWh) and Romania (109 TWh), while Germany produced 82 TWh (Eurostat, 2019c).  

The EU-28 gas production, in particular the production of the largest producer the 

Netherlands, will decline during the next decades. The Dutch gas production started in 1969, 

after exploring the Groningen field in 1959 and peaked already in 2013 with an annual pro-

duction of 526 TWh61. The decline of gas production due to frequent and intense earthquakes 

has finally led to the decision of the Dutch government to a strong reduction to 211 TWh in 

2018, a further decline down to 117 TWh in 2022 and to a total stop of gas production, latest 

by 2030 (Bergen, 2018). In fact, this development seems to speed up and an earlier halt of 

the Groningen gas production than initially planned is likely by 2022 (Meijer, 2019). 

Following this trend, the Dutch role in the European gas market will change from a net 

export to a net import country and that pose questions about security of supply. Holz et al. 

(2017) argues that European customers have not to worry about a reduction in gas produc-

tion, as the diversification options for alternative gas supplies ensure security of supply. 

However, they assumed in their model a moderate decline of gas production from only 42% 

in the time from 2010 to 2030 and a moderate climate policy that leads to a slight decreasing 

gas demand. Both assumptions seem to be outdated or need at least an adjustment to the 

latest developments. 

The most important non-European gas supply countries deliver natural gas via pipe-

line to the EU-28. In particular, gas sources are available in an area up to 4000 km around 

the EU-28 and in 2018 major suppliers are Russia (40%), Norway (35%) and North African 

countries, i.e., Algeria (11%) (Eurostat, 2019a). The importance of gas from Caspian region 

and Central Asia, i.e., former Commonwealth of Independent States (CIS) as Azerbaijan, 

Kazakhstan, Iran, and Turkmenistan, increase, regarding the construction of new gas pipe-

lines through Turkey, the Trans-Anatolian Natural Gas Pipeline (TANAP)62.  

With the extension of LNG infrastructure, further supply countries deliver natural gas 

to the EU-28, i.e., Qatar (6%), but also Nigeria, Peru, Trinidad & Tobago and, as a new sup-

plier for the European gas market, the Unite States of America (Eurostat, 2019c). A detailed, 

country-specific analysis of potential gas suppliers for the European gas market was already 

done by Krämer (2011, pp. 228–479). 

Both, domestic and non-European gas sources, compete in the same gas market. 

Hence, the analysis of production costs shows the respective position in the European gas 

market. In general, production costs are liable to variations and base often on estimations. In 

addition, production quantities are hard to estimate as well. Having this blur in mind, Figure 

16 presents the assumed gas production costs within this thesis and built a gas supply curve, 

 
61 For more information about the Dutch gas production, earthquakes, and the impact on the Groning-
en gas field, please consider Mulder and Perey (2018). An outlook for the Netherlands up to the year 
2050 about the creation of a sustainable energy system, including electricity and various gases, is 
provided by Gasunie (2018). 
62 For more information on the role of Central Asian gas in the Eurasian energy market consider Co-
banli (2014). 
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based on the ascending order of production costs combined with the respective assumed 

production capacities63.  

This supply curve neglects the aspects that transport capacities can be a constraint that 

limits the usage of the entire production capacity. For instance, the Turkmen gas cannot yet 

reach European customers due to missing pipeline connections. However, the large cheap 

Russian production capacities combined with a bundle of existing and planned pipeline pro-

jects highlight the dominant position of Russia as the major gas supplier in the European gas 

market. It can be expected that the gas demand will not exceed 6,000 TWh during the next 

decades. While the gas supply curve could be extended, the graph in Figure 16 illustrates 

only the front part of the merit order up to the price level of 2.73 EUR/MWh, as this cumula-

tive supply offers are likely to be sufficient to meet the European demand, even if some of 

these gas volumes cannot reach European markets due to pipeline capacity restrictions. 

 

0

1

2

3

1

2
5

1

5
0

1

7
5

1

1
0

0
1

1
2

5
1

1
5

0
1

1
7

5
1

2
0

0
1

2
2

5
1

2
5

0
1

2
7

5
1

3
0

0
1

3
2

5
1

3
5

0
1

3
7

5
1

4
0

0
1

4
2

5
1

4
5

0
1

4
7

5
1

5
0

0
1

5
2

5
1

5
5

0
1

5
7

5
1

6
0

0
1

6
2

5
1

6
5

0
1

6
7

5
1

7
0

0
1

7
2

5
1

7
5

0
1

7
7

5
1

8
0

0
1

8
2

5
1

8
5

0
1

8
7

5
1

9
0

0
1

9
2

5
1

9
5

0
1

9
7

5
1

1
0

0
0

1

1
0

2
5

1

in
 E

U
R

/M
W

h

Supply in TWh

2.73 EUR/MWh 
Norway, 
the Netherlands

2.05 EUR/MWh 
Egypt, Nigeria,
Trinidad & Tobago

1.71 - 1.98 EUR/MWh 
Azerbaijan, Croatia, Lybia, 
Serbia, Tunisia, Algeria, Morocco  

1.36 - 1.46 EUR/MWh 
Turkmenistan, Russia

1.02 EUR/MWh 
Qatar

not in figure:
further 4000 TWh; 3.55 - 62.80 EUR/GWh
Norway, UK, USA, Ukraine, Germany, Romania, Italy, Denmark, Poland, Hungary, Ireland, 
Austria, Bulgaria, France, Belarus, Czech Republic, Slovakia, Spain, Turkey 

 

Figure 16: Ascending order of production costs for different gas sources in 2015 
Source: Own illustration.  

Besides the total production capacity, the security of supply depends also on the flexi-

bility of suppliers to react on demand and supply shocks. In this context, the daily production 

capacity is an important indicator that varies among suppliers. While some suppliers have to 

produce on relative fixed daily production ratio, i.e., European gas producers, other suppliers 

have the opportunity to react flexible on market incentives and are called swing suppliers, 

i.e., Norway. A deeper discussion about swing supply and production flexibility is provided 

by Lochner (Lochner, 2011, p. 71). Gas production does not react only on market incentives 

but could also be subject of geopolitical conflicts and interests. Esen and Oral (2016) show 

that the reserve to production ratio changed over time for major gas suppliers and conclude 

that political authorities may use their energy resources to exert power from time to time. 

 
63 A detailed list of all production cost assumptions for 2015 and changes in 2030 and 2045 is provid-
ed in the Appendix in Figure 62 to Figure 64 and in Table 26 to Table 29. 
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4.1.3.3 Unconventional Gas Production 

Besides conventional gas reserves, the extraction of unconventional natural gas respectively 

shale gas, has gained in importance during the last decade. A major driver for that develop-

ment was the shale gas boom in the USA, started after 2005. There exists a broad literature 

on reasons for the shale gas boom and its impact on world economy, especially on the ques-

tion of interdependence between oil and gas prices before and after the shale gas boom (e.g. 

Geng, Ji and Fan, 2016). 

Since this boom, the USA changed its role in the global gas market away from a net 

importer to an LNG exporter. As one consequence of the decreasing shale gas production 

costs, a number of research papers discussed whether Europe could repeat this shale gas 

boom (cf. Growitsch, Hecking, et al., 2013; Weijermars, 2013; Baranzelli et al., 2015; De 

Silva, Simons and Stevens, 2016; Riedel, 2017). Although there are high unconventional gas 

resources in France, Poland, and Romania, and even in Germany, exploration of European 

shale gas with production costs of 15-30 EUR/MWh cannot compete with conventional pro-

duced gas, e.g., from Russian gas fields (Riedel, 2017). Higher costs occur due to a deeper 

location of the resources in the (Oil & Gas Authority, 2019a) ground. Regarding future pro-

duction cost estimations of 6.5-11 EUR/MWh, shale gas might has an influence on gas infra-

structure (Joode, Plomp and Özdemir, 2012). However, latest reports on local earthquakes in 

the region of Groningen in the Netherlands and in the region of Preston New Road in the 

United Kingdom have supported doubts of whether fracking does not contribute to local 

earthquakes (Oil & Gas Authority, 2019a). 

4.1.3.4 Alternatives to (Un-) Conventional Gas Production 

The ongoing discussion on climate policy and decarbonizing the energy system brings new 

technologies with minimal CO2-emissions to light. In particular, the term “decarbonizing” is 

often used to describe liquid energy carries, mostly based on renewable energy sources 

(RES) that are not free of carbon but based on non-fossil resources or have at least a closed 

carbon cycle. So far, the following terms are used in a larger discussion: 

 Synthetic natural gas arises for example from the Sabatier reaction by using RES-

based hydrogen (H2) and carbon dioxide (CO2) or through biomass gasification 

 Green Gas, describes H2 or synthetic gas based on renewable energy sources by us-

ing electrolysis 

 Blue Gas, describes H2 based on natural gas steam methane reforming (SMR), while 

the carbon capture and storage (CCS) is included in the process 

 Biogas, means bio-methane that is produced from plants and injected in the natural 

gas network 

Further descriptions of “colored” gases are rarely used and describe hydrogen based 

on different origins, in particular turquoise gas (pyrolysis), pink or red (nuclear)64, but also, 

grey (steam-methane reforming including CO2-emissions), black (hard coal), brown (lignite), 

orange (biogas), yellow (electricity-mix), and white (hydrogen as a coupled product in the 

chemistry industry).  

Plans for extending biogas in the EU-28 are ambitious. However, the potential of bio-

gas for compensating the declining natural gas production is limited, as an analysis for Ger-

many shows (Rieger, 2011).renewable energy sources based Green Gas is most likely in 

regions with relatively low levelized cost of electricity (LCOE), e.g., in North African coun-

 
64 The convention for a color for hydrogen, based on nuclear energy is not fixed and sometimes also 
described as yellow, violet, or red gas. 
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tries, but also in countries with high potential of RES. The potential of hydrogen imports 

from Algeria and Libya as a blend in existing gas pipelines is investigated by Timmerberg & 

Kaltschmitt (2019) and they found lowest production costs of 45 to 99 EUR/MWh in 2020. 

An extensive discussion about the progress in scaling up renewable gas production in Europe 

is provided by (Lambert and Oluleye, 2019) 

All these alternatives have an advantage in CO2 emissions against natural gas, but 

relative high production costs make a fair competition impossible. The ongoing discussion 

on carbon pricing would change this situation. A further discussion about Green Gas and its 

competitive position against natural gas is done in Chapter 7. 

4.2 Pipeline Infrastructure 

The previous Section has discussed the large demand on natural gas in the EU-28, while 

domestic gas production is limited and will decrease during the upcoming decades. Against 

this backdrop, gas imports and pipeline infrastructure are needed, and this Section provides 

insights in the European pipeline network and its characteristics. The analysis of the pipeline 

infrastructure built the base for the pipeline representation in the developed European gas 

model (cf. Chapter 5).  

4.2.1 Import Pipeline Capacities from Major Suppliers for the EU-28 

It is obvious that the EU-28 depend on natural gas supplies. Moreover, these import needs 

have existed for many decades and already led to the construction of a large import pipelines 

since the 1970s. To illustrate the growing import capacities, Figure 17 illustrates the devel-

opment from 1970 to 2015, clustered by gas sources (a) and by supply destination (b)65.  
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a) History development of import capacities, clustered by start of pipeline 

 
65 For more insights, a detailed list of 26 major pipelines and their characteristics concerning start and 
end country, capacity, length, and year of commission is provided in the Appendix in Table 33. 
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b) History development of import capacities, clustered by end of pipeline 

Figure 17: Development of import capacities, clustered by a) origin and b) destination 
Source: Own illustration, based on own research.  

The development can be classified in three waves. In a first wave, starting from 1960 

to 1985, the first pipeline connections from Russia to Eastern Europe (Brotherhood, Soyuz, 

and Yamal pipeline system) and from Norway to Central Western Europe (Norpipe and 

Vesterland pipeline) have been constructed. Especially the transit route via Ukraine was an 

important issue, as the Ukraine owns the highest gas storage capacities and can balance the 

seasonal demand in Europe and the steady gas production in Russia. Additionally, during the 

first wave a smaller pipeline from Algeria to Italy (Trans-Mediterranean-Pipeline) with an 

annual capacity of 12 bcm was built.  

In a second wave, up to the year 2000, new additional pipelines from Russia (Yamal-

Europe) and Norway (i.e., Europe-I, Europe-II), but also from North Africa (Maghreb Eu-

rope Pipeline) were built, resulting in a total import capacity of more than 300 bcm in 2000. 

The third wave referred to a time from 2000 to 2015 and comprises the building of gas pipe-

lines from Russia (Yamal-Europe Pipeline, Nord Stream I) and Norway (Langeled pipeline) 

coming up to a total import capacity of 424 bcm in 201566. 

For this thesis and for modelling the European gas market, the focus will be on the ag-

gregated cross-border pipeline capacity between two neighboring countries. This aggregation 

allows a reduction of the grid complexity, while the results have a sufficient accuracy for 

analyzing the security of supply on a country-specific level. Since 2015, further gas pipeline 

projects are discussed and announced, that can be distinguished in three areas: The Southern 

Gas Corridor, the new Russian gas pipelines, and the connections to MENA countries. The 

detailed consideration of these pipeline projects allows the definition of the accurate cross-

border capacities for the model. For that reason, the pipelines in these four areas are briefly 

discussed afterwards. 

 
66 The here stated 424 bcm differ slightly from the initial assumption of 488 bcm discussed in Figure 
12. The explanation is twofold. Firstly, the discussion here treats the Ukraine as the destination of 
imports, while actually the Ukraine itself owns even larger export capacities to the EU-28. Further-
more, Holz et al. (2014) overestimates Norwegian export capacities by almost 30 bcm, compared to 
other sources (e.g., Krämer (2011, p. 4822)).  
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4.2.1.1 The Southern Gas Corridor and the Caspian Region 

The Caspian Region comprises non-Russian gas sources, mainly in Azerbaijan (Shah Deniz 

gas field), Turkmenistan, but also Iran in the distant future. In this context, the Southern Gas 

Corridor (SCG) is a classification of the European Commission in the context of their pro-

jects of common interests (PCI) and comprises upstream development and three pipeline 

projects, in particular the development of the second stage Shah Deniz gas field, the South 

Caucasus Pipeline Expansion, the Trans-Anatolian Pipeline (TANAP) and the Trans-

Adriatic Pipeline (TAP) (Roberts, 2018, p. 6f). Further extensions of the Southern Gas Cor-

ridor might include natural gas supplies from the Middle East (ME), in particular by Iran, 

one of the world’s largest holder of gas reserves, by using Turkish transit routes, TANAP 

(Sadeghi, Horry and Khazaee, 2017). 

The Southern Gas Corridor provides new opportunities for diversifying the existing 

gas supply. This holds for South Eastern Europe. Consequently, these pipeline projects are 

considered as expansion options in this thesis and in the developed European gas market 

model. 

4.2.1.2 New Pipelines from Russia: Turk Stream and Nord Stream 2 

After 2010, two competing projects are discussed: The South Stream and the Nabucco (as 

part of the SGC) pipeline project. While South Stream was a new pipeline project through 

the Black Sea to connect Russia and Bulgaria, the Nabucco pipeline project focused on the 

connection of Caspian gas sources with European gas markets. Both projects are extensively 

discussed in the literature (e.g. Dieckhöner, 2012; Chyong and Hobbs, 2014). In general, the 

analysis found that both pipeline projects could have an impact on the security of supply in 

Europe, while the contribution of South Stream mainly depends on future Ukraine transits. 

Driven by the Russian-Ukraine conflict, new gas transit ways from Russia via Turkey 

to Greece are planned. In particular, the Turk Stream (also called: Turkish Stream) with a 

capacity of 31.5 bcm was announced to be in operation in 2019 (Berk and Schulte, 2017). 

Indeed, in January 2020 the pipeline has started with gas supplies (South Stream Transport 

B.V., 2020). With the stop of the South Stream and Nabucco project, the Turk Stream pro-

vides new opportunities, but also challenges as discussed by many authors. Berk and Schulte 

(2017) point out that on the one side Turkey could turn into an important natural gas transit 

country, while on the other side the need for a Southern and Eastern European regional ap-

proach for the infrastructure development is highlighted by Hafner and Tagliapietra (2015), 

in order to deliver Russian gas from the Turkish-Greek border to EU-28 markets. Mitrova et 

al. (2016) study different scenarios with and without the construction of Turk Stream and 

show that the general gas supply mix will always include a significant share of natural gas 

from Russia. 

Besides the discussions on new gas pipelines through the Southern gas corridor, a ma-

jor pipeline project comprises the connection from Russia through the Baltic Sea to Germa-

ny, called Nord Stream. The Nord Stream 1 comprises two pipeline strands with an annual 

capacity of 55 bcm and is in operation since 2011 (first strand) and 2012 (second strand). An 

increasing of this capacity by additional annual 55 bcm is summarized within the project 

Nord Stream 2 (Hecking and Weiser, 2017). This project is currently under construction and 

part of political discussions (cf. Chapter 3.3).  

There exists a broad literature on the economic benefit on the Nord Stream 1 and Nord 

Stream 2. One strand of the argumentation highlights that Nord Stream 2 is an economic 

project with benefit for the EU-28. In particular, when LNG is scarce, the Nord Stream 2 

pipeline can increase welfare of the EU-28, due to 12%-32% lower gas import prices com-
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pared to a situation without Nord Stream 2 (Hecking, 2017). However, other authors admit 

that Nord Stream 2 cannot completely replace Ukraine transits (Eser, Chokani and Abhari, 

2019). On the other side, Neumann et al. (2018) argue that there is no need for an increased 

capacity on the Nord Stream route and that this project will divide the EU-28 into two camps 

(cf. Łoskot-strachota, Bajczuk and Kardaś, 2018). 

Against this backdrop, this thesis contributes not only to continuing the analysis of the 

importance of Nord Stream pipelines, but also by considering diversification strategies 

against Russian gas supplies (cf. Chapter 6.2.3). 

4.2.1.3 Pipelines from North Africa 

North African (NA) countries are well connected to the European gas pipeline system. In 

particular, Algeria, the second largest African gas producer, has several connections 

throughout the Mediterranean Sea (cf. Timmerberg, 2019). The Trans-Mediterranean pipe-

line is the largest pipeline with an annual capacity of 33 bcm connecting Algeria and Italy 

via Tunisia. Additionally, two pipeline connections to Spain exist. The direct link, Medgaz 

(8 bcm/a), and a second connection via Morocco, the Maghreb-Europe pipeline (12 bcm/a). 

The Algerian gas production declined during the last decade and further supply growing lack 

insufficient investments (Ouki, 2019). On the other side, Algeria’s position as a gate to the 

European gas market may improve in future even more, if the largest African gas sources, in 

Nigeria, would be linked to the Algerian gas pipeline system. The Trans-Saharan Gas Pipe-

line is a 4400 km pipeline project that is supposed to connect Nigerian gas fields via Niger 

and Algeria with the European gas market at the Spanish coast (Odumugbo, 2010). The pro-

ject is discussed for almost two decades, but is still at an early stage of development, mainly 

due to regional conflicts (ESI Africa, 2018). 

Libya’s gas reserves amount to around one quarter of Algeria’s reserves. The Green-

Stream pipeline connects Libya and the south of Italy and provides an annual capacity of 8 

bcm. In 2011, the gas supplies were disrupted for 8 months due to the civil unrest during the 

Arabic Spring and affected not only the Italian, but also the Central Wester European gas 

market, i.e., Germany and Austria (Nick, 2014; Flouri, 2015). 

Egypt recently explored new offshore gas fields in the Mediterranean Sea and might 

be a potential new supplier for Europe, most probably for LNG supplies, as, so far, no pipe-

line connection to Europe exists. Furthermore, an interregional integration is planned with a 

pipeline connection between Cyprus and Egypt (Ruble, 2017). 

The pipeline connections that have been in operation in 2015 are also considered with-

in this thesis and in the developed model. Furthermore, the analysis of North African pipe-

line capacities shows that these gas supplies contribute significantly to meet the European 

gas demand in the south of Europe. Consequently, an analysis of a supply shock from North 

African gas supplies is considered in the scenarios for sharpening the picture on the security 

of supply situation for Europe (cf. Chapter 6.3). 

4.2.1.4 East Mediterranean Gas Corridor 

Besides Egypt, also Israel, Cyprus, Lebanon, and Turkey have made new gas explorations in 

the Eastern Mediterranean Sea, since the beginning of the 2010s. One of the largest fields 

that has been found is called the Leviathan gas basin (Ruble, 2017). The question whether 

these gas resources will enter the European gas market is controversial discussed. Shaffer 

(2011) argues that Israel will supply rather neighboring countries, in particular Jordan, than 

become a new supplier for the European natural gas market. Dickel et al. (2014) compares 

Israel’s export potential of 440 bcm up to 2040 and the expectations of future European gas 

prices, concluding that no Israeli gas supplies are expected in the European gas market be-
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fore 2020. However, due to further gas field explorations, a pipeline connection from the 

East Mediterranean Sea (Israel) to the European gas hub (Italy), EastMed67 pipeline, was 

classified as a PCI in the context of the SCG (European Commission, 2018, p13). The con-

tribution of such a new pipeline for the European security of supply is discussed by Ruble 

(2017), who argue that the EU-28 could benefit by imports through the East Med pipeline 

due to an increased diversification in their supply structure. Latest commitments of the states 

Israel, Greece, Cyprus, and the USA established the next step of connection these gas re-

sources with European gas consumers (U.S. Department of State, 2019). 

For the European gas market, this gas supply option plays a minor role for providing 

additional security of gas supply. Furthermore, it can be expected that the unsolved owner-

ship relations for the Mediterranean gas sources will lead to further controversies. In the 

context of this thesis and for the model representation, the contribution of the East Mediter-

ranean Gas Corridor is neglected.  

4.2.2 Transmission Pipelines in Europe and Important German Pipelines 

The EU-28 is well connected to neighboring gas suppliers by both, LNG routes and trans-

mission pipelines. The inner European gas pipeline system enables an efficient distribution 

of gas resources among the Member States. This assumption allows the model approach in 

the European gas market model of reducing the pipeline capacity consideration on cross-

border pipeline connections for analyzing the gas supply within Europe. In opposite there-

fore, congestions within a country are not depicted by using this approach. However, accord-

ing to the level of European gas pipeline integration, there exist major differences concern-

ing two regions in Europe, between the well-connected Western Europe and the less con-

nected Member States of Eastern Europe68. With regard to future gas transits through the 

Southern Corridor and, in particular via Turkey, the market integration of the South East 

European gas market as well as a number of connecting pipeline projects69 gain in im-

portance (ENTSO-G, 2017a; Bowden, 2019; cf. Cohen, 2019, p. 42f). 

Since 2009, the European gas pipelines process is coordinated in the non-binding 

TYNDP organized by the ENTSO-G (ENTSO-G, 2015, 2017b). Based on common scenari-

os, the grid operators provide a data collection of existing and planned infrastructure projects 

including an assessment in accordance with future gas market trends. Recently, the discus-

sion in the context of energy transition and decarbonization has led to an extended scenario 

report for the upcoming TYNDPs in cooperation with the ENTSO-E, the European Network 

of Transmission System Operators for Electricity (ENTSO-E, 2020). 

Natural gas market models often focus on gas interconnectors between markets that 

are mainly located at the country borders, and thus are subject of discussion in terms of con-

gestion management. Besides these cross-border analyses, congestions within countries and 

market areas might occur and lead to challenges that are often not covered in gas market 

models. However, interregional congestions should be considered when it comes to a higher 

degree of sector-coupling between the gas and electricity sector. This issue is discussed in 

 
67 The EastMed pipeline is designed to have exit points in Cyprus, Crete, Greece and finally Italy with 
an initial planned capacity of 10 bcm (cf. Cohen, 2019, p. 22). 
68 A detailed list about aggregated pipeline capacities between EU-28 Member States and import is 
provided in the Appendix in Table 34. The list builds the data base for developed gas model 
GAMAMOD-EU, described below in Chapter 0. 
69 The discussed pipeline projects for connecting the South Eastern European gas are as follows: The 
Interconnector Turkey-Greece-Italy (ITGI – Poseidon), the Trans-Adriatic Pipeline (TAP), the Ionian 
Adriatic Pipeline (IAP), the Interconnector Turkey-Bulgaria (ITB), the Interconnector Greece-
Bulgaria (ICGB), and the interconnector between Bulgaria-Romania-Hungary (BRUA) (Cohen, 2019, 
p. 42f). 
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Chapter 8 in more detail and against this backdrop, the focus shifts in the following from the 

European to the German gas pipeline infrastructure. 

Germany, as one of the largest EU-28 gas consumers, has direct access to eleven 

countries for both, importing and providing transit, mainly for Russian gas coming from the 

East and transporting to customers in Western Europe. Table 8 lists the most important 

transport gas pipelines within Germany. Since the 1970s, the below listed pipelines were 

constructed. As Germany becomes more and more a transit country for Russian gas, through 

the construction of Nord Stream 1 and Nord Stream 2, further pipeline expansions are under 

construction.  

This holds also for the inner-German network planning and the grid operators have es-

tablished a process to determine the demand on new pipelines. This process is organized in 

an every two-years updated network development plan, also called “NEP Gas” (FNB Gas, 

2018). Within the NEP Gas, all German TSOs have to explain their planned projects accord-

ing to their pipeline system. Furthermore, they have to calculate coordinated scenarios. The 

NEP Gas considers the next ten years and tries to anticipate future challenges. For example, 

in the wake of the objective to create a European Energy Union reverse flows will gain in 

importance, to reroute gas volumes not only from East to West, but also from West to East. 

Two important German pipelines that are recently in the focus are the EUGAL70 and the 

TENP71 pipeline.  

Table 8: Major German gas transport pipelines 

Name Main gas 
source 

Capacity72 
[bcm/a] 

Length 
 [in 
km] 

Comment 

EUGAL[1]:  
Europäische Gas-
Anbindungsleitung 

Russia (RU) 55 480 In parallel to OPAL; 
partly in operation since 2020 

JAGAL[2]:  
Jamal-Gas-
Anbindungsleitung 

Russia (RU) 28 338 Connects JAMAL pipeline from 
the polish border with the 
STEGAL 

MEGAL[3]:  
Mittel-Europäische Gas-
leitung 

Russia (RU) 22 1,115 Connects the Czech and Austrian 
with the French gas system 

MIDAL[2]:  
Mitte-Deutschland-
Anbindungsleitung 

Norway (NO) 12.8 679 Connects the north and the south 
of Germany; it is connected to 
STEGAL 

NEL[4]: Nordeuropäische 
Erdgasleitung 

Russia (RU) 20 441 Connects Nord Stream pipeline 
with the MIDAL and Rehden-
Hamburg pipeline 

NETRA[5] 
Norddeutsche Erdgas-
Transversale 

Norway (NO) 8 341 Connection to natural gas form 
Norway 

OPAL[6]:  Russia (RU) 35 470 Connects Nord Stream pipeline 

 
70 The EUGAL pipeline, which runs in parallel to the OPAL pipeline with a maximum capacity of 
55 bcm/a and a total length of 480 km, is under construction. The pipeline is fully in operation since 
April 2021(GASCADE Gastransport GmbH, 2021). The main purpose concerns the task of transport-
ing additional Russian gas imports that are imported via the Nord Stream 2 pipeline. At the same time, 
maintenance of the existing pipeline system plays an important role. 
71 The TENP pipeline, located in the South-West of Germany, a high importance for the security of 
supply in Baden-Wuerttemberg and Switzerland. Due to corrosion damages at one strand of TENP, 
50% of the total transport capacity is decommissioned, since 2017. This situation poses a threat for 
gas supply disruptions, thus, the German TSO’s calculated an additional scenario in their draft of the 
network development plan (cf. FNB Gas, 2018, p. 51 f.) 
72 Average annual capacity based on operator’s publicly available technical information on pipeline 
diameter and pressure.  
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Ostsee-Pipeline-
Anbindungsleitung 

with the Czech gas system 

RHG[2]:  
Rehden-Hamburg pipe-
line 

Gas storage 
Rehden 

8 132 A branch of MIDAL in the area 
of Hamburg; connection to the 
gas storage Rehden 

STEGAL[2]:  
Sachsen-Thüringen-
Erdgas-
Anbindungsleitung 

Russia (RU) 8 314 East-West pipeline; connection 
to MIDAL, OPAL and JAGAL 

TENP[7]:  
Trans Europa Naturgas 
Pipeline 

The Nether-
lands (NL) 

18.5 500 Transporting natural gas from 
the Netherlands to Southern 
Germany and Switzerland 

WEDAL[2]: Westdeutsch-
land-Anbindungsleitung 

Belgium 
(BE)/ 
Russia (RU) 

8 321 Connection between the Belgium 
gas network and MIDAL 

Source: Own research based on [1]GASCADE Gastransport GmbH (2016), [2] GASCADE Gas-

transport GmbH (2019), [3]GRtgaz Deutschland GmbH (2019), [4]NEL Gastransport GmbH (2019),[5] 

Open Grid Europe GmbH (2019) [6]OPAL Gastransport GmbH (2019), [7]Fluxys TENP GmbH (2019). 

The coordinated scenarios of the NEP gas consider the challenges of the European gas 

market transition, in particular concerning changing supply structures. Moreover, the need 

for action increase to rebuild not only the German, but also the inner European gas transmis-

sion system, as discussed above. Rerouting of gas flows increase the need to enable reverse 

flows and to extend transmission capacity among the EU-28 Member States. The European 

Commission recognizes the importance of this rebuilding process and supports single infra-

structure measures in their list of Projects of Common Interests. 

4.2.3 Projects of Common Interests in the European Gas Market 

The European Commission promotes projects that show a gross benefit for the EU-28 but 

cannot be financed on a national or private level, summarized in the list of projects of com-

mon interests (PCIs). The main criteria for a PCI are a significant impact on energy markets 

in at least two EU-28 countries as well as a contribution to the EU-28’s energy security by 

increasing energy competition, diversifying sources and support the achievement of the EU-

28’s climate and energy goals. The regulation on guidelines for trans-European energy infra-

structure (Regulation (EU) 347/2013) creates the regulatory framework for PCIs. Thereby, 

PCIs are proposed in all energy sectors, for electricity, oil, natural gas, smart grids, and CO2. 

Furthermore, the regulation is accompanied by a specific PCI list that is every two years 

updated and lists all single infrastructure projects.  

In the context of natural gas markets, the PCI list is an important indicator as it high-

lights gas infrastructure projects and increases the economic and political attention of them. 

Conversely, regarding the developed model in this thesis, it is possible to analyze the need 

for additional gas infrastructure and these results can contribute to the political discussion 

and support for projects, such as listed as PCIs. 

The 4th PCI list is from October 201973. Table 9 provides a collection for major docu-

ments for PCIs provided by the EU-28 institutions as well as secondary sources about select-

ed PCI analysis in academic literature74. PCIs for natural gas are classified in developing 

 
73 In 2021, the European Commission is in the process to develop the 5th PCI list that is also influ-
enced by the question of which infrastructure projects will support the European Green Deal and the 
obligations of the Paris climate agreement. 
74 A list of single PCIs according to the considered countries and planned capacity as well as an com-

parison Krotek et al. (2018) and Kiss et al. (2016) who consider PCIs in their scenarios is provided in 

the Appendix in Source: Own assumptions based on ENTSOG (2016). 
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upstream, gas pipelines, terminals for LNG, storage facilities, compressor stations and 

strengthening for reverse flows (European Commission, 2021b). In addition, PCIs are clus-

tered priority corridors that summarizes single infrastructure projects. The reason for cluster-

ing is because of their characteristic, which means that single projects are rather independent 

PCIs that are needed to address a specific bottleneck or rather competing PCIs that address 

the same bottleneck. For the latter projects, only one alternative has to be implemented. The 

priority corridors 5 to 8 clusters gas infrastructure projects as follows:  

 (5) “NSI West Gas” - Priority Corridor North-South Gas Interconnections in West-

ern Europe 

 (6) “NSI East Gas” - Priority Corridor North-South Gas Interconnections in Central 

Eastern and South Eastern Europe 

 (7) “SGC” – Priority Corridor Southern Gas Corridor 

(8) “BEMIP Gas” Priority Corridor Baltic Energy Market Interconnection Plan in Gas 

In 2013, 55 gas projects were listed as PCIs. In contrast, there are only 18 gas PCIs left in 

2019. One reason for that is that some PCIs have already been implemented, e.g., the Bal-

ticconnector that has been finished in the summer of 2019 and connects Estonia with Finland 

(European Commission, 2019c). Other reasons are the reevaluation processes of PCIs due to 

new data that lead finally to a cancellation from the updated PCI list75. However, not all pro-

jects that are listed as a PCI have proofed their cost-benefit and a discussion about the need 

of these projects is ongoing. An extensive case study is done by Krotek et al. (2018). They 

use four different gas market models to analyze the benefit of selected projects76. In contrast, 

Kiss et al. (2016) focus on the price effect of seven pipeline projects in Southern and Eastern 

Europe. Both studies find that only a small number of projects are likely to have a positive 

effect on the regional welfare. Other authors state that most of gas infrastructure projects on 

the 4th PCI list are unnecessary regarding security of supply (Artelys, 2020, p. 3)77. 

 

 

Table 35. 

75 One example is the pipeline project MIDICAT (PCI No. 5.5.1) that was supposed to extend the gas 
capacity between Spain and France and that is no longer considered as PCI in the latest version of the 
list, most probably due to the fact that the there was never a commercial need for this pipeline, as 
Heather (2019, p. 24) states. 
76 Krotek et al. (2018) use the second PCI list from 2015 and exclude projects that have no effect on 
cross-border capacities, projects that connects new gas markets and stand-alone reverse-flow projects. 
Finally, they end up with a list of 18 project clusters (GAS_01 to GAS_18). 
77 With regard to Germany only one PCI is mentioned in the 4th list, namely the project (5.10) Reverse 
flow interconnection on TENP pipeline in Germany (FNB Gas, 2018). 
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Table 9: Major sources for PCIs in the European gas market  

Source Name Corresponding Author Year Comment  
Primary Sources   
 Regulation (EU) 

347/2013 
EP, EUCO 2013   

 1st list of PCIs (full list) EC 2013 55 gas projects are 
listed 

 

 2nd list of PCIs (update) EC 2016 58 gas projects are 
listed 

 

 3rd list of PCIs (update) EC 2018 28 gas projects are 
listed 

 

 4th list of PCIs (update) EC 2020 18 gas projects are 
listed 

 

 PCI – Interactive map EC 2021   
Secondary sources  
 Central and South East-

ern Europe 
Kiss et al. 2016   

 South-East Europe and 
Turkey 

Cohen 2019   

 Southern Corridor GRIP ENTOS-G 2017   
 Iberian Gas Hub Study Heather 2019   
 Case Study on PCIs Krotek et al. 2018   

Source: Cohen (2019), European Commission (2013, 2016, 2018, 2020a, 2021b), ENTSO-G (2017a), 

European Parliament and European Council (2013), Heather (2019), Kiss et al. (2016), and Krotek et 

al. (2018) 

Besides security of supply, an overall objective should be also the internal market in-

tegration within the EU-28. However, many pipeline projects focus rather to national self-

interests. This is in line with two major critic points on the process of how infrastructure 

projects become a PCI. The first point criticizes the impact of gas grid operators, organized 

within the ENTSO-G, and who provide all information as non-independent organization. In 

fact, the ENTSO-G creates the scenario frame for the TYNDP that builds the base for the 

assessment of proposed PCIs. This interdependence might lead to an overestimation of infra-

structure need. Secondly, proposed PCIs lack an integrated assessment among electricity and 

gas sector. With regard to sector-coupling technologies as power-to-gas, power-to-heat and 

power-to-liquid, a common scenario framework for gas and electricity is needed (cf. Artelys, 

2020; Schittekatte et al., 2020). The criticism seems to be taken on board and in a first step 

ENTSO-E and ENTSO-G published a joint scenario report with their TYNDP 2020 

(ENTSO-E, 2020). 

Within this thesis as an extension of the existing academic literature, the European gas 

market model includes the option of an endogenous infrastructure expansion by considering 

gas market uncertainties. The implementation is not done on a project level, but by consider-

ing capacity expansions on an aggregated level per country (for storages and LNG import 

terminals), resp. aggregated cross-border pipeline capacities (cf. Chapter 5.4). This approach 

also allows conclusions about the need for projects, listed as PCIs.  

4.2.4 Technological and Environmental Aspects of Gas Pipelines  

The development of gas market models needs an abstraction of the reality, for example in 

terms of technical representation. The level of abstraction depends on the research question. 

This Section focuses at first on technical aspects of gas transports that can provide a guide-

line for the representation of gas transport aspects in gas models. Furthermore, it is crucial to 

understand the technical aspects of gas transportation to evaluate the climate impact of long-

distance gas transports. Therefore, the environmental perspective gas transport is discussed 

afterwards.  
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Technical aspects of gas transport 

For models that do not consider only cross-border connections between market areas but also 

the physical pipeline system, it is important to consider a higher degree on technological 

characteristics. From a techno-economic point of view two kind of network elements are 

relevant for gas network models, namely transmission pipelines and compressor stations 

(ACER, 2015b, p. 12). 

A pipeline can be characterized by a diameter and pressure level, e.g., 1400 mm and 

100 bars, resulting in a maximum capacity of natural gas that can be transported through the 

pipeline. Pipelines connect natural gas suppliers and customer via onshore and offshore con-

nections, i.e., through the North Sea and the Baltic Sea. The natural gas flow direction in a 

pipeline is oriented by differences in pressures, following the direction from high to low 

pressure levels. Transporting gas in pipelines causes gas losses, due to pipeline leakages and 

losses of pressure over distances, due to gas friction. The loss of pressure can be neglected if 

it amounts less than 5% and this is mostly the case in low pressure networks. In opposite, the 

loss of pressure is relevant for long distance transport pipelines and, thus, compressor sta-

tions are needed to keep the pressure level constant. Mostly, they are located every 100 to 

200 km along the gas transport pipeline (cf. Cerbe, 2008, pp. 139 f, 243). Compressor opera-

tion is based normally on natural gas that can be interpreted as self-consumption. However, 

efforts for reducing gas consumption in the gas transporting sector leads to re-investments in 

electricity-based compressor stations that can be operated with renewable energy-based elec-

tricity. Pipeline leakages and gas fuel for compresses can be interpreted as transport losses 

and in total 0.22% losses over 100 km can be assumed for modelling purposes (Egging, 

2008). 

Environmental aspects of gas transport 

Climate impact of gas transportation is a widely discussed topic in the academic literature 

and gains in importance as in 2020 the European Commission announces its EU strategy to 

reduce methane emissions (European Commission, 2020b). While the usage of natural gas in 

power plants causes less CO2-emissions compared to other fossil fuels, leakages in transport 

pipelines lead to losses of methane (CH4) that have a stronger impact on the greenhouse gas 

effect than carbon dioxide78. 

Some authors have concentrated on actual methane emissions in the gas industry and 

their contribution to the greenhouse gas effects. In particular, they have focused on pipeline 

leakages in Russian gas pipeline system (Lelieveld et al., 2005; Lechtenböhmer et al., 2007; 

Lechtenböhmer and Dienst, 2010; Shaton, Hervik and Hjelle, 2020), but also in Germany 

(DVGW, 2019).  

In this context, the question arises, whether long-distance gas supplies and usage may 

lead to more total greenhouse gas emissions than using domestic lignite or imported hard 

coal in German power plants. As this thesis discusses the future of the natural gas market, it 

is also important to reflect the aspect whether natural gas imports and gas applications really 

contribute to reduce greenhouse gas emissions compared to fossil alternatives. For that rea-

son, a first assessment is provided.  

 
78 To make the different effects of CO2 and CH4 comparable, the IPCC assessment uses the global 
warming potential (GWP) factor that depends on the respective time horizon. The time dependence is 
because methane’s impact on global warming is stronger but for longer time horizons methane de-
composes and carbon dioxide remains in the atmosphere. For a time of twenty years the GWP20 
amounts 86, while the GWP100 amounts only 28 (Lelieveld, 2005; thinkstep, 2017). The analysis in 
this thesis uses the GWP100 as the greenhouse gas effect is considered as a long-term phenomenon. 
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Table 10 presents an exemplary calculation on the comparison of using hard coal, lig-

nite, and Russian or Australian natural gas. The objective of this calculation is to compare 

life cycle greenhouse gas emissions, from fuel exploration up to power generation, between 

carbon intensive domestic fuels (hard coal and lignite) and fuels with low carbon emissions 

that have to be imported (natural gas).  

Table 10: Calculation example of greenhouse gas emissions for coal and gas 

  Coal  Gas  
  Hard coal Lignite   
Production emissions      
…Fuel source  Australia Germany Russia Australia 
…CO2eq-emissions [g/kWhel] - - 10.19 59,77 
Transport emissions      
…Transport route  via rail no via pipeline [1] via LNG [2] 
…CO2eq-emissions [g/kWhel] - - 32,60 135,16 
Power generation [3]      
…CO2eq-emissions [g/kWhel] 847.00 1,148.00 382.00 382.00 
Total      
…CO2eq-Emissions [g/kWhel] 847.00 1,148.00 424,79 576,93 
      
Magnitude of error deviation for the sum of upstream[4] emissions to make gas comparable 
to hard coal    10 1.4 
to lignite    17 2.9 

Source: Own calculation, based on thinkstep (2017, p. 16) and the following assumptions: [1]Nord 

Stream 2 pipeline distance to Rotterdam: 4,166 km; [2]shipping distance from Queensland to Rotter-

dam: 22,000 km; [3] power plants efficiency: lignite 35%, hard coal 40%, and natural gas 53% (UBA 

(2018, p. 16)); [4] upstream emission here means the sum of production and transport emissions for 

gas. 

For producing and transporting hard coal and lignite no CO2-emission are assumed, as 

these fuels are solid and non-volatile. In contrast, the gas production in Russia and in Aus-

tralia leads to methane emissions that can be expressed in carbon dioxide equivalents 

(CO2eq). In addition, methane leakages for the transport of Russian gas for example via Nord 

Stream pipelines causes further methane emissions. The same holds for gas transportation 

from Australia via LNG shipping that causes losses in liquefaction and regasification facili-

ties as well as during shipping due to boil-off losses. Up to here, the natural gas production 

and transportation causes more greenhouse gas emissions than lignite or hard coal. The pic-

ture changes when looking at the application side. Due to a relatively high efficiency, the 

usage of natural gas in gas power plants is accompanied with less direct emissions 

(382 gCO2/kWhel) than burning hard coal (847 gCO2/kWhel) or lignite (1,148 gCO2/kWhel). 

Regarding the initial question and the gas value chain it can be considered that the total 

emissions of gas applications are much less than using hard coal or lignite. This result is 

independent from the considered gas source, although in this example the application of 

Russian gas leads to even less emissions than using Australian gas. 

It must be admitted that the data base for methane leakage rates in production and 

transportation is uncertain and it is hard to estimate the error deviation. Therefore, the fol-

lowing reflection estimates the magnitude of that error that would be needed to cause similar 

total greenhouse emissions of natural gas applications as using hard coal or lignite. As shown 

in Table 10, even if the assumed emissions for producing and transporting Russian gas were 

ten to 17 times larger, gas power plants would just cause similar emissions as power genera-

tion from hard coal or lignite. The difference between Australian gas and hard coal or lignite 

is smaller, and here the emission had to amount only 1.4 to 2.9 times larger than the actual 

assumed emissions. 
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To conclude, the assessment above focused on the German case and indicates that nat-

ural gas power generation induces less CO2eq-emissions compared to the usage of other 

fossil fuels. This holds although gas production and transport causes methane losses. Conse-

quently, this conclusion strengths the role of natural gas as an interim solution for transform-

ing the fossil-based energy system towards renewable energy sources. Nevertheless, the re-

placement of fossil-based gases towards decarbonized gases becomes the next step to 

achieve the objectives of the European Green Deal. 

4.2.5 Capital and Operating Expenditure of Pipelines 

Gas market models with the option to invest in infrastructure need data assumptions on capi-

tal expenditures (CAPEX) and operation costs (OPEX) for pipelines. There is only a sparsely 

data availability, and some authors developed approaches for estimating cost parameters. In 

general, it is difficult to estimate unit costs for investment and transportation as the effort to 

build and to transport gas on pipelines depend on many different aspects that are individually 

for each single pipeline, e.g., the terrain slope, number of compressors, size, and pressure 

level of the pipeline etc. The existing approaches and conclusions for this thesis are briefly 

discussed in the following. 

Natural gas pipelines are characterized by high capital expenditures (CAPEX). Hence, 

the building of long natural gas transport pipelines was historically strongly connected to 

take-or-pay contracts between suppliers and consumers, to share the investment risks. Now-

adays, new gas pipeline projects face the danger of becoming “stranded-assets”, as long-term 

contracts are more and more displaced by flexible short-term contracts and the future Euro-

pean gas demand is quite uncertain. Building long distance gas pipelines are individual pro-

jects and the transparency on cost data is limited. An overview about investments in trans-

mission pipelines, based on an expert team, is provided by ACER (2015b, p. 28 f). Another 

approach is proposed by Demierre et al. (2015), who discuss a simple pipeline cost model, 

based on empirical data. However, their approach depends on the data set of pipeline pro-

jects and it is questionable how the derived parameters can be made transferable to other 

world regions. 

The operating expenditure (OPEX) for transportation of natural gas are mainly driven 

by losses in pipelines and fuel costs for compressor stations that can be assumed between 

0.5% and 5%, depending on the length of the pipeline (Egging, 2008). This includes also 

annual maintenance costs. Due to technological differences, some authors distinguish trans-

portation costs for on- and offshore pipelines. A detailed discussion on transportation costs is 

provided by van Oostvoorn (2003) and Perlwitz (2007) supplements real industry data. In 

addition, transit fees can increase the variable transportation costs for single pipelines. For 

example, these fees occur for pipeline gas from Russia through Ukraine territories to the EU-

28. 

The academic literature shows different approaches for considering transportation 

costs resulting in a wide range of transportation unit costs. A common approach is using 

distance-based transport costs that range from around 180 to more than 2,000 EUR per GWh 

per 1000 kilometers for onshore pipeline transport and from around 1,100 to 5,900 EUR per 

GWh per 1000 kilometers for offshore pipeline transport (cf. Figure 18)79. The transportation 

costs in Lochner (2011, p. 94) are on the lower bound. One reason might be the explicit and 

implicit consideration of transition fees. For example, Egging et al. (2008) assume higher 

costs for pipeline transport from Russia to Turkey and Ukraine, mainly due to longer dis-

 
79 The original values as well as the assumptions to convert them into comparable units is documented 
in the Appendix in Table 37. 
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tances. Transition fees for pipeline gas through Ukraine are a relevant cost component. How-

ever, they are not a result of fundamental calculations but unpublished political negotia-

tions80.  

The model within this thesis neglects the consideration of transit fees due to the fun-

damental modelling approach and lack of available data. This should be in mind for the in-

terpretation of model results on gas flows as it is likely that transit fees lead to market distor-

tions. For the assumption on transportation cost, this thesis follows Lochner to keep consist-

ence with other assumptions made in thesis, e.g., volume of lost load assumptions that are 

also extracted from Lochner. 
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Figure 18: Assumptions on transportation costs via pipeline in academic literature 
Source: Own illustration, based on Lochner (2011, p. 94), Egging et al. (2008), Oostvoorn (2003, p. 

129), Hecking (2014, p. 132), Perlwitz (2007, p. 97), and Brito and Rosselón (2002, p. 83).  

4.3 Liquefied Natural Gas Infrastructure 

Global gas demand is mainly driven by Asian and European customers, while gas reserves 

are in many cases far apart from these demand hubs. As discussed above, the transport dis-

tance is the main parameter for the choice of transport technology, i.e., pipeline or LNG 

shipping (cf. Figure 20). While for shorter distances pipeline transport is preferred, longer 

distances can be covered by LNG shipping. The following section provides an overview 

about the status of LNG infrastructure for Europe and estimates costs that can be assumed 

for investments and operating LNG facilities. 

4.3.1 Liquefaction, Regasification and Shipping Capacities in the EU-28 

Due to an increased share of natural gas in the world energy mix, LNG infrastructure in-

creased during the last decades. In 2017, LNG trading accounted for almost 33% of global 

gas trade, mainly driven by new LNG exports from the USA and Australia (IEA, 2018, p. 

10). In 2018, the LNG export was available in 20 countries81, while the number of LNG im-

porting countries totals 42 (International Group of Liquefied Natural Gas Importers 

 
80 A leaked version of negotiations for Ukraine transit fees in 2010 shows price levels of USD 1.9 per 
1,000 cubic meter per 100 km (Bros, 2016). Further estimations can be found in Stern (2006) and 
Pirani and Yafimava (2016). 
81 This is a strong increase compared to 2004, where 12 countries produced LNG (Cerbe, 2008, p. 13). 
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(GIIGNL), 2019, p. 4). For that reason, the future gas system in Europe could also consider 

the development of liquefaction capacities from important export countries, world shipping 

capacities as well as European regasification capacities to diversify its gas supply. LNG’s 

ability of providing flexible gas supplies and, hence, diversification options is an important 

reason to consider the LNG infrastructure in this thesis and in the developed model. To guar-

antee an adequate representation, technical aspects of LNG are presented and discussed in 

the following. 

To organize an efficient transport of LNG, natural gas has to be liquefied. During this 

process, the gas is cooled down to a temperature of around -161°C and, thus, the gas volume 

is compressed down to 1/600 of the gas volume under standard conditions (Cerbe, 2008, p. 

14). This process is primarily done on onshore liquefaction facilities close to LNG export 

terminals. In addition, a rising number of smaller floating liquefaction natural gas projects 

are under development, due to the fact of lower estimated costs and permitting and regulato-

ry approvals compared to onshore projects (International Gas Union, 2017, p. 23).  

In general, LNG export terminals exist all over the world and are established first in 

countries that are far away from gas consumer hubs. New projects are proposed with a dy-

namic grow during the last decades. Currently, their total capacity amounts around 467 

bcm/a by the end of 201782. For the European market, only some suppliers are important and 

therefore the model in this thesis considers not the global LNG market, but all relevant LNG 

suppliers for the European gas market. 

A game changer in global LNG markets was the shale gas boom in the US during the 

early 2010s (cf. Richter, 2014). Beforehand, the US have been a net gas importer and possess 

LNG import terminals at its coastline. In the wake of shale gas explorations, a conversion of 

LNG import terminals to LNG export terminals took place83. Although Asian markets are 

characterized by higher gas prices, the US administration made efforts to export LNG from 

the USA to Europe. Latest negotiations between the European Commission and the US ad-

ministration announced further increases of US LNG imports to the EU-28 and a further 

development of US liquefactions and EU regasification infrastructure (European Commis-

sion, 2019d). For that reason, this thesis considers the USA in the model as an LNG supplier 

as well. 

For the EU-28, the most relevant LNG suppliers for EU-28 have been for a long time 

Qatar, Nigeria, and Algeria, while the dynamic LNG market has led to a shift of market 

shares to Russia and the United states in recent years84. Regarding the political discussions 

between the US administration and the European Commission, the proposed model in this 

thesis considers the USA as a future LNG supplier for the EU-28 gas market, while Russia 

with its large pipeline system is considered as a pure pipeline supplier. 

LNG shipping comprises technological aspects that impacts the economic efficiency. 

Differences for LNG shipping exist in the containment system (Membrane or Moss-type) 

and in the propulsion type (Steam Turbine, Dual Fuel Diesel Electric) that impacts transport 

costs (cf. Rogers, 2018). With an increasing spot market trading, flexible LNG ships gain in 

 
82 The highest liquefaction capacities are located in Qatar (105 bcm/a), Australia (90 bcm/a), Malaysia 
(40 bcm/a), Indonesia (34 bcm/a), Algeria (34 bcm/a), and recently also in the USA (27 bcm/a) (IEA, 
2018, p. 97). 
83 Since 2016, the USA exports LNG, from the Gulf of Mexico on the border of Louisiana and Texas 
(Sabine Pass), while four further facilities have been under construction (U.S. Energy Information 
Administration, 2016). 
84 In an updated version, the LNG supply structure changed significantly with supply shares from 
Qatar (28%), Russia (20%), the United States (16%) and Nigeria (12%) (European Commission, 
2020c)  
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importance for balancing price differences between US, European and Asian gas markets. 

Consequently, the total tanker fleet worldwide increased to a number of 563 vessels by the 

end of 2018 (International Group of Liquefied Natural Gas Importers (GIIGNL), 2019, p. 

14).  

So far, the majority of LNG trading depends on long-term contracts85, while the num-

ber of short-term86 contracts with flexible destinations remain on a low level with a share of 

25% of total traded LNG volumes (International Gas Union, 2017, p. 25). However, two 

main trends can be observed in LNG shipping that will cause further dynamics in global gas 

markets. First, it is expected than an increase in flexible destination contracting will be ob-

served. Second, the market will be seen an ongoing change from long-term to short-term 

contracts in LNG shipping (Hartley, 2015). Hence, for the future it can be assumed that there 

will be no capacity constraint on available vessels to ship natural gas from global suppliers to 

European customers. For that reason, the model in this thesis do not consider scarce capaci-

ties on LNG ships. 

After transporting the liquified gas via ships, another gas processing step is needed be-

fore it can be distributed to the final consumers. Regasification describes the process when 

the liquefied natural gas is unloaded from the LNG vessel and reinjected into gas storages or 

into the gas pipeline system. Regasification, or receiving terminals are located onshore or 

near shore on floating storage and regasification units (FSRU). While onshore terminals 

provide a permanent solution combined with long-term supply security, greater gas storages 

and lower OPEX, the alternative of floating storage and regasification units allows for fuel 

switching, greater flexibility in regions with space constraints and less CAPEX87 

(International Gas Union, 2017, p. 52). In EU-28, nine countries possess LNG regasification 

capacities in 2015, while only Lithuania operates a floating storage and regasification unit 

(cf. Table 11). It is expected that from the perspective of the European natural gas system the 

differences are low and, thus, this thesis does not consider any technical and economically 

differences but assigns both variants as LNG import terminals.  

It is likely that LNG import terminals contribute to reduce the dependence on single 

suppliers within the EU-28. Moreover, LNG import terminals provide the opportunity of 

receiving LNG from global gas suppliers. This holds for the EU-28 members in the Baltic 

States and Eastern Europe, where customers are highly dependent on Russian gas supplies. 

One example is the floating storage and regasification unit “Independence” in Lithuania that 

is located at the coast of Klaipėda and in operation since December 2014. By providing al-

ternative supply options, this LNG import terminal has reduced the dominant position of 

Russian gas suppliers in the region (Collins, 2018, p. 16; Schulte and Weiser, 2019). 

In general, regarding high LNG prices and a well-integrated pipeline system that con-

nects cheaper gas sources to the EU-28 gas market, it is not surprising that the utilization of 

the existing receiving terminal import capacity is moderate. In fact, only the capacities of 

France, Italy and Lithuania reached a utilization of more than 60% in 2016 (cf. International 

Gas Union, 2017, p. 48). Although the existing import capacities seem to provide enough 

 
85 A broad collection for long-term contracts in the natural gas industry from 1965 to 2014 is provided 
by Neumann et al. (2015). 
86 Short-term contracts are here defined by a contract duration of less than 2 years (International Gas 
Union, 2017, p. 15). 
87 Although less CAPEX, OPEX are higher for FSRUs than for onshore terminals. As charter vessels 
consider OPEX for their business case, this might be an advantage for onshore terminals (cf. 
International Gas Union, 2017, p. 53). 
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buffer for a LNG import increase, an ongoing discussion about new terminals is conducted88. 

There even exist plans to construct a German LNG import terminal and the most probable 

locations are near the cities Brunsbüttel and Wilhelmshaven89, as the European Commission 

announced (European Commission, 2020d), but at the time of writing this thesis there has 

been no financial investment decision for fulfilling these plans. Furthermore, the number of 

critical voices is growing that point out a possible gas lock-in that endangers the objectives 

of the German energy transition (Brauers, Braunger and Jewell, 2021).  

Table 11: LNG import terminals in operation and expansion options (2015) 

Country Number of LNG import termi-
nals  
(in 2015) 
[#] 

Yearly regasification capac-
ity  
(in 2015) 
[in TWh/a] 

Expansion op-
tion 
 (up to 2045) 
 [in TWh/a] 

Belgium 1 88 0 
Germany - - 230 
Estonia - - 30 
Spain 7 673 62 
France 4 208 108 
Greece 1 49 61 
Croatia - - 26 
Ireland - - 102 
Italy 2 144 80 
Lithuania 1 (FSRU) 39 - 
Latvia - - 50 
Netherlands 1 117 40 
Norway 2 (small) 1 - 
Poland - - 66 
Portugal 1 77 - 
Sweden 2 (small) 8 8 
United Kingdom 3 470 125 
Total EU-28 25 1,874 886 
Turkey 2 119 - 
EU-28 + Non-
EU 

27 1,993 886 

Source: Own calculation, based on Gas Infrastructure Europe (2019) and Kings & Spalding (2018). 

The gap between plans for LNG terminals and construction activities is also visible on 

the European level. Figure 19 shows the cumulated capacity of existing LNG import termi-

nals until 2015. Furthermore, a projection of future LNG import capacity is done, taking the 

projects that are already under construction (solid line with black dots) and, in addition, pro-

posed projects (grey dashed line) into account.  

 
88 In future, LNG import terminals for the EU-28 might be constructed in Croatia, Cyprus, Estonia, 
Germany, Ireland, Latvia, and Romania with a total capacity of 293 GWh/a and, in addition, LNG 
terminals are planned in Albania, Russia and Ukraine (King & Spalding, 2018, p. 29). 
89 On the 6th of November 2020, the potential investor Uniper announces that the planned LNG import 
terminal might focus on importing hydrogen in the long-term (Uniper, 2020). 
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Figure 19: Historical and planned LNG import capacities to the EU-28 
Source: Own illustration, based on Gas Infrastructure Europe (2019). 

The European LNG import capacities saw a sharp increase, starting from less than 100 

bcm in 2000 to more than 200 bcm in 2015. Regarding further announced projects and pro-

jects that are already under construction, a theoretical rise of LNG import capacity might 

take place in the upcoming years. However, many of the proposed projects are competitive 

to each other and, hence, it can be expected that the future capacity does not increase much 

above the black solid projection in the graph. For this thesis, the existing LNG import ca-

pacities from 2015 are considered in the model as a starting point. Furthermore, expansion 

options for all countries that have proposed LNG import terminals has been considered as 

well. 

In the discussion of gas transports, it is not obviously to decide which gas transport 

option is preferable, either via pipeline imports or LNG shipping. A comparison of different 

transport options show, that pipeline transport of natural gas is the cheapest option for short-

er distances. However, during the last decades, the shipping of LNG became more competi-

tive and before constructing new pipelines, an analysis of the cheapest supply options should 

be done. Basically, the transport costs can be illustrated as a function depending on the 

transportation technology and the transportation distance, as it is illustrated in Figure 20. 

Pipeline transportation is characterized by lower fixed and higher distance related 

costs, compared to LNG shipping. The reason for that is that for pipelines there is a need for 

compressor stations each 100 km, while variable transportation costs for LNG shipping are 

very low and only high costs for liquefaction and regasification occur. The interception of 

the dashed line for LNG transportation and solid line for pipeline transportation marks the 

break-even distance, where both technologies are indifferent. For a smaller transport capacity 

of 5 bcm per annum, LNG shipping is valuable for distance of more than 3331 km. In con-

trast, larger capacities, e.g., 20 bcm per annum, are cheaper to transport via pipeline up to 

5563 km (cf. Figure 20). By using the above-described cost parameters for pipeline and LNG 

infrastructure, the here discussed techno-economic characteristic is implicitly considered in 

the model of this thesis. 
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Figure 20: Transport costs for natural gas via pipeline and LNG 
Source: Own illustration, based on Schwimmbeck (2008). 

4.3.2 Capital and Operating Expenditure of LNG Shipping 

LNG trading enables flexibility, compared to high long-term investments in pipelines, for 

both, suppliers, and customers. Furthermore, LNG trading connects global gas hubs in North 

America, Europe and Asia and balances global gas prices (cf. Hauser, 2016). Hence, LNG 

suppliers can deliver gas to customers that are willingness to pay highest gas prices, current-

ly in South-East Asia and especially in Japan after the Fukushima disaster. For Europe, large 

investments are needed to establish an LNG import infrastructure that causes in addition 

large operation costs due to the energy intensive process of liquefaction and regasification. 

On the other side, the advantage of having the option to participate in the flexible LNG mar-

ket may justifies higher system costs.  

Databases on generalized and detailed cost parameters for LNG shipping are not 

available. With regard to academic reports, range of cost parameters and collections of pub-

lic available data are provided by Songhurst (2017, 2018) and the IGU (International Gas 

Union, 2017). Against this backdrop, the following section provides information and as-

sumptions on CAPEX and OPEX that built the base for the model parametrization in this 

thesis. 

LNG infrastructure can be clustered in liquefaction facilities (on-/ or offshore) for 

LNG production, LNG shipping, associated with different types of vessels, and receiving 

terminals, also called LNG import terminals. CAPEX estimations of these LNG infrastruc-

ture elements differ a lot, due to individual project conditions. An overview about cost com-

ponents is provided by the IGU (2017, pp. 25, 53) and listed in Table 12.  

Table 12: CAPEX for facilities on the LNG value chain  

Facility Unit Lower and/or 
upper cost bound 

Cost assumption 

LNG liquefaction Mio. EUR/TWh/n 34 up to 88 64 
LNG shipping Mio. EUR/TWh/n 164 up to 266 215 
LNG regasification Mio. EUR/TWh/n 5 up to 21 21 

Source: Own calculation based on IGU (2017, pp. 26, 43, 53) and Brauers, Braunger and Jewell 

(2021). 

The CAPEX in the LNG value chain relates to capacities for liquefaction (reported in 

US $ per ton LNG), for transporting LNG in vessels (reported in US $ per cubic meter), and 
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for regasification (reported in US $ per ton LNG). To make these costs comparable with 

other assumptions in this thesis, the numbers are converted into EUR per TWh for the ex-

pected lifetime n of the respective facility90.  

Liquefaction facility unit costs reported for greenfield and brownfield projects and 

amount 64 Mio. EUR/TWh on average. The average CAPEX for vessels transport capacity 

can be assumed with 215 Mio. EUR/TWh91. The cost assumptions for import terminals vary 

between more expensive onshore regasification and less expensive flexible floating and stor-

age regasification units. It might be that costs will decrease in future due to a high number of 

announced projects. However, project costs are very individually, and this thesis follows a 

conservative CAPEX assumption of 21 Mio. EUR /TWh that is based on the average histori-

cal costs, rather than on future expectations92.  

While CAPEX of LNG facilities is mainly driven by the project location and regulato-

ry frameworks, OPEX are driven by the technology that is used for liquefaction, the kind of 

vessel and its propulsion technology for LNG shipping, and the technology of regasification. 

Additional costs mark ups may incur due to transit fees, e.g., when the route passes the Pan-

ama or Suez Canal. To reduce the complexity of the technology variety within the LNG val-

ue chain, the sum of all single process steps is treated as a black box, named ‘LNG import’ 

within this thesis. Thus, OPEX for importing LNG includes cost components of all process 

steps in the LNG value change.  

Furthermore, it can be assumed, that costs for liquefaction and regasification are direct 

connected to the gas volume, while the shipping costs per energy unit are correlated with the 

shipping distance. For that reason, assumptions in the academic literature assume operating 

costs (in EUR) per unit (in GWh) for a transport distance of 1000 km. Figure 21 gives an 

overview about different assumptions in academic gas models. 
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Figure 21: Cost assumptions on operating costs of LNG shipping 
Source: Own illustration, based on van Oostvoorn (2003, p. 130), Perlwitz (2007, p. 97 f), Egging et 

al. (2008), Egging (2010, p. 89). 

 
90 The conversion in EUR/TWh assumes that 1 tonne LNG equals 14.57 MWh, 1 cubic meter of LNG 
equals 6.12 MWh, and a $ US / EUR ratio of 0.92. The lifetime of investments for LNG infrastructure 
can be assumed between 20 and 40 years (Brauers, 2021). 
91 The rise in costs in the latest years is a result of new requirements regarding icebreaker ships that 
will transport Russian gas in the Arctic sea. 
92 The reported costs refer to single LNG projects, but natural gas modelling requires an assumption 
on average costs per unit. Using average reported costs is one option that is applied in this thesis. 
Another approach is proposed by Rüster (2010, p. 50) who creates a cost functions for assuming unit 
costs. 
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It can be observed that the authors assume LNG shipping costs from 200 to more than 

450 EUR/GWh/1000 km. Following these assumptions, the model GAMAMOD-EU uses 

distance related operation costs. Therefore, distances from (potential) export and import 

countries are calculated93, resulting in 153 LNG routes. Therefore, two reference routes ac-

cording to the analysis of Rogers (2018) are assumed to estimate unit costs for the LNG 

transport. In addition, transition fees for the use of the Suez Canal and Panama Canal are 

assumed. 

An analysis of cost components for liquefaction facilities is provided by Songhurst 

(2018, p. 24 f), who point out the main OPEX components as fuel gas94 (58%) and mainte-

nance (24%), while consumables, personnel, tugs for vessels and insurances cover the re-

maining cost shares (18%). Furthermore, Songhurst (2017, p. 22) describes operating cost 

components of floating storage and regasification units95. A summary on liquefaction, regasi-

fication and LNG shipping assumptions is provided in Table 13.A detailed description of 

how the average costs are assumed can be found in the Appendix from Table 42 to Table 44.  

Based on these average costs, Figure 22 illustrates the resulting distance related linear 

cost function that is applied in GAMAMOD-EU. It shows the linear distance related cost 

function that is used to estimate LNG transport costs in GAMAMOD-EU. In addition, four 

sample routes show from important LNG suppliers (Algeria, Qatar, Peru, and the USA) to a 

major gas hub, the Netherlands, are depicted, to discuss differences in LNG transport costs. 

Liquefaction costs are the main driver for LNG shipping and, thus, the transport distance 

plays only a minor role for OPEX. But transitions fees for passing the Panama Canal or the 

Suez Canal can make an important difference for total shipping costs, which holds in 

GAMAMOD-EU only for supplies from Peru and Qatar. However, although Qatar has to 

pay high transition fees for the Suez Canal, Qatari LNG suppliers benefit from low produc-

tion costs. 

Table 13: LNG Operating expenditure (OPEX) 

Cost component Unit Lower and/or upper cost bound Average costs 
 

LNG liquefaction[1] Mio. EUR/TWh 2.96 – 4.03 3.50 
LNG regasification[2] Mio. EUR/TWh 0.32 – 0.87 0.60 
Reference sea route[3]   1,55 
Qatar to UK, 13,350 km EUR/GWh/1000 km 1,36  
USA to UK, 11,270 km EUR/GWh/1000 km 1,73  
Transition fees[3]    
Suez Canal Mio. EUR/TWh  0.39 
Panama Canal Mio. EUR/TWh  0.63 

Source: Own calculations, based on [1]Songhurst (2018), [2]Songhurst (2017) and [3]Rogers (2018). 

 
93 A detailed description on the assumed harbors per country and distances between LNG export and 
import countries is described in the Appendix C, Table 39 and Table 40. 
94 The component fuel gas costs depend on the liquefaction process and the assumed gas price, espe-
cially when electricity is produced on site. The self-consumption amounts 8-12 percentages of the 
feed gas. For this calculation, a gas price of 5 US $/mmbtu (16 EUR/MWh) is used (Songhurst, 2018). 
95 The OPEX are assumed as 2.5% of CAPEX plus the consumption of LNG to generate heat and 
power for the regasification process. For this calculation, an LNG price of $ 10/mmbtu (32 EUR 
/MWh) was assumed (Songhurst, 2017, p. 22). For a more in-depth study the updated version of the 
report is also recommended (Songhurst, 2019).  
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Figure 22: Linear cost function for LNG OPEX 
Source: Own calculation. 

4.4 Storage Infrastructure 

Gas storages are crucial in natural gas networks for providing energy security. This holds for 

countries that depend on gas imports and have a seasonal gas demand, e.g., Germany, where 

the gas demand correlates with temperatures due to heating purpose. The role of gas storages 

to ensure security of supply is analyzed by the European Commission (2015) and the balanc-

ing character of storages is summarized as an “insurance value”, as gas storages mitigate 

price effects in the short-term, when sudden supply disruptions occur. Against this backdrop, 

this Section provides an overview about gas storage capacities in the EU-28 and discusses 

technological and economic characteristics that build the base for the derivation of represent-

ing constraints for the gas market model that is introduced below in Chapter 5. 

The EU-28 depends on natural gas imports and the largest gas consumers, i.e., Ger-

many and Italy, but also important gas transit countries, i.e., Ukraine, own large storage ca-

pacities (cf. Figure 23). 
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Figure 23: Cumulated storage facilities per country in TWh 
Source: Own illustration, based on (Gas Infrastructure Europe, 2016). 
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Seasonal natural gas storages can be classified in three categories: filled or depleted 

gas fields, salt caverns and aquifers. Smaller gas storages, for example located close to LNG 

import terminals, are designed as spherical steel tanks store gas for a shorter time. Figure 23 

shows cumulated storage capacities for the nine largest gas storage countries96. Most coun-

tries use depleted gas fields, while Germany has also large capacities in salt cavern and 

France can use aquifer for storing natural gas. The largest cumulated gas capacities are in the 

Ukraine, Germany and Italy that yield in total a storage capacity of more than 757 TWh per 

annum respectively more than 54% of the total considered gas storage capacity for the EU-

28. 

According to the type of storage, technological characteristics differ that impacts the 

economics of gas storages as well. The reservoir rock of depleted gas fields is porously and 

drives the need for higher volumes of cushion gas97. Salt caverns are located underground as 

well, but they are characterized by gas impermeable rock. Aquifers transport groundwater 

through porous rocks and can store natural gas. 

These geological features impact the maximum working gas volume that can be stored 

and impact the injection and withdrawn rate of a gas storage. In general, the daily withdrawal 

rate increases up to a certain level in correlation to the increasing storage level. In contrast, 

the injection rate decreases with an increasing storage level. A detailed discussion and trans-

formation in mathematical equations is provided by Lochner (2011, p. 37 f) and the basic 

characteristics differences among storage types are depicted in Figure 24 below.  

New gas storages depend on appropriate geological formations and, hence, the poten-

tial for new gas storages is limited. The largest expansion potential exists for depleted gas 

fields and salt caverns in Italy, UK, and Romania (cf. Table 46 in the Appendix). CAPEX for 

storage expansion range between 66 and 112 TEUR/GWh, based on Lochner (2011, p. 87 

ff). The OPEX relates to the technological characteristic of storage types. Injection and with-

drawal need gas compression and compressors often operate by using parts of the stored 

natural gas. This usage can be interpreted as compressor losses for storage operations, and 

they are assumed with 3 percentages for both, injection, and withdrawal in accordance with 

Lochner (2011, p. 96). 
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Figure 24: Gas storage injection and withdrawal characteristics 
Source: Own illustration based on Lochner (2011, p. 39). 

 
96 The cumulated gas storage capacities of other countries comprise Czech Republic, Slovakia, Roma-
nia, Latvia, Poland, Denmark, Bulgaria, Belgium, Croatia, Serbia, Portugal, Ireland, and Sweden. 
Table 45 in the Appendix lists the capacities regarding the type of storage for all considered countries. 
97 Cushion gas in storages describes the volumes of gas that has to be injected into the storage at the 
initial beginning of storage operation, in order to create a cushion level for the working gas. This 
cushion gas cannot be withdrawn later. 
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Regarding future volatile gas demand patterns, it might be that injection and with-

drawal patterns will change. Another future challenges will be the integration of hydrogen 

into the gas network and into gas storages. Salt caverns are expected to be appropriate to 

store hydrogen, while depleted gas fields and porous rock storages are not yet ready for hy-

drogen (ENTSO-G, 2019a, p. 34). 

4.5 Ownership of Natural Gas Infrastructure 

The previous Sections have presented a discussion on infrastructure characteristics. Regard-

ing the objective of this thesis of analyzing the optimal infrastructure investment for an un-

certain future it is important to distinguish between two perspectives, the independent system 

planner, and the owner of the infrastructure. While the following discussion will be done 

from the perspective of an optimal system planer, two important aspects about ownership of 

infrastructure will be briefly discussed but neglected for the rest of the thesis. 

The European natural gas market is liberalized and the ownership of gas producers 

(upstream), transporters (midstream) and the gas distribution (downstream) is unbundled. In 

this context, the individual behavior of investors and owners and their strategic decisions 

might have an impact on the security of supply in future. In general, with regard to political 

uncertainties the question arises whether investors take the risk to build gas infrastructure 

with a lifetime of three to four decades, given the fact that there might be no need for fossil 

gas infrastructure after 2045 (cf. Scharf, 2020). 

Another aspect concerns the concentration of assets on single market players. In 2015, 

the strategic asset swap between BASF and Gazprom has Gazprom provided access to the 

largest gas storage Rehden, in Germany (BASF, 2015). Gazprom is an international, vertical 

integrated gas company based in Russia and owns important gas transit pipelines to the EU-

28. An extension of gas infrastructure portfolio of a major market player might create incen-

tives for strategic behavior and the question arise whether Gazprom will use its assets to play 

a strategic game. Gazprom’s engagement for Nord Stream II can be interpreted as answer of 

a strategic disadvantage, because of its dependence on Ukraine gas transit fees that impact 

the competitive position of Russian gas in the European gas market (Hecking and Schulte, 

2017). As European regulation requires an unbundling of producing, transport and trading 

gas, the investment of Gazprom in European gas infrastructure is criticized and the role of 

Gazprom in the European natural gas supply is questionable (cf. Holz, Engerer, & Kemfert, 

2014). The importance of gas market liberalization on the efficiency of markets is also high-

lighted by Gong (Gong, 2020) who find that privately-owned companies in gas-production 

and downstream activities are more productive than state-owned companies that, neverthe-

less, have to compete with private-owned firms. 

Private-owned or state-owned firms, both have to take the decision of infrastructure 

investments taking the uncertainty about future gas demand, but also about future regulations 

into account. This includes the threat of underperforming or stranded assets in terms of ex-

pected returns (Woollacott and Larson, 2020). Ansari and Fareed (2020) analyze stranded 

assets for developing countries concerning all fossil commodities. They focus on the Middle 

East, China and South America and find that natural gas shows a minor stranded asset risk 

compared to crude oil and coal. In contrast, Burandt et al. (2020) consider stranded assets in 

the context of energy transition and ambitious decarbonization goals in Europe. In this con-

text, the natural gas demand is likely to decrease, especially in the power sector, and that will 

lead to the risk of stranded assets in gas power plants. On the other side, they admit, that gas 

power plants will provide flexibility in the future energy system, and thus, one solution 

might be the fuel switch from natural gas to biogas or hydrogen. Soon, this might be also a 
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promising strategy in terms of financing projects. With regard to the European Investment 

Bank, the roadmap for investment excludes investment in fossil-fuel projects as natural gas 

exploration, transportation, and distribution infrastructure (European Investment Bank 

Group, 2020, p. 15) 

4.6 Interim Summary and Discussion on Natural Gas Infrastruc-

ture 
This Chapter provides an overview about natural gas infrastructure in the EU-28, its 

technical capacities, and economic characteristics. The EU-28 depends on natural gas im-

ports and owns multiple options through pipelines and LNG import terminals for meeting the 

domestic demand. The domestic production in many EU-28 Member States will decline dur-

ing the upcoming decades. On the other side, the future natural gas demand is uncertain, 

regarding obligations on reducing greenhouse gas emission that are stated in the Paris 

Agreement. Against this backdrop, this thesis follows the question of how much investments 

in natural gas infrastructure are needed. 

To answer this question, this Chapter discusses pipelines, LNG import terminals and 

storages in detail. Regarding pipeline infrastructure, geopolitical discussions drive a bundle 

of new pipeline projects from Russia, North Africa, through the Southern Gas Corridor, and 

in the Eastern Mediterranean Sea. While the European Commission focuses on the PCI list, 

academic studies have shown that only a few of the proposed projects have a positive effect 

on the EU-28’s welfare gain. In addition, the process of defining PCIs itself has also been the 

subject of criticism due to its lack of independence of involved gas grid operators. Besides 

pipelines, the techno-economic characteristics of LNG import terminals are introduced. The 

EU-28 proposes large capacity expansions for LNG import terminals. Like pipeline projects, 

it can be doubted whether there is a need for all proposed terminals from a market perspec-

tive. It is more likely that LNG import terminals will be used as a vehicle to reduce the de-

pendence on single suppliers, as already shown in Lithuania. In long-term, the construction 

of large further LNG import capacities in the EU-28, and in Germany, is most probably less 

needed for natural gas imports, rather than for importing alternative decarbonized gases, e.g., 

hydrogen. Finally, gas storages are the third important gas infrastructure element to balance 

steady gas production and seasonal gas demand with gas peaks during winters and off-peak 

periods during summer times. However, the expansion of gas storage capacities is limited, 

due to geological conditions. The aspect of ownership might impact security of supply but is 

neglected for the rest of this thesis in favor of the perspective of an independent system op-

erator. 
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5 THE EUROPEAN NATURAL GAS 

MARKET MODEL (GAMAMOD-EU) 
This thesis introduces three different kinds of gas market models for the European gas mar-

ket and the German gas network. In this Chapter, the focus is on the European gas market 

and follows five emphasis. First, the Chapter starts with a brief literature review on existing 

natural gas market models (cf. Section 5.1) and provides a classification of the models de-

veloped within this thesis into the existing literature. Second, the equations of the determinis-

tic Gas Market Model for Europe (GAMAMOD-EU) are presented for a deterministic ver-

sion (cf. Section 5.2), including, third, the used data and a validation for the base year 2015 

(Section 5.3). Fourth, the model development towards the stochastic version GAMAMOD-

EU.sto is introduced (cf. Section 5.4). Finally, a critical reflection of both model approaches 

is provided in Section 5.5.  

The model with focus on the German gas network is called GAMAMOD-DE and is 

presented and discussed in Chapter 8. While GAMAMOD-EU focuses on the European gas 

grid with aggregated pipeline connections between countries, GAMAMOD-DE includes the 

German natural gas network with a high spatial resolution. Figure 25 provides a stylized 

overview about all three models and their geographical scope and time frame. 

 

GAMAMOD-EU.sto

2015 2045

GAMAMOD-EU

2015

uncertainty

GAMAMOD-DE

2015

Chapter 6.1-6.2 Chapter 6.3 Chapter 9
 

Figure 25: GAMAMOD overview: -EU (Europe), -EU.sto (stochastic) and -DE (Germany) 
Source: Own illustration. 

 

5.1 Literature Review on Natural Gas Market Modelling 

Model design for gas markets and in particular their mathematical formulations depend on 

the respective research purpose. For modelers, there exist often the trade-off between the 

detail level of input data and the chosen model complexity, as the limited factor is in most 

cases an acceptable time for model computation. For example, research questions concerning 
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global gas prices require a low spatial resolution, but an advanced mathematical formulation, 

i.e., by using a mixed complementarity problem (MCP) approach. Another example might be 

the question of how biogas injection impacts local gas networks. An appropriate answer 

requires a data intensive model and, thus, a mathematical formulation that is easier to calcu-

late and to solve, i.e., by implementing linear programming approaches (LP). Operation re-

search provides a bundle of methods for a diversified model environment. In general, three 

categories can be distinguished, namely optimization models, equilibrium models and mod-

els using heuristic approaches. 

This thesis develops two LP models, GAMAMOD-EU, and GAMAMOD-DE. To 

classify the models into the existing literature, a brief overview about existing gas market 

models is given with a special focus on LP optimization, other model approaches, and on the 

application of stochastic programming in gas market models. A detailed list of models and 

the associated literature is provided within the Appendix A in Table 25. The Section con-

cludes with a delimitation of the developed models within this thesis and highlights the nov-

elty of GAMAMOD-EU and GAMAMOD-DE. 

5.1.1 Linear Programming Approaches 

All developed models in this thesis follow the LP approach and the reason for using is justi-

fied by the following discussion of the model characteristics.  

LP models are well known in the context of energy system analysis and in electricity 

market models, but they are rarely applied in natural gas markets. In the context of energy 

markets, the central assumption of an LP approach is the existence of perfect competition. 

This means that individual suppliers cannot affect the price by withholding gas supplies. 

Furthermore, all market players have to take the price that is controlled by the “invisible 

hand of the market”. On these assumptions the overall objective in energy system models is 

to maximize the social welfare. Another simplification is possible by considering consumers 

who are willing to pay every price to meet their gas demand. Then, the integration of an ine-

lastic demand function enables a reformulation of the initial welfare optimization problem 

into a cost minimization problem without any distortions within the model results. 

Applying an LP approach to gas markets is critical discussed in the literature. In gen-

eral, the perfect competition assumption applies only restrictively to gas markets, as there are 

only a limited number of gas producers in the upstream market. Moreover, in most supply 

countries there exists only one state-owned gas producing company. Hence, suppliers can 

obtain some degree of market power and therefore the upstream market can be described as 

an oligopolistic market structure. Smeers (2008, p. 24) suggest a mark-up approach to cover 

market power in a perfect competition approach that keeps models linear. Egging (2010, p. 

48) argues that this approach neglects the aspect that suppliers with market power have an 

incentive to react on market outcomes and to geographically diversify their supplies. This 

thesis does not consider the question of market power in the European gas market and fol-

lows the LP approach. 

A few models for gas markets have already applied the LP approaches, as the ad-

vantage of a linear formulated optimization problem enables fast computation and the appli-

cation for large-scale problems. This is necessary for modelling a higher degree on techno-

logical specifications and characteristics of infrastructure in gas transmission systems. In-

vestment decisions on concrete projects can be considered by modelling discrete decisions 

that leads to a mixed integer problem (MIP) formulation. A comparison of the MIP and LP 

approach for investment decisions in gas infrastructure projects is provided by Lochner 

(2011, p.118). Within this thesis, the investment decision in linearlized in order to avoid the 

mixed integer approach and to enable faster computation. 
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A selection of LP and MIP models for the European gas market are: EUGAS (Seeliger, 

2003), PERSEUS-EEM (2007, p. 76; Möst and Perlwitz, 2009), TIGER (Lochner and Bothe, 

2007; Lochner, Dieckhöner and Lindenberger, 2010; Lochner, 2011), MINGA (Kern et al., 

2017), and GAMAMOD-EU (Hauser, Heinrichs, et al., 2018). All these models consider 

natural gas transmission as a simplified energy transport that abstracts from technical gas 

flows. In contrast, Eser et al. (2019) propose a novel linear model approach that considers 

physical components of the gas transmission system with hourly resolution.  

Another approach is the extension of the analysis from partial models for gas markets 

only towards models that consider sector coupling. While some approaches use a soft link to 

couple pure gas and electricity models (e.g. Hauser et al., 2019), integrated approaches gain 

in importance. Endogenous optimization of gas and electricity systems using an LP approach 

is carried out in Abrell and Weigt (2016b).  

LP model approaches are also applied to investigate the global gas market with a spe-

cial focus on the supply structure. An early approach is provided with MAGELAN (Seeliger, 

2006) that was applied in Bothe and Lochner (2008) and in Lochner & Bothe (2009). Apart 

from the regional focus on Europe or global markets, all above mentioned models have in 

common that they focus on the development of infrastructure between 2020 and 2050 as well 

as use multi-period and interregional model approaches.  

Besides gas market models, gas transmission network models focus on highly tem-

poral and spatial disaggregated infrastructure by using LP approaches. Representative mod-

els can be found in Scheib (2008), Li (2012), Rövekamp (2014), Münch (2015), and Gilless-

en (2020). The model GAMAMOD-DE (Kunz, 2018; Hauser, 2019, 2019) focuses on the 

German gas transmission system and is presented within Chapter 8. The ongoing process of 

sector coupling and the integration of renewable gases and hydrogen into the gas infrastruc-

ture increase the importance of infrastructure modelling. In this context, recent projects focus 

on the principles of open source and open data, which means that modelling frameworks and 

infrastructure data are made public available. Examples for this trend are latest model 

frameworks as panda pipes (Fraunhofer IEE, 2020) and gas data projects as SciGrid Gas 

(DLR, 2020) that will enable the methodological development of highly spatial disaggregat-

ed gas transmission network models. 

5.1.2 Nonlinear Optimization, Simulation and Heuristic 

In considering technical characteristics of natural gas in models, non-linearity occurs, e.g., 

when it comes to calculate pipeline pressures. On the other side, the consideration of market 

equilibriums leads to another class of models, where often no global optimum exists. There-

fore, in addition to LP modelling, there is a variety of methods in the field of nonlinear opti-

mization models, equilibrium models, but also heuristic approaches. While some of them 

focus on a more detailed representation of technological characteristics for short-term related 

research question, others focus on the long-term, economic relations and an enhanced math-

ematical formulation that increases also challenges for computation. A brief overview about 

the strands and differences as well as representative models is given in the following. 

Nonlinear optimization  

In the field of gas market optimization, a second strand of literature uses nonlinear optimiza-

tion models. Two main motivations for considering nonlinear equations can be identified: 

economic relations and consideration of physical laws. From an economic point of view, the 

consideration of welfare maximization leads to nonlinear equations. For example, the Intra-

Gas model comprises a stylized model for the European gas market with the objective of 

maximizing welfare and with focus on investments in transport capacities (Neumann, 
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Viehrig and Weigt, 2009). Another example is the RAMONA model that originally focuses 

on infrastructure projects in the Norwegian Continental Shelf (Hellemo et al., 2013). In an 

extension, the model aims to maximize discounted social welfare and allows for semi-

continuous investment decisions that are formulized within a mixed-integer quadratic prob-

lem (Krotek;, 2018). However, the gas flow problem is still considered as a transport prob-

lem of energy units.  

In most cases, gas market models neglect the physical gas flow and assume a transpor-

tation algorithm to keep the model linear. Ríos-Mercado et al. (2015) provide a state-of-the-

art review on optimization problems in natural gas transportation systems and highlight the 

most promising research challenges. A drawback of the simplified representation of gas 

transport in models is that special characteristics such as line-packing problems98 are not 

considered. Consequently, the transportation algorithm cannot cover the flexibility and stor-

age characteristic of pipelines in the model. Nonlinear models focusing on the technological 

properties of gas transmission99, for example, they investigate stationary conditions in gas 

transmission networks (Stangl, 2014) or optimize gas transport by including differential 

equations in MIP (Sirvent, 2018). Further approaches for more technical representation of 

natural gas flows in optimization models can be found in Kabirian (2007) and Hemmati and 

Hiller et al. (2018).  

Equilibrium models 

Equilibrium models focus on a detailed representation of market players and their relation to 

each other. Natural gas markets are characterized by an unequal distribution of supply and 

demand among world regions. A limited number of countries with major world natural gas 

reserves, i.e., Russia, Iran, and Qatar, face a high number of consumer countries all over the 

world. This imbalance of supply and demand rises the question whether market players, e.g., 

producers or traders, can exert market power. The approach of (Mixed) Complementary Pro-

gramming enables to deal with these questions. An introduction to complementary modelling 

and application in gas markets is provided by Gabriel et al. (2013). Finding a feasible solu-

tion is much more challenging in equilibrium models compared to LP models. For this rea-

son, simplifications are made to reduce complexity. Equilibrium models can produce multi-

ple equilibria and an extensive discussion of which assumptions on model structures lead to 

unique solutions is provided with the Spatial Partial Equilibrium model including Conjectur-

al Variations model, developed by Baltensperger et al. (2016). 

One strand of the literature concentrates on stylized models with a low level of detail, 

but an advanced methodology, e.g., by modelling strategic behavior of different market 

players or implementing game theoretical analytical approaches. An example is given in 

Orlov (2016), who investigates the effect of higher domestic g.as prices in Russia on the 

European gas market by implementing a Hotelling model. Another example is provided by 

Ritz (2019), who shows that companies serving individual markets have a strategic ad-

vantage over a multi-market rival. The author applies this to the case of Russian pipeline gas 

and Qatari LNG exporters.  

A second literature strand focuses on the endogenous modelling of gas contracts, re-

lated to gas spot and oil prices (Abada et al., 2013; Abada, Ehrenmann and Smeers, 2017). A 

 
98 Linepack describes the ability to increase the pressure or compressibility in order to transport or 
store a larger amount of energy within gas pipelines (cf. Ríos-Mercado, 2015). 
99 An overview about gas transmission network modelling is provided in Domschke et al. (Domschke, 
2017). 
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similar question is answered with the STAGE100 model about the optimal domestic gas price 

setting in Russia taking the export netback price of gas into account (Orlov, 2015). To keep 

the complexity in an acceptable extent, most of these models abstract from technical repre-

sentations of the gas flow. The reason for this is that the consideration of technical gas flows 

in networks leads to non-convex equilibria where standard techniques fail to provide solu-

tions. Moreover, the solution of these problems opens a new research field with regard to 

multi-level problems (Grimm et al., 2018, 2020). 

A third strand focuses on policy advice, e.g., about the evaluation of infrastructure 

projects. There exist several (partial) equilibrium models for the global natural gas market, 

the European natural gas market, and models for other world regions, e.g., for the North 

American gas system. Early model approaches that are based on a MCP formulation have 

been developed by Egging and Gabriel (2006) and within the NATGAS101 model (Zwart and 

Mulder, 2006). In the following years, a bundle of models for the European market have 

been introduced, e.g., GASMOD (Holz et al., 2008), GASTALE102 (Boots, Rijkers and Hobbs, 

2004; Lise and Hobbs, 2008; Lise, Hobbs and van Oostvoorn, 2008; Lise and Hobbs, 2009), 

the oligopoly model of Dorigoni et al. (2010), GaMMES103 (Abada, 2013), and EGMM104 

(Kiss, 2016). With regard to sector coupling, MCP approaches are also used to investigate 

interdependence between the markets for electricity, gas and with regard to the emissions 

trading system (Abrell and Weigt, 2016a; Heidari, 2020).  

Other world regions such as the North American and Mexican gas markets are cov-

ered in models like NANGAM105 (Feijoo et al., 2016) and GSAM106 (Baron, 1997; Gabriel, 

Manik and Vikas, 2003). The Eurasian gas market is considered in the EPRG-GGM107 

(Chyong, 2014). 

With the rise of LNG trading, markets converged from regional to global markets, re-

sulting in models that also cover non-European regions. Several models consider gas regions 

all over the world within one model. One of the most significant academic models is the 

WGM108 (Egging, 2010, p. 33f) that is applied in plenty of studies (Egging et al., 2009; 

Egging, Holz and Gabriel, 2010; Huppmann et al., 2009; Gabriel et al., 2012). The WGM 

enables not only to consider market power for traders, but also for operators of LNG regasi-

fication facilities. Applications investigate the potential development of the world natural gas 

industry up to 2030 (Huppmann, 2009). Another focus is on individual strategic behavior of 

different players, e.g., of producers and exporters that might built an institution as 

“GASPEC”, following the example of OPEC states in the global oil market (Egging, 2009). 

The GGM109 is a further development of WGM with a higher level of detail (Holz, Richter 

and Egging, 2016) and the option to consider stochastic approaches (Egging, 2013). The 

COLUMBUS model is similar to the WGM and differs in its formulation between physical 

gas flows and financial gas trades (Hecking, 2012). The INGM110 investigates the impact of 

oil pricing on natural gas markets (Barden, Pepper and Aggarwal, 2009) and was initially 

 
100 Static Applied General Equilibrium Model (STAGE) 
101 NATural GAS model (NATGAS) 
102 Gas mArket System for Trade Analysis in a Liberalising Europe (GASTALE) 
103 Gas Market Modelling with Energy Substitution (GaMMES) 
104 European Gas Market Model (EGMM) 
105 North American Natural Gas Model (NANGAM) 
106 Gas System Analysis Model (GSAM) 
107 Energy Policy Research Group (EPRG) Gas Market Model (GGM) 
108 World Gas Model (WGM) 
109 Global Gas Model (GGM) 
110 International Natural Gas Model (INGM) 
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developed for the Energy Information Administration (EIA) in order to assess the world 

natural gas market on a long-term perspective. 

Besides academic models, several models are also used for industrial purpose and the 

most recognized models are the Nexant World Gas Model, the University of Maryland World 

Gas Model, the BIWGT111 and the Deloitte Market Point World Gas Model. A comparison of 

their features as well as advantages and disadvantages are provided by Goryachev (2015). 

Another group of equilibrium model covers not only natural gas, but also other fossil 

fuels and electricity. Examples are FRISBEE (Aune, Rosendahl and Sagen, 2009) and Mul-

tiMOD (Huppmann and Egging, 2014). Furthermore, computational general equilibrium 

(CGE) models, which are developed to analyze the global economy, are used to answer natu-

ral gas market research questions. An example is the MIT EPPA112 that is used to analyze 

Russia’s natural gas export potential up to 2050 (Paltsev, 2011).  

Heuristics and other approaches 

Optimization and equilibrium models provide exact solutions but are sometimes hard to 

solve due to limited resources for computing the mathematical problem. In contrast heuristic 

approaches provide the opportunity to find not necessarily the optimal, but a feasible solu-

tion, based on an analytic procedure. Moreover, they aim to support decision makers by 

providing acceptable solutions in an acceptable computing time. For example, heuristics may 

base on statistical analysis of Monte Carlos simulations or on historical observations. Fur-

thermore, they can support finding start solutions for iterative procedures or for finding best 

solutions after the abortion of an optimization procedure (cf. Bierwirth, 2020). In the context 

of gas market models, heuristics contribute for example in the analysis of complex gas net-

works and can be combined with further methods, e.g., complex network theory. Two appli-

cations in gas markets are presented with the minimum spanning tree by Geng et al. 

(2014)113 and the DISCOMP114 framework by Zorkalzev et al. (2019).  

Other than optimization and equilibrium models, simulation models are often based on 

bottom-up approaches including large data bases. The DYNAAMO115 simulates supply 

curves, based on the price expectations of investors and industrial data on thousands of gas 

fields (Crow, Giarola and Hawkes, 2018). Furthermore, these models enable the application 

of Monte Carlo simulation as it is applied in the GEMFLOW116 model that represents inter-

connected regional gas systems and analyzes economic flows on a highly aggregated level 

(Szikszai and Monforti, 2011; Bouwmeester and Oosterhaven, 2017). Policy tools provide a 

further group of models that are based on metrics for evaluating the natural gas market, such 

as the GTM117 (ACER, 2015a). 

Regardless the model type, the consideration of gas market uncertainties is possible by 

a bundle of methods, e.g., the modelling of stochastic processes, application of Monte Carlo 

simulations or implementation of stochastic programming approaches into gas market mod-

 
111 Baker Institute & Rice University World Gas Trade Model (BIWGT) 
112 Massachusetts Institute of Technology’s (MIT) Emissions Prediction and Policy Analysis (EPPA) 
model 
113 They use this approach for analyzing the natural gas market integration among North America, 
Europe, and Asia. 
114 The DIStributed COMputing (DISCOMP) framework propose a model that takes into account the 
fluctuating gas demand by increasing the number of model-runs that improves the simulation accura-
cy. 
115 Dynamic Upstream Gas Model (DYNAAMO) 
116 Gas EMergency FLOW (GEMFLOW) 
117 European Gas Target Model (GTM) 
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els. Regarding the latter an overview about applications in gas market models is provided 

within the next Section.  

5.1.3 Stochastic Programming Approaches 

All gas market models face the challenge to consider future gas market situations by dealing 

with multiple uncertainties. This holds also for the developed model in this thesis and the 

consideration of uncertainties about the future gas demand, the availability of gas import 

routes, the price level of LNG for the European gas market; but also, the implemented ener-

gy security policy on national or European levels is uncertain. 

In deterministic models, assumptions on future parameters determine the model re-

sults, while the actual development of parameters is only assumed or even unknown. This 

uncertainty can be covered by building scenarios for several possible realization of parame-

ters, e.g., for the future European gas demand, that result in multiple deterministic model-

runs. However, this approach leads to a situation where decision makers, e.g., investors in 

gas infrastructure, have to weight different model outcomes in the context of the scenario 

assumptions. The application of a high number of scenarios would make the decision process 

even more complex. Thus, the academic literature recommends limiting scenarios and to use 

instead explorative scenarios that describe “future worlds”. In the context of this thesis, the 

deterministic approach is used to describe three diversification strategies for the European 

gas market (cf. Section 6.1.4).  

Instead of comparing the results of determinist scenarios, stochastic optimization 

models offer the opportunity of an endogenous and simultaneous consideration of a higher 

number of complex gas market scenarios, e.g., for investment decisions. A first group of 

stochastic optimization models in natural gas markets focuses on single investment deci-

sions118. A second group comprises models with the perspective of an optimal system opera-

tor and research questions regarding sector-coupling119 or the individual behavior of market 

players by considering uncertainties120. A third group of models concentrates on the long-

term development of gas infrastructure121. The solving of such complex models causes often 

higher computational efforts and methods for complexity reduction, e.g., Bender’s Decom-

position (Egging, 2013). 

The model approach within this thesis follows the applications of the second and third 

group and analyzes long-term investment decisions in the European natural gas infrastructure 

from the perspective of an optimal system planner and by considering uncertain gas demand, 

transport route availability, and LNG price levels (cf. Section 5.4 for the model formulation 

and Section 6.1 for the design of the study and the considered uncertainties). 

 
118 Examples are investment decisions in the LNG value chain (Werner et al., 2014) and on the opti-
mal management of gas infrastructure, e.g., scheduling gas fields, using gas storages, or optimizing 
portfolio management of gas contracts (Wallace and Fleten, 2003, p. 670 f.). 
119 For example, the question of electricity production under natural gas supply uncertainty can be 
modelled by using a two-stage mixed-integer linear stochastic optimization model (Zhao, Conejo and 
Sioshansi, 2016). 
120A typical gas market application is given by Zhuang and Gabriel (2008) who apply an equilibrium 
model to solve the market player’s problem with the first stage decision about long-term contracts and 
the second stage decision about spot market trading. The uncertainty here is related to a high or low 
level of demand per season. 
121 Lochner (2011) considers the stochasticity of demand to optimize investments in gas infrastructure 
by formulating an LP model. Fodstad et al. (2016) use a stochastic optimization approach based on a 
mixed integer quadratic model. 
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5.1.4 Classification of GAMAMOD-EU and GAMAMOD-DE 

The study of academic literature has shown that equilibrium models have an advantage to 

pure LP optimization problems in covering strategic behavior and game theoretical ap-

proaches. However, due to a high degree on mathematical complexity MCP models are lim-

ited in the representation of the technological level of detail. As this thesis focuses on the 

investigation of gas infrastructure, a higher degree on detail is needed and hence 

GAMAMOD-EU and GAMAMOD-DE are formulated as LPs. Furthermore, market power 

is expected to be exercised in the long-term, mainly due to the characteristic of long-term 

contracts. The current market development shows that gas markets tend to increase trading 

and competition on spot markets, driven by a larger LNG share (Selei et al., 2017). 

Figure 26 maps the previous mentioned models in accordance with two classification 

categories. The first categorization differs between models that focus on the representation of 

technological details and models that focus on the modelling of economic details. In this 

thesis, both developed models assume perfect competition, while GAMAMOD-EU concen-

trates on the interaction within the European gas market and GAMAMOD-DE focuses on the 

German gas transmission network. 
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Figure 26: Classification of GAMAMOD versions into the existing model landscape 
Source: Own illustration. 

GAMAMOD-EU is a European gas market model that depicts the EU-28 in detail and 

considers non-European pipeline and LNG suppliers. Using an LP approach, GAMAMOD-

EU optimizes total system costs in the deterministic basic version for one year. In an exten-

sion, the model uses stochastic programming to minimize costs for infrastructure investment 

and gas dispatch in 2030 and 2045.  

One special feature is the consideration of all European countries that are connected 

within the European natural gas network, based on the ENTSO-G (2016), and the high tem-

poral resolution with modelling of 365 time steps per year. This resolution is an improve-

ment with regard to previous models such as TIGER (Lochner, 2011, p. 55) or GASMOD 

(Holz, 2008). These previous models are based for example only on three type days or they 

use a quasi-static model approach that considers only one period. Furthermore, these models 

tend to aggregate individual EU-28 Member States to regions, e.g., the Baltic States or one 

region for Czech Republic, Slovakia, and Hungary. 

Another specification is the consideration of multiple uncertainties for future gas mar-

kets. To the best knowledge, GAMAMOD-EU is one of the few models that uses stochastic 
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programming for investigate investments in gas infrastructure from a perspective of an opti-

mal system planner. While only a few models use stochastic optimization approaches for gas 

markets, most of them focus on demand uncertainty (Lochner, 2011; cf. Fodstad et al., 

2016). Egging and Holz (2016) propose a scenario tree for the stochastic global gas model 

(S-GGM) by considering different uncertainty dimensions. In fact, they consider in their 

scenario tree uncertainties about the Ukraine transit, future gas demand and the unconven-

tional gas production, and end up with eight scenarios with equal probabilities. Following 

this approach, the application of GAMAMOD-EU extends the scenario tree and replaces the 

unconventional gas production by the expected level of LNG import prices, as this is antici-

pated to be a stronger driver for developments on the European gas market (cf. Chapter 6). 

With regard to investment decisions, GAMAMOD-EU follows Lochner (2011) and allows to 

invest in different gas infrastructures components as pipelines, LNG import terminals, and 

storages. 

The novelty of GAMAMOD-EU addresses one crucial further aspect that is ignored 

by most models in the gas market literature so far and includes the consideration of policies. 

GAMAMOD-EU covers the political dimension in an optimization model by assuming three 

diversification strategies. While most researchers focus in gas market models on cost-

optimized approaches, they neglect the geopolitical aspect of natural gas imports that is al-

most impossible to cover within classical cost minimizing modelling approaches. The topic 

is partly addressed in Schulte (2019) who investigates the implementation of ACER’s diver-

sification scores and market outcomes in 2025. In contrast, GAMAMOD-EU focuses on a 

longer time horizon until 2045 and extends the possible policy scenarios with focus on LNG 

imports and diversification from Russian gas suppliers (cf. Chapter 6). 

Thus, this analysis considers for the first-time policy strategies and combines them 

with a stochastic optimization approach in order to investigate both impacts, policies, and 

uncertainties, on investment decisions in the European natural gas market. 

GAMAMOD-DE is a gas market model that depicts the German gas transmission sys-

tem (cf. Chapter 8). An important difference to the previous discussed model is the high 

resolution of time (days), geographical scope (German districts), and demand sectors (heat-

ing, power, and industry). To the best knowledge, existing models with a similar resolution 

focus only on technical simulations and technical gas flow optimization (Li, 2012; 

Rövekamp, 2014; Gillessen, 2020), but have a limited focus on techno-economic characteris-

tics. The second novelty concerns the model focus on sector coupling. GAMAMOD-DE 

enables a soft link coupling with electricity models by including natural gas consumption of 

gas power plants (cf. Hauser, 2019). 

To sum up, the academic literature review shows plenty of model approaches for an-

swering research questions in gas markets and gas transmission networks. The proposed 

approaches of this thesis contribute to the literature in three ways. Firstly, improving the 

resolution of models, secondly, providing a methodology for considering gas market policies 

and uncertainties, and, finally, enabling model coupling with electricity system models to 

answer research questions in the field of sector coupling. Model descriptions and applica-

tions for GAMAMOD-EU are discussed in the following Sections of Chapter 5 up to Chap-

ter 7, while Chapter 8 deals with the model GAMAMOD-DE. 

5.2 GAMAMOD-EU – the Deterministic Model Approach 

This Section focuses on the deterministic version of GAMAMOD-EU and is divided into 

four parts. First, the background and motivation for constructing the model is given. Second, 

the mathematical formulation regarding the objective function and energy balance is shown. 
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This is continued within the third part and the presentation of constraints. Fourth, the final 

Section briefly shows the model statistics and compares it with a previous model approach. 

5.2.1 Overview of GAMAMOD-EU 

The collection of gas market models is extended by GAMAMOD-EU that adds new aspects 

that were not addressed in the existing literature so far (cf. Section 5.1). The daily temporal 

resolution of GAMAMOD-EU comprises 365 days and provides an advantage in coupling 

the model with other models where a daily resolution is needed, i.e., to cover fluctuating 

production of renewable energy source-based green gas, such as hydrogen or synthetic natu-

ral gas. Successfully model coupling was already done within the project KonStGas (Philipp 

Hauser, 2017; Hüttenrauch et al., 2018). Furthermore, unlike other gas market models, 

GAMAMOD-EU provides a country specific geographical resolution which means the con-

sideration of 26 European Union Member States, except of the islands Malta and Cyprus, as 

well as Switzerland and Norway. Important supply countries, as Qatar and Russia, are con-

sidered as well. A further feature of the developed model is the depiction of techno-

economic characteristics, e.g., natural gas storage behavior that is so far only considered by 

Lochner (2011). In this thesis a validation of the model to the base year of 2015 is provided, 

where the direct pipeline connection to Nord Stream I was completely in operation. This is 

an advantage as most models are validated to earlier years, where Nord Stream I was not yet 

established. Furthermore, the time horizon of the considered scenarios in the model exten-

sion for GAMAMOD-EU.sto range up to 2045, which is another feature, while most models 

only model up to the year 2030 and only a few consider also longer time horizons. 

The model GAMAMOD-EU was developed during two research projects, 

KonStGas122 and Erdgas-BRidGE123. An early version of the model was described and ap-

plied by Hauser & Möst (2015). Based on this version, the model was extended and applied 

in a model coupling approach with the energy system model IKARUS in Hauser et al. 

(2018). The model description in the next sections explains the objective function, the energy 

balance, and all capacity constraints. In this context, the description follows the convention 

of writing decision VARIABLES in capital letters while parameters are written in lower cas-

es. The nomenclature for the model GAMAMOD-EU is preceded at the beginning of this 

thesis124. All energy related values are given in GWh, while all monetary values are ex-

pressed in EUR. 

5.2.2 Objective Function and Energy Balance 

The objective function of GAMAMOD aims to minimize total system costs. Equation (5.1) 

comprises four cost components, namely gas production costs, costs for transporting natural 

gas via pipeline or via LNG, and finally the costs for load shedding. 

Production costs occur for daily produced gas quantities, depicted in variable , 

and are multiplied with the specific production cost parameter  that refers to the respec-

tive country node i and the production level r. Transport costs occur for the transported gas 

quantity and distinguishes between pipeline transport (  and LNG shipping ( ). The 

 
122 KonStGas: Konvergente Nutzung der Strom- und Gasnetze, funded by the Federal Ministery of 
Economic Affairs and Energy (project funding number: 0325576) 
123 Erdgas-BRidGE: Erdgas- Bedeutung und Rolle in der deutschen (German) Energiewende, funded 
by the Federal Ministery of Economic Affairs and Energy (project funding number: 03ET4055) 
124 The nomenclature for variables and parameters differs among GAMAMOD-EU and GAMAMOD-
EU.sto according to the used indices, as a and j occure only in the stochastic version. 
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specific transportation cost parameter and  refer to the transport distance from the start 

node i to the destination node o. 

 

(5.1) 

 

 

 

 

 

 

 

Load shedding is represented in variable . High specific penalty costs for the VOLL 

are defined, represented in the parameter . Load shedding costs can be interpreted as a 

penalty for not supplying the requested demand in time t in country i. Indeed, such cases are 

rarely observed but can occur, e.g., because of technological or political situations that lead 

to grid congestions and supply disruptions or weather conditions that lead to long periods of 

peak demand. Grid operators subsequently have to cut-off demand of customers. Some cus-

tomers are highly sensitive to supply disruptions, in particular private households that use 

natural gas for heating. Thus, grid operators try to avoid supply interruptions for private 

households to prevent high compensation costs. On the other hand, some customers in indus-

try have contracts with interruptible capacities and therefore grid operators can balance their 

operation area by using these interruption contracts. However, the overall objective of grid 

operators is to enable all traders meeting their supply obligation to their customers. There-

fore, the model is incentivized to meet the demand in each node to each time and to prevent 

load shedding at high costs.  

The energy balance in Eq. (5.2) ensures that in all time steps t the sum of outflows and 

inflows of a node are balanced.  

 

 

(5.2) 

 

 

 
 

According to graph theory, the considered countries are represented by nodes and the 

following elements are defined as inflows, marked with a plus sign: domestic natural gas 

production  imports via pipeline  and via LNG shipping  from nodes i to the 

respective node o, storage injection , and load shedding . As the energy balance has 

to equal zero, the sum of inflows has to equal the sum of outflows. The outflows with a 

negative sign are defined as follows: domestic natural gas demand  in node i, exports via 
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pipeline  and via LNG shipping  from node i to node o, and storage withdraw-

al . 

5.2.3 Capacity Restrictions 

The optimal solution of the above-described objective function is subject to several capacity 

constraints that are described in the following section. 

Natural gas production 

The production and exploration of conventional natural gas is limited by production facilities 

of supplier countries, distinguished by three different production levels r with different pro-

duction costs. These production levels cover two aspects in natural gas production: different 

production sources per country and different production limits and costs. Furthermore, this 

approach allows also to consider non-conventional gas sources such as hydrogen or synthetic 

natural gas, as shown in Chapter 7. 

The total annual production per production level and country is restricted by the max-

imum annual gas production  per production level r for each supplier i, as it is shown in 

Eq. (5.3): 

 

 

 

(5.3) 

For enabling a daily resolution within the model, a second restriction in Eq. (5.4) de-

termines the maximum daily production rate that is based on the annual production rate and a 

flexibility factor . Flexibility is provided by gas producers that can vary the daily produc-

tion rate. Therefore and according to Lochner (2011, p. 41), the model considers swing fac-

tors125 of supply countries that is expressed within the parameter . Empirical analyses have 

shown that this swing factor ranges between 1 for countries without any flexibility and 2.47 

e.g., for Ireland that has low amounts of gas reserves but high flexibility126. Thus, the maxi-

mum daily production quantity per production level in the respective country  is restrict-

ed by the annual production limit  divided by 365 days, times the country specific pro-

duction flexibility  as shown in Eq. (5.4): 

 

 

 

(5.4) 

 

 
125 Swing factors describe the ability of producers to adjust the production on market conditions. For 
example, the Groningen gas field in the Netherlands has acted for a long time as a swing supplier to 
the north west European gas market, due to seasonal demand patterns (cf. Hulshof, 2016). 
126 More details on the individual assumed flexibility of all considered suppliers can be found in the 
Appendix C, within Table 27. 
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If the flexibility factor is greater than one the production quantities can deviate up-

wards from the equal distributed annual production capacity. However, as Eq. (5.3) has to be 

fulfilled as well, the model has also to reduce the production in other periods during the year 

in order to keep the cumulated production quantity  equal or lower as the maximum an-

nual production capacity . Suppliers that use these seasonal production characteristics 

with higher and lower production quantities are called swing suppliers. 

Natural gas transport via pipelines 

The transport of natural gas via pipelines is restricted by pipeline capacities. The technical 

flow in pipelines is driven by pressure differences, while natural gas is transported from high 

to low pressure through the network. Hence, compressor stations can be used to direct natu-

ral gas volumes from producers to consumers through the network. GAMAMOD-EU simpli-

fies technical gas flows by considering the resulting energy transport between the nodes, 

using a transport model approach. The connection between two nodes is represented by a 

tuple (i,o) where i is the start node and o represents the destination node. The physical gas 

flow between two countries in time t is assigned as  that is restricted by the maximum 

pipeline capacity , as shown in Eq. (5.5). 

 

 

(5.5) 

Natural gas transport via LNG 

The transportation of natural gas via LNG shipping is a second possibility in the model to 

transport natural gas from supply to demand nodes. As described in Section 4.3, the gas has 

to be compressed in liquefaction stations (LNG export terminals) and loaded into oceangoing 

vessels for shipment. After the LNG ship lands, a regasification process (LNG import termi-

nals) is needed before the gas can be injected into the pipeline network. These processes 

cause high fixed costs, thus, transportation via LNG shipping compared to pipeline transport 

becomes competitive for longer distances than 4000 km (cf. Schwimmbeck, 2008). In 

GAMAMOD-EU, the capacity restriction refers to the maximum LNG import capacity  

(Eq. (5.6)) and the maximum LNG export capacity  (Eq. (5.7)). Additionally, LNG ship-

ping can only take place on existing routes between an import and an export terminal and 

with a shipping capacity  that is unequal to zero (Eq. (5.8)). On the upper bound, the 

shipping capacity  is not restricted, as it is assumed that there exist enough ships to meet 

the modelled LNG demand. 

 

 

 

(5.6) 

 
(5.7) 
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(5.8) 

 

Storage restrictions 

The European gas system relies on natural gas storages to balance seasonal gas demand and 

to enable a balanced production and import through cost-intensive exploration and transpor-

tation infrastructure from mainly non-EU-28 suppliers. The restrictions on the storage level 

 of the storage type s in country i at time t depends on the storage level of the previous 

day and the injected  and the withdrawn  gas volumes (cf. Eq. (5.9)). The storage 

operation costs are covered by a loss factor  for injection and withdrawal, assumed to be 

3% in accordance to Lochner (2011, p. 37). Furthermore, the storage level is restricted on a 

lower level at the cushion gas, expressed by the parameter  that comprises the share of the 

maximum storage capacity , and on an upper level on the maximum storage capacity (cf. 

Eq. (5.10)). 

 

 
 

(5.9) 

 

 

(5.10) 

Furthermore, the injection rate and withdrawal rate depend on the already stored gas 

(storage level). This model formulation follows Lochner (2011, p. 37) and expresses that at a 

certain level, the injection capacity decreases linear with the increasing storage level, and 

vice versa. 

 

 

 

 

(5.11) 

 

(5.12) 

 

 

(5.13) 

 

(5.14) 
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5.2.4 Model Statistics of GAMAMOD-EU 

The model is implemented in GAMS127 (General algebraic modeling language) and the line-

ar programming is solved by the commercial solver CPLEX. The model statistics can be 

found in Table 14. Data preparation and post-calculations are done in EXCEL, while visuali-

zation of results is provided by an interface to the GIS-based tool QGIS. 

Table 14: Model statistics GAMAMOD-EU 

Category Measurement Value 
Blocks of equations # 15 
Single equations Mio. 1.91 
Blocks of variables # 8 
Single variables Mio. 1.77 
Non-zero elements Mio. 6.87 
used RAM MB  
GENERATION Time sec. 53.78 
used RAM MB 623 
CPLEX Time 
(version: 12.7.1.0) 

sec. 4.72 

EXECUTION Time sec. 53.82 
RAM MB 623 
   
Used Machine Personal Computer Processor: i7-3930K, 

RAM: 64 GB 

Source: Own compilation, based on calculation results. 

The model statistics can be used to illustrate the complexity of solving an optimization 

problem. GAMAMOD-EU ranges in a similar magnitude compared to other energy system 

models, e.g., the PERSEUS-EEM model that is also implemented in GAMS. On the one 

hand, a comparison is suggested by the fact that both models using a country-specific spatial 

resolution and focus on similar core regions. On the other hand, the PERSUESS-EEM model 

considers besides the gas sector also additional sectors, i.e., the power and heat sector and 

global commodity markets. This marks a major difference to GAMAMOD-EU and high-

lights that a detailed comparison is limited. However, to illustrate the magnitude of 

GAMAMOD-EU’s complexity, the key figures for PERSUES-EEM are presented: 0.6 Mio 

single equations, 0.9 Mio variables, and 3.6 Mio. non-zero elements that are solved within 3 

to 6 hours (Perlwitz, 2007, p. 76).  

Having the limitations of a comparison in mind, the view on the calculation time of 

both model statistics shows that GAMAMOD-EU is solved a lot quicker than the 

PERSEUSS-EEM model. This indicates a technological progress in the performance in per-

sonal computers. Besides model differences, it is obviously that enhanced processors and 

more working memory contribute to a calculation time reduction from hours to minuets 

within one decade. 

5.3 Data and Validation of GAMAMOD-EU 

Before the model can be used to investigate future scenarios, it is important to demonstrate 

that the model is a reliable and valid depiction of the European natural gas market. A com-

 
127 The GAMS code is provided in the Appendix D and in an open access repository on GitHub: 
https://github.com/PhilippHauser/GAMAMOD. 
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mon method proving the reliability of a model is the comparison of model results and histor-

ical observations. This method is called back testing and evaluates the performance of model 

results against real world data. Finally, results of back testing enable an evaluation of the 

model and its reasonable simplifications128.  

The selected base scenario for back testing for the GAMAMOD-EU validation is the 

year 2015. This base year shows some important characteristics. First, 2015 was not a leap 

year, hence the time frame of 365 days can be used without any adjustments. Secondly, a 

relative mild winter at the beginning 2014/15 (January – March) and at the end 2015/2016 

(October – December) presents not an extreme weather situation. Furthermore, in contrast to 

previous years, no disruption of Russian gas took place. This resulted especially thanks to 

negotiations between European Commission, Ukraine and Russia in October 2014, as well as 

the $ 4.6 billion winter package that ensured security of Russian gas supply for Ukraine and 

the European Union (European Commission, 2014c).  

However, at least one exceptional event should be considered by comparing the mod-

eled and historical figures. In the beginning of 2015, the production of the Dutch Groningen 

field was limited because of the latest insights about geological conditions and a danger of 

earthquakes (Bukold, 2015, p. 8). This aspect is not covered in the input data and may lead to 

deviations for Dutch production rates. 

The next section briefly describes the data preparation for the GAMAMOD-EU model 

run for 2015, followed by the detailed comparison of model results and reported data. 

5.3.1 Data Preparation and Numerical Assumptions 
The model GAMAMOD-EU considers the European natural gas market. Each country 

is considered as one node or market area. This Section briefly describes the general assump-

tions and sources for the used data as shown in Table 15, while the general status quo is de-

scribed within Chapter 4 and the country specific data are explicitly provided within the 

Appendix C.  

The geographical location of country nodes is allocated to the respective capitals, as 

this assumption is congruent with the largest population density in most countries. 

GAMAMOD-EU considers 45 countries. The short description of countries is based on the 

ISO 3166-1 Alpha-2 code that assigns for each country two letters. Demand and supply are 

considered for 26 EU Member States (except of Malta and Cyprus), as well as for Bosnia 

and Herzegovina (BA), Belarus (BY), Switzerland (CH), North Macedonia (MK), Norway 

(NO), Serbia (RS), Turkey (TK) and Ukraine (UA). Furthermore 10 sole supply countries 

are considered based on the market data from 2015. Suppliers are Egypt (EG), Libya (LY), 

Morocco (MA), Nigeria (NG), Qatar (QA), Russia (RU), Turkmenistan (TM), Tunisia (TN), 

Trinidad and Tobago (TT), and the United States of America (US). The supply and demand 

data are provided within Appendix C. 

Table 15: Major data sources for GAMAMOD-EU 

Type of data Sources 
Production capacities Own assumptions, based on Möst and Perlwitz 

(2009) 
Pipeline transmission capacities ENTSO-G (2016) 
LNG import and export capacities ENTSO-G (2016) 
LNG shipping distances Ports (2018) 
Storage capacities GIE (2016) 
Demand EUROSTAT (2019c), IEA (2020a) 
Costs for VOLL Lochner (2011, p. 74) 

 
128 A discussion about opportunities and challenges of back-testing in the context of global gas mar-
kets is provided by Stibolt (2009). 
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According to existing pipeline and LNG connections, GAMAMOD-EU considers 103 

pipeline connections, and 11 countries with the opportunity to import LNG (9 within the EU-

28) and 7 non-EU-28 nodes with the opportunity to export LNG. Pipeline capacities and 

connections are based on the System Development Map of the European Network of Trans-

mission System Operator Gas (ENTSO-G, 2016). LNG routes are based on the online calcu-

lator “sea distances” (Ports, 2018). Natural gas storages are aggregated per county and stor-

age type, based on (Gas Infrastructure Europe, 2016). GAMAMOD-EU considers three 

kinds of storages: aquifers, depleted gas fields and salt caverns. Their respective geological 

characteristic impacts their techno-economic injection and withdrawal behavior that is con-

sidered in the mathematical storage modelling. 

Production costs and quantities lack sufficient transparency especially for sources out-

side the EU-28. A number of assumptions is based on a previous model PERSEUS and the 

used data of Möst & Perlwitz (2009). The total gas demand for EU-28 countries in 2015 is 

based on EUROSTAT (2019c), while the monthly gas demand pattern is based on IEA 

(2020a). The total considered gas demand in GAMAMOD-EU in 2015 amounts for the EU 

Member States 4464 TWh and for the non-EU demand countries 1141 TWh. Due to the en-

ergy balance, the model has to meet the demand in each time step during the model time 

horizon, in particular by producing and transporting natural gas. If the model cannot find an 

appropriate solution to meet the demand by gas dispatch adjustments, the model has to use 

the load shedding option, that causes penalty costs in the objective function and increases 

total system costs. The penalty costs for load shedding and VOLL are estimated with 

187,713 EUR per GWh, based on Lochner (2011, p. 74). 

5.3.2 Validation of GAMAMOD-EU for 2015 

To justify the application of GAMAMOD-EU, a validation for the year 2015 is incorporated. 

Following Eser (2019, p. 35), the validation is based on the comparison of modelled and 

actual cross-border gas flows for 2015. The actual import (positive sign) and export (nega-

tive sign) gas flows are based on IEA (2020a).  

Generally, GAMAMOD-EU results are a good reproduction of historical imports and 

exports in the European gas market in 2015. For validation, first, the net balance129 of im-

ported and exported natural gas is considered within Figure 27. The overall normalized mean 

average error130 amounts 7% and for most countries, the individual error metric amounts 

between 1% and 8%. This is in a similar range and quality compared to other gas market 

models in literature, e.g., Eser (2019, p. 35). However, in the model results of GAMAMOD-

EU, individual error metrics for the Netherland (+117%), Austria (+46%), Belgium (-16%), 

and UK (+15%) show larger deviations. 

 
129 Net import balances refer to the sum of imports minus exports. 
130 The mean average error refers to the sum of all country specific absolute errors between simulated 
and the actual net balances, divided by the number of respected countries (resulting in-18 TWh), and 
divided by the average net balance of all countries (259 TWh). 
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Figure 27: Country specific error analysis with focus on net import balance 
Source: Own illustration 

Differences might occur due to underestimating market power of single suppliers, e.g., 

Russia. Furthermore, the model focuses on the European gas market, while the interaction to 

global gas markets is neglected that may lead to distortions. Finally, the model considers 

only spot market trading and obligations that arise from long-term contracts are not modeled. 

However, besides these systematic distortions, some individual differences between model 

results and reported data occur that need further explanations. This is particularly relevant, 

when the validation does not consider only the ne import balance, but imports and exports 

separately, as it is illustrated in Figure 28.  

Here. the average error between the sum of simulated and actual imports (exports) for 

each respected country amounts 29% (52%). The difference results from an underestimation 

of both, imports, and exports. A larger error occurs for Germany, Czech Republic, Austria, 

and the Netherlands. One explanation might be the neglect of loop flows between neighbor-

ing countries. For example, in Germany, the modeled imports and exports are less than the 

actual reported volumes. One reason might be the fact that Germany has multiple entries and 

exits to neighboring countries, while GAMAMOD-EU considers all pipeline connections as 

only one aggregated cross-border capacity. In the case of imports from Czech Republic to 

Germany and vis versa, this approach may lead to the effect that the model results implicitly 

consider the net import or net export instead of physical gas flows. In opposite, the reported 

data may also include the situation when on multiple cross-border pipelines between Germa-

ny and the Czech Republic import and export occur at the same time. A similar explanation 

holds for differences for Austria, Czech Republic, and the Netherlands. Another model arte-

fact is the so-called bang-bang or penny switching effect that is typically for LP models. It 

denotes the effect when a marginal change of input parameters can lead to significant varia-

tions in model results (Möst, 2009).  

The validation process is made particularly difficult, as data collection on a European 

level lacks sufficient transparency. Furthermore, data bases change frequently, e.g., the fig-

ures of transit gas volumes differ among statistical sources. The EUROSTAT database for 

example shows a structural break in 2013, as transit gas was not included within import vol-
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umes before but are included after this date. For Germany, the AG Energiebilanzen (AGEB) 

and the Bundesnetzagentur (BNetzA) are two reliable data sources. However, by comparing 

their gas balances for gas imports and exports it can be observed that they differ in their used 

methodology of dealing with gas transit volumes.  

The discussion about model validation in academic literature highlights some further 

challenges that are immanent to this model approach. Lochner (2011, p. 58) points out that a 

validation of optimization models is difficult as the assumption of perfect information and 

markets with perfect foresight do not hold in real world observations. Market inefficiencies 

may occur by strategic behavior, non-transparent information, or transaction costs due to 

non-harmonized system operation. One way to deal with this data uncertainty is to calibrate 

model parameters according to the observed reality. For example, Holz (2009) calibrates 

bilateral trade capacities afterwards in order not to exceed the total available capacity. This 

thesis does not follow the retrospective calibration approach to avoid a distortion of funda-

mental interrelations by subjective mark ups.  

The author is convinced that the model correctly reflects the large-scale gas flows in 

the European gas market because of acceptably chosen cost parameters and technical re-

strictions in the model formulation. For that reason, the application of GAMAMOD-EU 

allows a valid analysis of the gas infrastructure and scenarios about the security of supply in 

the European gas market. 
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Figure 28: Comparison of GAMAMOD-EU (simulated) and historical data (actual) concerning inflows and outflows of selected countries in 2015 
Source: Own illustration of model results and IEA (2020a). 
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5.4 GAMAMOD-EU.sto - Stochastic Programming Approach 

The basic version of the model GAMAMOD-EU is introduced in Section 5.2 and validated 

for the base year 2015 within Section 5.3. Regarding the future European gas market, several 

uncertainties have to be considered. Therefore, this Section introduces the stochastic version 

GAMAMOD-EU.sto. First, changes to the deterministic version are presented. Second, the 

implementation within the mathematical formulation is shown. The third part comprises the 

derivation and formulation of constraints for modelling diversification strategies. 

5.4.1 Overview of GAMAMOD-EU.sto 

This thesis identifies the largest uncertainties in the development of the level of gas demand 

in EU-28 Member States, LNG prices and the availability of the Ukraine transit. These un-

certainties impact in particular investment decisions in natural gas infrastructure as well as 

dispatch decisions. In this thesis, they are investigated for 2030 and 2045. Before analyzing 

the effects of uncertainties, this section describes the model extension from the deterministic 

model version of GAMAMOD-EU to the stochastic version GAMAMOD-EU.sto imple-

menting a two-stage stochastic programming approach.  

Regarding the research question, the overall goal is to study investment and dispatch 

decisions under alternative diversification strategies taking uncertainties into account. From 

the perspective of an optimal system planer, the objective function aims to minimize total 

system costs. Thereby, costs occur for investment and dispatch decisions. The stochastic 

model formulation separates these decisions into two stages131. The first stage decision (also 

called: Here-and-Now decision) determines investments in gas infrastructure taking all fu-

ture scenarios into account. The second stage decision (also called: Wait-and-See decision) 

sets the dispatch in each scenario considering the previous taken investment decision (see 

Figure 29). 

GAMAMOD-EU

+ Investment Decision

Uncertainty covered by
Scenarios (Sc01 ... Scn)

Scenario parameters:
Demand, Ukraine Transit, LNG Price

Second Stage: 
Wait-and-See Decision

First Stage:
Here-and-Now Decision

Investment in Gas 
Infrastructure for 2030 

and 2045
Dispatch in 2030 and 2045x

ySc01

...

yScn

ySc02

YScn-1

 

Figure 29: Two stage stochastic programming approach with GAMAMOD-EU  
Source: Own illustration. 

 
131 For theoretical background information please refer to Birge & Louveaux (2011, p. 28 ff).  
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5.4.2 Implementation of the Stochastic Programming Approach 

Contrary to a deterministic investment model approach, scenarios are not considered in sev-

eral model runs, but directly in the objective function. Hence, compared to the described 

model in Section 5.2 an extension of sets, parameters and variables is needed. 

The model GAMAMOD-EU.sto considers an investment decision in 2015, the so 

called “here-and-now” decision, while the realization of a future parameter – natural gas 

demand – is uncertain and impacts the so called “wait-and-see” decision – the dispatch of 

natural gas. The model is based on a cost minimization approach. The objective function is 

divided into seven parts, shown in Eq. (5.15) to Eq. (5.21) with the following components: 

investments in pipeline capacities (Eq. (5.15)), LNG import terminals (Eq. (5.16)),) and stor-

age capacities (Eq. (5.17)), as well as dispatch costs for gas production (Eq. (5.18)), transport 

via pipelines (Eq. (5.19)) and LNG shipping (Eq. (5.20)) and, finally, costs for the value of 

lost load (Eq. (5.21)). The investment part of the objective function is independent from sce-

nario set J, while dispatch costs are impacted. 

 

 

(5.15) 

 

(5.16) 

 

(5.17) 

 

(5.18) 

 

(5.19) 

 

(5.20) 

 

(5.21) 

 

The decision variables in the objective function are the investment variables , 

, and , the production quantity , the transported gas via pipelines , 

the shipped LNG , and, finally, the amount of load shedding . In addition, 

three decision variables for the operation of storages are introduced, namely storage injec-

tion, storage withdrawal and storage level ( , , and ). 

The decision about these variables is furthermore restricted by mass balances and ca-

pacity restrictions. The energy balance at each network node consists of two parts, in particu-

lar, of gas that flows into a node (gas production, LNG and pipeline import, storage with-
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drawal and load cutting, cf. Eq. (5.22)) and gas that flows out of a network node (gas de-

mand, LNG and pipeline exports and storage injection, cf. Eq. (5.23)). The production is 

limited by a daily (Eq. (5.24)) and annual (Eq. (5.25)) maximum production capacity. Pipe-

line transports are restricted by the maximum daily transport capacity (Eq. (5.26)). LNG 

transport is limited by regasification (Eq. (5.27)), liquefaction (Eq. (5.28)) and shipping ca-

pacities (Eq. (5.29))132. 

 

(5.22) 

 

(5.23) 

 
 

 

 

(5.24) 

 

 

(5.25) 

 

 

(5.26) 

 

 

(5.27) 

 

 

(5.28) 

 

 

(5.29) 

 

 
132 In the model, this restriction only determines which LNG supply countries are able to supply which 
LNG import countries. If there is a connection, the shipping capacity is set to infinity (INF) and, 
hence, there is no restriction on the availability of LNG vessels. 
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The model considers eight storage constraints (Eq. (5.30)) to Eq. (5.37)). The first two 

constraints describe the daily storage balance (Eq.(5.30)) and the minimum and maximum 

storage level (Eq. (5.31)). Furthermore, the injection and withdrawal are limited by the line-

arized constraints that represent storage characteristics, based on Lochner (2011) (cf. Eq. 

(5.32) to Eq. (5.35)). The injection and withdrawal restriction for countries that had no exist-

ing storage capacities is simplified by using a fixed rate of injection and withdrawal, inde-

pendent of storage level (Eq. (5.36) and Eq. (5.37)). This simplification is necessary in order 

to keep the model formulation linear. 

 

 

 

(5.30) 

 

 

(5.31) 

 

 

 

(5.32) 

 

(5.33) 
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(5.40) 

 

 

 

 

(5.41) 

(5.42) 

(5.43) 

, , ,  

, , , , 

, , , 

(5.44) 

 

Infrastructure investment is limited to the maximum expansion capacity for pipelines 

(Eq. (5.38)), LNG import terminals (Eq.(5.39)) and storages (Eq. (5.40)). The Eq. (5.41) to 

Eq. (5.43) are called non-anticipating equations and ensure that the model’s investment deci-

sions consider all scenarios. The calculation of the expected value of perfect information 

uses the relaxed constraint133 (cf. Section 6.2.1). Finally, all variables are continuous and 

non-negative (Eq.(5.44)). 

5.4.3 Implementation of Constraints for Modelling Diversification Strategies 

The model GAMAMOD-EU.sto focuses on two fields in gas markets. First, the uncertainty 

of future gas markets is modelled trough the stochastic optimization approach. Second, the 

consideration of diversification strategies requires a mathematical formulation of additional 

constraints. This is described in the following. 

The model runs for three different diversification strategies and their design is dis-

cussed within Section 6.1.4 in more detail. The “No Diversification Policy” strategy is a base 

case without any additional constraints. Hence the model considers in the “No Diversifica-

tion Policy” strategy only Eq. (5.15) to Eq. (5.44).  

Each of the two additional diversification strategies uses one additional policy con-

straint. In particular, the “National LNG Diversification Policy” strategy is represented 

through Eq. (5.45). Here, it has to be true that each EU-28 Member State with possible ac-

cess to LNG imports has to import at least a certain share (  of its natural gas demand. This 

share can be interpreted as an LNG quota.  

 
133 In this context, relaxing a constraint in modelling means to make the constraint less restrictive than 
it has been initially assumed. 
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(5.45) 

 

In contrast, the “EU Diversification Policy” strategy focuses on the EU-28 as a whole 

and is represented in Eq. (5.46). This strategy states that the EU-28 is allowed to be supplied 

by Russian gas at a maximum share of  referred to the cumulated EU-28 gas demand134. 

 

 

(5.46) 

 

5.5 Critical Reflection of the Modelling Approach 

Chapter 5 introduces a model for the European gas market in a deterministic version for the 

base year 2015 and in a stochastic version for modelling investment and dispatch decisions 

in 2030 and 2045 taking uncertainties into account. 

Concerning GAMAMOD-EU a general critical aspect is the assumption of perfect 

competition that enables the linear modelling approach. Justifications for using this ap-

proach, mainly due to computational limitations, are already discussed within the literature 

review on gas market models. However, as computational opportunities improve permanent-

ly, it might be possible to use also nonlinear modelling approaches in future. 

Further smaller aspects are concerning the study setting. For example, the considered 

model nodes represent countries instead of balancing respective market areas. The transport 

of natural gas is modelled by distance-related costs. This is an intuitive approach due to the 

fact that transport costs correlate to transport distances. Another approach would be the con-

sideration of entry-exit tariffs. In addition, pipeline capacities do not consider technical flow 

and do not cover line-packing that could be modeled using the Weymouth-Equation (cf. 

Grimm et al., 2019), but would also lead to a nonlinear model with further challenges for 

calculating larger model instances. The supply curve is modelled by using three levels of 

production capacities. Another approach would be to consider a Golombeck function135 that 

might reduce tipping points in the model results. The opportunities of supply countries, e.g., 

LNG suppliers, to deliver natural gas quantities to other world regions is not completely 

covered. For pipeline gas this simplification has only a small impact as e.g., Russia operates 

on separated gas fields for European and Asian gas markets. This is not necessarily true for 

LNG shippers that are highly sensitive to natural gas prices. To cover this aspect in 

GAMAMOD-EU, the considered uncertainties comprise also two price level scenarios for 

the LNG consumption in Europe, while high LNG prices reflects a large global LNG de-

mand and vice versa.  

 

134 In this study, the following two assumptions hold:  with 10% and  with 20%. 
135 The Golombeck function is used to reflect natural gas production cost characteristics. Thus, in-
creasing marginal costs are expected when production is close to capacity (Moryadee, Gabriel and 
Avetisyan, 2014). 



5.5 Critical Reflection of the Modelling Approach  

109 

Having the limitations of GAMAMOD-EU in mind, further limitations for the sto-

chastic version of GAMAMOD-EU.sto have to be discussed. In general, it is critical to vali-

date the investment module as all model results on future gas infrastructure investments can-

not be validated on historical data.  

The model considers investments in new infrastructure, but do not consider larger im-

provements of the existing pipeline infrastructure that would cause investments as well over 

the considered period up to 2045. Although the argument holds that transport costs include 

partly costs for renew the infrastructure, this approach still could lead to a distortion regard-

ing the fact that the usage of the existing gas infrastructure appears more attractive than 

building new infrastructure.  

Another controversially discussed aspect is whether a social discount rate should be 

considered in the multi-period optimization model. Steinbach & Staniaszek (2015) argue that 

in general, the objective of minimizing total system costs does not include the individual 

perspective of investors or market failures. Instead, the social discount rate describes the 

time preference weighting welfare and there are reasons for assuming a lower social discount 

rate compared to the individual interest rate for long time horizons (cf. Steinbach, 2015, p. 

5). Against this backdrop, the social time preference rate is low for gas infrastructure in-

vestment with an expected utilization of pipelines, LNG import terminals and storages that 

exceeds individual time horizons. Hence, GAMAMOD-EU.sto assumes a social discount 

rate of zero.
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6 RESULTS ON SECURITY OF SUPPLY IN 

THE EUROPEAN GAS MARKET 
The European gas market model and its mathematical formulation are introduced within the 

previous Chapter 5. Following, this Chapter provides an application of GAMAMOD-EU.sto 

and is divided into four parts. First, the study design for answering the RQ is described, in-

cluding all scenario assumptions. Second, the results on the model application with focus on 

diversification strategies until 2045 are presented. Third, an additional analysis investigates 

the contribution of diversification strategies and infrastructure investments on supply shocks 

to evaluate their contribution on security of supply. Finally, the fourth Section discusses the 

findings and implications. 

6.1 Study Design Regarding Uncertainties and Diversification 

Referring to Chapter 2, future development in gas markets is subject to a range of uncertain-

ties. One way of dealing with these uncertainties are scenarios. Creating scenarios for differ-

ent future worlds are an appropriate methodology for investigating the performance of gas 

systems under different conditions, e.g., concerning the access to Russian gas sources, vari-

ance in global LNG prices or different levels of future gas demand. A detailed analysis of 

different scenarios provides insights about the range of results, e.g., gas prices or supply 

structures, as well as the need of infrastructure investment. Nevertheless, the challenge re-

mains for decision makers to base an investment decision on separated, non-linked determin-

istic scenario results. This is because the scenario approach is based on investment decisions 

that are optimized within a closed scenario framework, neglecting the probability of the re-

spective scenario and without considering alternative scenarios and developments. For that 

reason, in Chapter 5, the two-stage stochastic programming approach was introduced that 

enables the simultaneous consideration of scenarios that impacts infrastructure expansion 

and dispatch and, thus, leads to one single investment decision that considers all scenarios 

simultaneously.  

The aim of this Chapter is to use the model approach GAMAMOD-EU.sto for answer-

ing question of what is the optimal gas infrastructure investment portfolio for the European 

gas market until 2045 taking diversification policies and gas market uncertainties into ac-

count? (RQ 1) that was introduced within Chapter 1. Before discussing the results136, a brief 

overview about the scenario setting is introduced, regarding three aspects. Firstly, assump-

 
136 This Chapter is based on the paper “Does ‘More’ Equal ‘Better’? – Analyzing the Impact of Diver-
sification Strategies on Infrastructure in the European Gas Market” (Hauser, 2021). The manuscript 
is part of the project Erdgas-BRidGE (project funding number: 03ET4055A), funded by the Federal 
Ministry of Economic Affairs and Energy (BMWi). The paper was accepted on the 2nd of March 2021 
and was published in Energy Policy in June 2021. 
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tions on infrastructure expansion are discussed. Secondly, the uncertainty parameters are 

framed in twelve scenarios that consider uncertainties up to 2045 concerning the availability 

of Ukraine gas pipeline transit, the LNG price level and, finally, the expected demand in the 

EU-28. Finally, policy strategies determine the way of how to deal with these uncertainties. 

In fact, three parallel strategies are proposed. The first strategy comprises the implementa-

tion of a “No Diversification Policy” strategy that is the base line. The second one proposes 

an “EU Diversification Policy” strategy and the third one suggests applying a “National 

LNG Diversification Policy” strategy concerning a minimum LNG purchase ratio. 

6.1.1 Assumptions on Gas Infrastructure Investments  

Investment decisions in GAMAMOD-EU.sto are based on annualized CAPEX for pipelines, 

LNG import terminals and for natural gas storages. A broad analysis of pipeline, storage and 

LNG projects is provided in Lochner (2011, p. 87 ff). In general, capital costs for infrastruc-

ture investment are not transparent and depend on project related aspects. For example, in 

the context of an LNG import terminal it could be favorable if the planned terminal could be 

integrated into an existing infrastructure of a harbor. For storages, geological formations 

might be relevant for deliberating between pro and contra for making an investment deci-

sion. Hence, the range of project CAPEX is broad.  

GAMAMOD-EU.sto uses infrastructure specific cost per unit in order to enable en-

dogenous linear scaled investments. This approach is a simplification and neglects that most 

projects are not scalable, but rather planned for a specific capacity. An enhanced considera-

tion would be the modelling of a binary decisions for infrastructure projects that would 

change the model class from an LP to a MIP (cf. Chapter 5). Due to the aggregation level 

and reasons of complexity, the simplified LP approach was taken.  

The model extension of GAMAMOD-EU allows investments in different time peri-

ods, in 2030 and 2045 in new gas infrastructure. Hence, total system costs include invest-

ments in additional gas infrastructure and dispatch costs for each modelled year. To make 

annual dispatch costs and investments for multi-annual use gas infrastructure comparable, an 

annuity approach is used. The model assumes an imputed interest rate of 6%, following the 

assumptions of Lochner (2011, p. 93). The lifetime of investments is assumed for 30 years, 

and therefore exceeds the modelling time horizon. The following Table 16 summarizes 

Lochner’s conclusions and convert them into the GAMAMOD-EU needed energy and ca-

pacity137 unit format by meeting additional assumptions about the energy content and the 

inflation rate138.  

The usage of discount rates has a strong impact in energy system analysis as high-

lighted by Steinbach & Staniaszek (2015) and needs a differentiation between the social 

 
137 Usually, CAPEX for infrastructure investments refer to capacities and need therefore the respective 
unit assignment. For the pipeline case, the capacity costs relate to the energy that can be transported 
within one year over 1000 km (EUR/GWh/a/1000km). For the case of LNG import terminals, the 
capacity costs relate to the energy that can be imported for one year (EUR/GWh/a). In the case of 
storages, it can be distinguished between short-term storages that focuses on providing additional 
capacity, e.g., batteries, and seasonal storages that focuses on energy, e.g., gas storages. The latter 
refers rather to the stored energy than to the injection or withdrawal capacity. Hence, the CAPEX for 
gas storages is assigned with reference to energy units (EUR/GWh). 
138 Assumptions on infrastructure investments in literature refer to volumetric quantities, e.g., natural 
gas in billion cubic meters [bcm] or cubic meters [m³] and are converted into energy units [GWh] by 
the estimation that 1 bcm of natural gas contains a gross calorific value of 9770 GWh. Furthermore, 
investments in Lochner (2011) refer to prices in 2010 and have to be calculated according to the base 
year 2015 by using the inflation rate of 7.9% between 2010 and 2015 (own calculation, based on Sta-
tista GmbH (2019)). 
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discount rate that is applied for evaluating total system costs (cf. discussion in Section 5.5) 

and the individual discount rate that reflects the expected return of an investor. The latter is 

used to estimate the annuity, as private companies are the agents who invest in pipelines, 

LNG import terminals or storages. The assumed 6% are on the lower bound of a range of 6 

to 15% that is found in the meta-analysis of Steinbach & Staniaszek (2015). The reason for 

this assumption is the fact that current interest rates are at a historically low level and are 

expected to remain low. 

Table 16: Numerical Assumptions on infrastructure expansion costs and used annuities 

Set Literature Own assumption 
 CAPEX Unit CAPEX Annuity Unit 
Pipelines 139.66 Tsd. EUR2010/bcm/a/km 15,420 1.12 EUR2015/GWh/a 

/1000 km 
LNG import termi-
nals 

115.55 Mio. EUR2010/bcm/a 12,761 926.47 EUR2015/GWh/a 

Storages      
- Depleted fields 0.6 EUR2010 / m³ 66,246 4,810.77 EUR2015/GWh 
- Salt caverns 1.02 EUR2010 / m³ 112,648 8,178.33 EUR2015/GWh 
- Aquifers 0.90 EUR2010 / m³ 99,396 7,216.16 EUR2015/GWh 

Source: Own assumptions, based on Lochner (2011, p. 87 ff). 

 

With the assumptions on lifetime n and imputed interest rate i, it is possible to use the 

concept of the annuity factor (ANF). The ANF distributes investment and interest as an 

amount that is equal in each period over the project lifetime. Equation (6.1) shows the calcu-

lation of the ANF: 

 

 (6.1) 

With the above-described assumptions, the value of ANFn=30,i=6% amounts 0.0726. The 

calculated annuities for infrastructure investments are shown in Table 16 as well. 

Besides assumptions on specific CAPEX per investment option, it is also necessary to 

extend the data base from 2015 to the extended time horizon up to 2045. Therefore, assump-

tions for future gas demand and future natural gas production are needed. The uncertainty 

concerning these parameters as well as the chosen assumptions based on energy outlooks are 

discussed within the next Section. 

6.1.2 Assumptions on Gas Market Uncertainties and Constructing Scenarios 

The European domestic gas production139 declines, as already discussed within Chapter 4. 

Hence, gas imports gain in importance. A major uncertain aspect for the supply is the fact 

that import infrastructure projects depend on three major questions: 

1. Will there be a gas transit through Ukraine territories after 2024 (risk of Ukraine 

gas transit blockade)?  

2. What will be the competition of pipeline gas to LNG imports (risk of increasing LNG 

prices)?  

3. What will be the future gas demand in the EU-28 (risk of gas underestimated or 

overestimated gas demand)? 

 

 
139 A detailed list on the assumed production capacities for all considered suppliers in 2030 and 2045 
is provided within Appendix C, in Table 28. 
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A combination of these different uncertainty dimensions leads to twelve scenarios 

(Sc01 – Sc12) that are the base for the stochastic optimization. Egging and Holz (2016) cre-

ate sixteen scenarios in the combination of Ukraine transit (no stop, stop), gas demand (base 

case, low, high) and the availability of unconventional gas (base case, global boom, gloomy). 

In contrast to Egging and Holz (2016), this study does not discuss unconventional gas avail-

ability but includes LNG gas price uncertainties.140 This Section describes the assumptions 

on each uncertainty perspective, quantifies the risk and presents the combination of uncer-

tainties resulting in the scenario tree. 

Risk of Ukraine gas transit blockade 

Since the Russian-Ukraine transit disruption in 2006 and 2009 security of supply is 

discussed, mainly because major gas transit volumes through the Ukraine supply Western 

European customers. Nevertheless, the Nord Stream 1 pipeline project was motivated by 

decreasing Russia’s transit dependence on third parties. Nagayama and Horita (2014) use a 

network analysis and argue that Ukraine’s and Russia’s relative bargaining power have been 

already equal before the construction of Nord Stream 1, while through the operation of Nord 

Stream 1 Russia’s relative bargaining power increases. The construction of Nord Stream 2 

follows up this strategy. While the European Commission highlights the importance of gas 

transports through Ukraine, it is quite questionable whether the gas transit will be continued 

after 2024. Following Egging and Holz (2016), the scenario holds a 50% probability for a 

Ukraine transit and another 50% for a Ukraine Blockade, starting latest in 2030. 

Risk of increasing LNG prices 

Global gas prices converged during the last decades mainly driven by the shale gas 

boom in the United States (US) starting in 2011 and increased flexible LNG volumes that 

increase the competition on the supply side and connect global gas hubs in North America, 

Asia, and Europe (cf. Richter, 2014; Hauser, 2016; Schmidt, Hauser and Möst, 2016). Future 

LNG prices depend on the development of LNG export capacities, e.g., in the United States, 

and the development of LNG demand, in Asian markets with the highest willingness to pay 

for LNG. These circumstances determine how much European customers will have to pay 

for LNG imports. To cover this price uncertainty, the study design assumes that LNG prices 

are reflected by costs for production and shipping, while most costs are caused by the gas 

production. Due to a conservative approach, the assumption holds that there exists an upper 

price risk of + 20% over todays price limit. Thus, two scenarios with equal probability for 

LNG prices are considered in this study: one scenario with stable low LNG prices (low) re-

ferring to the year 2015 and one scenario (high) with a mark-up for production and shipping 

costs of 20%141. This mark-up is considered only for major LNG exporting countries142, for 

Algeria, Egypt, Libya, Nigeria, Peru, Qatar, Trinidad and Tobago and the USA. 

 
140 A high availability of unconventional gas in the United States might lead to lower LNG gas price 
levels. Hence, there is a connection between both scenario settings. However, LNG price differences 
might occur also due to Asian gas demand situation or shifts in global energy consumption.  
141 In contrast to the assumptions of increasing LNG costs, Eser (2019) assumes a cost reduction for 
LNG by 20%. However, cheaper LNG would most likely not reach European, but Asian costumers 
that have a higher willingness to pay. For that reason, this analyze considers only a stable low and a 
high price level for LNG. 
142 But not for suppliers that mainly export natural gas to EU-28 costumers by pipelines and export 
only lower gas volumes by LNG shipping, i.e., Norway.  



6.1 Study Design Regarding Uncertainties and Diversification  

115 

Risk of underestimated or overestimated gas demand 

The European gas demand development for the next decades is uncertain and there are 

arguments for both assumptions, an increase, and a decline. The actual development mainly 

depends on the energy transition efforts in the power and heating sector. If gas plays a major 

role for building a bridge from a carbon intensive towards a low carbon energy system, it 

might be that the power sector will replace coal and nuclear plants by new efficient gas pow-

er plants. This is controversially discussed and seems to be more likely for Germany than the 

UK (Muradkhanli, 2016; McGlade et al., 2018). However, gas as a bridge fuel would finally 

result in an increased gas demand in the mid-term. On the other side, if the expansion of 

renewable energy sources and economic concepts of storages will have an accelerated mar-

ket penetration, investments in gas power plants are prone to become stranded assets. 

Against this backdrop, the base line of the study setup assumes that the gas demand trend 

remains stable for all EU-28 countries. This assumption refers to the ENTSO-G (2017b) 

scenario “Slow Progression”. The gas demand for non-EU countries will increase slowly, as 

these countries’ energy systems are based strongly on fossil energy carriers and, hence, have 

a higher potential of substituting oil and coal by natural gas. 

To cover the uncertain gas demand development, three demand scenarios with equal 

probability are created. The first scenario follows the base line demand without any deriva-

tion. The second scenario derivate from the base line for EU-28 countries by assuming a 

decreasing part with -10% in 2030 and another -10% in 2045 compared to the baseline. The 

third scenario mirrors the second one with an increasing derivation from the baseline. Figure 

30 illustrates the assumptions on gas demand. In the base line (Figure 30a), the decreasing 

(Figure 30b) and the increasing gas demand path (Figure 30c). 

The Figures show the largest consumer countries in the EU-28: Germany (DE), United 

Kingdom (UK), Italy (IT) and France (FR), as well as for the remaining EU-28 Member 

States and the non-EU-28 Member States (rest of Europe). As the study focus on the EU-28, 

the gas demand uncertainty is only considered for the EU-28 Member States, while the re-

maining countries follow demand development of the base line (cf. Figure 30d). 
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Figure 30: Projection of gas demand for EU-28 and remaining European countries (rest of 
Europe, ROE) in the base line scenario (a), the low demand scenario (b) and the high demand 
scenario (c), as well as the comparison of all EU-28 scenario demands and the remaining gas 
demand (d) 
Source: Own illustration. 

6.1.3 Scenario Tree Structure 

The above-described uncertainties are combined by using a scenario tree143 to create the final 

scenarios Sc01 to Sc12 that are used in the stochastic optimization. The scenario tree in Fig-

ure 31 illustrates on each node alternative scenarios. In the 2020s, the uncertainties are mod-

eled within two scenarios that occur with a 50% probability each. The risk of the Ukraine 

transit availability constitutes the first two scenarios (node 2 and node 3) and the risk on 

LNG price developments expands the tree (node 4 to node 7). In 2030, the scenario tree 

splits into three branches of equal probability at each node, resulting in node 8 to node 19. 

Finally, in 2045, the scenario considers no alternative, but follows the trend of the previous 

node and ends up in twelve equal probable scenarios Sc01 to Sc12 where each scenario has 

the probability to realize of 8.33% (node 20 to node 31). Equal probabilities are mainly justi-

fied by the gap of precise information about the uncertainties. 

The scenario tree is symmetrically structured in order not to predefine investment de-

cisions. All assumptions per scenario are summarized in Table 17144. A discussion about the 

limitations of this approach is provided in Egging and Holz (2016). 

 

 
143 Scenario trees are well-known in academic literature (cf. Zhuang, 2008; Fodstad, 2016) and reduce 
the numbers of scenarios by defining branches with a respective probability. 
144 The gas demand change in 2030 resp. 2045 refers to the predicted gas demand for 2030 resp. 2045 
based on the “Slow progress scenario” of the ENTSO-G (2017b). The uncertainty of 10% from 2015 
to 2030 and another 10% from 2030 to 2045 results in a derivation of up to 21%. Hence, the gas de-
mand increase in 2045 referred to the predicted gas demand for 2045 amounts in Sc01, Sc04, Sc07 
and Sc10 +21%, while the gas demand decrease in the scenarios Sc03, Sc06, Sc09 and Sc12 amounts 
-21%. The gas demand for the remaining scenarios follows the predicted gas demand trend. 
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Figure 31: Scenario tree for GAMAMOD-EU.sto application 
Source: Own illustration, following Egging and Holz (2016). 

 

Table 17: Uncertainty scenarios Sc01 to Sc12, based on the combination of Ukraine transit 
availability, level of LNG price and the future gas demand in 2030 and 2045 

Scenario ID Abbreviation Ukraine Transit LNG Price 2030 2045 
Sc01 Block-High(+) No High +10% +21% 
Sc02 Block-High(o) No High 0% 0% 
Sc03 Block-High(-) No High -10% -21% 

 
Sc04 Block-Low(+) No Low +10% +21% 
Sc05 Block-Low(o) No Low 0% 0% 
Sc06 Block-Low(-) No Low -10% -21% 
      
Sc07 Transit-High(+) Yes High +10% +21% 
Sc08 Transit-High(o) Yes High 0% 0% 
Sc09 Transit-High(-) Yes High -10% -21% 

 
Sc10 Transit-Low(+) Yes Low +10% +21% 
Sc11 Transit-Low(o) Yes Low 0% 0% 
Sc12 Transit-Low(-) Yes Low -10% -21% 

Source: Own assumptions. 

The analysis of the symmetrical scenario tree allows the hypothesis that some combi-

nations of uncertainties lead to a higher need of infrastructure expansion than others. It can 

be expected that the realization of scenarios with the assumption of an increasing gas de-

mand (Sc01, Sc04, Sc07, and Sc10) causes new gas infrastructure. Furthermore, it is obvious 

that the highest need for new import infrastructure is needed in scenario Sc01 and Sc04, 

where gas demand increase and the Ukraine transit is blocked. In contrast, the scenario Sc12 

is expected to be the most flexible scenario due to large supply alternatives, as here the gas 

demand decreases, LNG prices are on a low level and the Ukraine transit is available. While 

a deterministic optimization of each single scenario would lead to twelve different infrastruc-

ture investments, the stochastic optimization enables the simultaneous consideration of all 

scenarios for one single investment decision. 
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6.1.4 Design of Diversification Strategies and Resulting Scenario Matrix 

The discussion of gas market uncertainties poses the question for policy makers and players 

in the gas market on what are measures and actions to react quickly on changes in the mar-

ket. Diversification might be one political strategy to ensure security of supply and to avoid 

supply disruptions due to a shortfall of single gas system elements or suppliers. Regarding 

the European gas market, three diversification policy strategies are proposed and investigat-

ed within this study. The first strategy considers the case that no additional diversification 

rules and directives are implemented and is summarized in the term “No Diversification 

Policy” strategy. This is the status quo in the gas market of 2015. The second strategy as-

sumes an EU-wide approach of reducing Russian’s market share by limiting its gas supplies 

to a maximum of 20%145. This strategy is named “EU Diversification Policy”. The third 

strategy focuses on a national action plan of EU-28 Member States that could import LNG 

and is called “National LNG Diversification Policy”. This strategy aims that all countries 

that already have LNG terminals in operation or that could build an LNG terminal have to 

import at least 10%146 of their domestic cumulated gas demand per year. The background of 

this strategy is the discussion about national energy autarky and the fact that national LNG 

import terminals ensure the technological access to global gas markets.  

The combination of twelve scenarios and three diversification policies lead to a sce-

nario matrix of 36 deterministic scenarios for the future gas market, illustrated in Figure 32. 

The horizontal dimension describes the set of uncertainties, covered by twelve deterministic 

scenarios (cf. Figure 31 and Table 17). The second dimension comprises three diversification 

strategies that affects infrastructure investment decisions due to the import restrictions. 

Based on the stochastic optimization approach, GAMAMOD-EU.sto runs three times, one 

run for each policy strategy, while each model run considers the uncertainty of all scenarios.  
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Figure 32: Sceanrio matrix combining both dimensions, uncertainty (yellow) and 
diversification strategy (blue), resulting in 36 deterministic scenario combinations  
Source: Own illustration. 

 
145 This means a radical reduction, as the supply share in 2015 reached 44%. An application of the EU 
health metrics for the EU-28 as a whole and, in particular, the application of the Herfindahl-
Hirschman-Index (HHI), recommends a maximum HHI of < 2000 which means a limit of 20% for 
single supply countries (ACER, 2015a). A similar scenario is investigated by Schulte (2019, p. 79 ff). 
146 The quota of 10% is an assumption that could be discussed and may be varied. Schulte and Weiser 
(2019) show for the Lithuanian gas market the effect that LNG import quota can limit the ability of 
dominant suppliers to exercise market power. 
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6.2 Stochastic Optimization Results Considering Diversification 

In this Section, the results of the stochastic optimization for all three policy strategies are 

discussed. First, a brief introduction in measurements and a discussion about insights of the 

stochastic optimization approaches is done by solving both, the stochastic and the expected 

value problem. After that, a general view on the costs of the stochastic solution shows the 

differences in investment and dispatch costs, depending on the implemented diversification 

policy. By analyzing the reasons for cost differences more closely, the following discussion 

focuses on three story lines: (1) Russia’s gas supply opportunities, (2) the impact of LNG to 

reduce gas supply dependency and (3) how gas storages mitigate import restrictions by 

providing flexibility.  

6.2.1 The Value of Perfect Information and the Value of Stochastic Solution 

Stochastic optimization problems cause more effort in terms of collecting data and building 

the model than using the expected value in deterministic optimization problems. Additional 

effort is needed for assuming scenario data, implementing the stochastic programming ap-

proach, and solving the model. In order to evaluate the added value of this approach, the 

value of stochastic solution (VSS) is applied (cf. Birge and Louveaux, 2011, p. 163 ff): 

 

 
(6.2) 

 

The value of stochastic solution describes the differences between the solution of the 

expected value problem (EEV) and the solution of the stochastic problem, also called recur-

sive problem (RCP) (cf. Eq. (1). The EEV calculates in a first step the investments decision 

based on only one scenario that includes the expected value of all scenarios. In a second step, 

the investment decision variables are fixed for a second run of the stochastic program. The 

value of stochastic solution is positive by definition (cf. Birge, 2011). The expected value of 

perfect information (EVPI) is a second measure that can be interpreted as the willingness to 

pay for receiving perfect information about the future and eliminate the uncertainty: 

 

 
(6.3) 

 

The expected value of perfect information is the difference between the solution of the 

recursive problem and the solution of the wait-and-see problem (WS). The wait-and-see 

concept comprises the situation that the model anticipates all scenarios and can optimally 

adjust the first stage decision for each individual scenario. Hence, the solution for the wait-

and-see problem can also be interpreted as the expected value solution of all deterministic 

scenario calculations (cf. Schwarz, 2019). Table 18 provides an overview of total system 

costs including investments and dispatch costs in 2030 and 2045 for the RP and the alterna-

tive model runs (WS and EEV) for all three diversification strategies. Furthermore, the re-

sults on the expected value of perfect information and the value of stochastic solution are 

shown.  

The highest value for receiving more information on the scenarios occurs for the Na-

tional LNG Diversification Policy strategy. In other words, receiving more information about 

the scenarios would have the biggest impact, when the National LNG Diversification Policy 

strategy is applied. 
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Table 18: Total system costs in billion EUR in the recursive problem (RCP), the wait-and-see 
problem (WS) and the expected value problem (EEV) and the derived measures expected value 
of perfect information (EVPI) and value of stochastic solution (VSS) for three diversification 
strategy policies 

Diversification strategies RCP WS EEV EVPI  VSS  

 bil. 

EUR 

bil. 

EUR 

bil. 

EUR 

bil 

EUR 

% bil 

EUR 

% 

No Diversification Policy 72.37 71.03 73.83 1.33 1.84% 1.47 2.03% 

EU Diversification Policy 79.17 78.27 79.46 0.9 1.13% 0.29 0.37% 

National LNG Diversification 

Policy 

72.64 71.23 74.09 1.41 1.94% 1.45 1.99% 

Source: Model results. 

The highest value for the stochastic solution consists when the No Diversification Pol-

icy strategy is applied. By specifying a diversification policy, the value of stochastic solution 

decreases slightly for the National Diversification Policy strategy and significantly for the 

EU Diversification Policy strategy. This might be a hint that a determination of a diversifica-

tion policy reduces the importance of uncertainties for investment decisions. The value for 

the stochastic solution is positive for all diversification policies and proves the profitability 

of the stochastic optimization program. One point of criticism might be that the values for 

the stochastic solutions are small. This effect is observed already in other stochastic gas mar-

ket studies, where values for stochastic solutions are very small, e.g., 0.07% (Egging et al., 

2017) and 0.026% (Riepin, Möbius and Müsgens, 2018). However, regarding absolute num-

bers, the value of stochastic solution with its range between 300 million and 1.5 billion EUR 

reaches a relevant size for policy makers and industry experts and this conclusion is also 

drawn by Riepin, Möbius and Müsgens (2021). Proving the profitability of the stochastics 

optimization approach is a crucial aspect to justify the methodological effort. Egging and 

Holz (2016) point out that it is sometimes not possible to find the value of stochastic solu-

tion, as solvers cannot find solutions for deterministic model runs. 

6.2.2 System Costs and Investments 

The analysis investigates the European gas infrastructure from the perspective of an optimal 

system planer that aims to enable an efficient gas market at lowest costs. Hence, the objec-

tive function in the stochastic optimization model GAMAMOD-EU.sto aims to minimize 

total system costs. For that reason, the first analysis focuses on the investments and dispatch 

costs for the three policy strategies No Diversification Policy, EU Diversification Policy, and 

National LNG Diversification Policy (Figure 33). 

Figure 33a) shows the investments for the No Diversification Policy strategy and the 

respective dispatch costs in all twelve scenarios147. Investments are shown for the construc-

tion of pipelines, the construction of LNG import terminals, and the construction of new 

storage capacities for the years 2030 and 2045. About the No diversification policy strategy, 

investments occur mainly for pipelines and, to a lesser extent, for LNG import terminals, 

while no investments for storages are arranged. While investments are in the range of mil-

lions of EUR, the dispatch costs are in a much higher range of billions of EUR. The dispatch 

costs components differ between costs for production, transport via pipeline, and via LNG. 

 
147 The scenarios are grouped by the availability of the Ukraine gas transit (Block / Transit), the LNG 
price level (high/low) and the future gas demand (+ / o / -). For each scenario, the first bar shows the 
dispatch costs in 2030 and the second bar in 2045. 
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The model also considers the opportunity of load shedding, but it does not choose this option 

and avoids the high costs of the lost load. In general, dispatch costs are directly impacted by 

the level of future gas demand, the higher the gas demand, the higher the dispatch costs. The 

availability of the Ukraine transit reduces production costs for the entire system as more 

cheap Russian gas can be transported to Europe. Regarding dispatch costs, there is only a 

marginal impact of the LNG price level on the scenarios dispatch costs, as the model tends to 

prefer gas supplies through pipelines that connect Europe with the most competitive gas 

suppliers. 

The results of the EU Diversification Policy strategy are compared with the No Diver-

sification Policy strategy results. Figure 33b shows the differences in investments and costs. 

Less pipeline investments are needed in 2030 (-18%) and in 2045 (-17%), as existing 

transport routes from Russia to Europe are sufficient to enable the restricted Russian gas 

supply to the EU-28. On the other side, import alternatives are needed and, thus, smaller 

investments in LNG import terminals (in 2030) and even very small investments in Greek 

storages with a capacity of 52 GWh (in 2045) occur. The reason for storage investments is 

that the Greek LNG import terminal expansion capacity of 61 TWh/a is exhausted in 2045. 

In this situation, the expansion of Greek gas storages enables a higher utilization rate of the 

existing LNG capacities. Greek gas imports are needed in this scenario to supply the Balkan 

States while Russian gas supplies are restricted in this diversification strategy. While total 

investment decrease, dispatch costs increase in the EU Diversification Policy strategy com-

pared to the No Diversification Policy strategy. A deeper look into scenario Sc07, where the 

peak of the dispatch cost increase arises, illustrates some interesting effects. Higher LNG 

prices drive the costs more effectively than in the No Diversification Policy strategy, as 

much more LNG imports are needed for substituting Russian gas supplies and meeting the 

high level on gas demand. Although the Ukraine gas transit is available in scenario Sc07, the 

EU Diversification Policy restricts this option.  
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Figure 33: Investments and dispatch costs for strategies a) No policy and differences to b) EU 
Diversification Policy, and c) LNG national policy. Investments (first stage decision) hold for all 
policy scenarios. Dispatch costs (second stage decision) show the 2030 and 2045 costs for all 
twelve scenarios per strategy. 
Source: Model results. 

a) No Diversification 

Policy strategy 

c) National LNG 

Diversification Poli-

cy strategy (differ-

ences to No Diversi-

fication Policy strate-

gy) 

 

b) EU Diversifica-

tion Policy strategy 

(differences to No 

Diversification Policy 

strategy) 



6.2 Stochastic Optimization Results Considering Diversification  

123 

The scenario Sc07 illustrates the general picture that holds for all scenarios compared 

to the No Diversification Policy strategy. While investments and costs for pipeline transports 

are reduced in all scenarios, increased costs for production and LNG transport overcompen-

sate this reduction and lead to higher total costs. 

In opposite, a comparison of the National LNG Diversification Policy strategy with 

the No Diversification Policy strategy draws a different picture. Figure 33c shows the very 

small differences of investments and costs in both strategies. This strategy cause only slight-

ly higher investments in LNG import terminals, but surprisingly also in pipelines. Additional 

investments in LNG import terminals are taken in the first investment period in 2030, as the 

strategy obligates all EU-28 Member States to enable LNG imports, where it is possible. 

However, as large LNG import capacities exist already in the EU-28, additional investments 

increase only by 5% in 2030 and by 3% in 2045, compared to the No Diversification Policy 

strategy. Dispatch costs in the LNG National Diversification policy strategy show even 

smaller differences with a maximum of +1% in 2030 and +2% in 2045. The picture among 

the scenarios is heterogeneous and differences increase in scenarios with lower gas demand. 

Scenario Sc09 is interesting, where much more costs for LNG import occur although the gas 

demand decreases, and the Ukraine transit is available. The reason for higher LNG transport 

costs is that in the No Diversification Policy strategy much less LNG is needed to supply the 

decreased demand in scenario Sc09. In the National LNG Diversification strategy, the build-

ing of import terminals implies a 10% LNG quota, even if the gas demand could be supplied 

cheaper by pipeline gas. Although costs for pipeline transport are saved at the same time, the 

net effect of increased costs for LNG transport and decreased costs for pipeline transport 

leads finally to increased dispatch costs.  

The first stage decision of the stochastic optimization focuses on investment in infra-

structure. A discussion about the expansion results of pipelines, LNG import terminals and 

storages are provided in the following. 

Pipeline expansion 

Figure 34 shows the model results on pipeline capacity expansion for the respective policy 

strategy in 2030 and 2045. While major gas pipeline projects as Nord Stream 2 or Turk 

Stream are shown as single items within the figure, smaller pipeline projects are grouped into 

gas transport corridors148. 

 
148 Nord Stream 2 (Russia-Germany connection), the Turk Stream (Russia-Turkey connection) and the 
Yamal-Europe pipeline (Belarus-Poland connection) describe single pipeline projects.  
The North Africa connection considers pipelines that connect Algeria-Spain, Algeria-Morocco, and 
Algeria–Tunisia, connections between Morocco-Spain, and connection between Tunisia-Italy. 
The Southern Gas Corridor considers pipeline connections between Azerbaijan-Turkey, Bulgaria-
Serbia, Bulgaria–Turkey, and Turkey-Greece. 
The inner EU-28 connections summarize pipeline extensions between Austria-Hungary, Austria-
Slovenia, Germany-Austria, Germany-Czech Republic, Germany-Denmark, -Germany-France, Ger-
many-Bulgaria, Croatia- Bulgaria, Croatia-Hungary, Latvia-Lithuania, Libya-Italy, Sweden-Denmark, 
and Slovenia-Croatia. 
The Norway connection considers pipelines between Norway-Netherlands, and Norway–United 
Kingdom. 
The Ukraine connection considers pipelines between Ukraine and Poland. 
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Figure 34: Stochastic optimization results on pipeline expansion for diversification strategies in 
2030 and 2045 
Source: Own illustration of model results. 

The results suggest that pipeline investments are needed in all policy strategies. A 

bundle of pipeline expansions is done in all strategies to a similar extend. Capacities to North 

African suppliers are extended in all strategies of around 480 TWh/a. For the National LNG 

Diversification strategy, it is worth to extend these capacities to a larger extend already in 

2030. Furthermore, a smaller expansion of pipeline capacities (8 TWh/a) from Poland to 

Ukraine are proposed in all strategies for the year 2045. These pipeline investments are only 

slightly impacted by the diversification strategy and could be interpreted as no regret pro-

jects. 

In opposite, the realization of other pipeline projects differs among diversification 

strategies and the most discussed pipeline project is the Nord Stream 2 that expands the di-

rect connection between Russia and Germany. While Nord Stream 2 is extensively expanded 

in the No Diversification Policy strategy, only 41 TWh/a (8%) of the pipeline capacity is 

needed, when Russian gas supplies are restricted, as it is set in the EU Diversification Policy 

strategy (cf. Figure 34). This is because the existing gas transport capacity is sufficient for 

the maximum allowed Russian gas supplies in this strategy. By foregoing construction of 

Nord Stream 2, the building of Turk Stream is becoming more attractive and reduces the 

expansion of gas transport capacities through the Southern Gas Corridor. In other words, 

Russia compensates partly its reduced gas supplies to European customers by suppling gas to 

the Turkish market, which turns out to be the detriment of Azerbaijani gas supplies. 

An investment decision under uncertainty considers all possible scenarios Sc01 to 

Sc12 and, hence, cannot be as optimal as an investment decision under certainty for one real-

ization of the scenarios. For that reason, the question is how the pipeline extension looks like 

in the stochastic optimization approach compared to the deterministic decisions of single 

scenarios. Figure 35 illustrates the results for a No Diversification Policy strategy and for 
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pipeline expansions based on the stochastic optimization approach (2 left bars, RCP) and the 

deterministic approaches (24 right bars, WSP)149. 
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Figure 35: Comparison of investments in pipelines between the stochastic optimization solution 
(RCP) and the deterministic solution of each single scenario Sc01 to Sc12 (WSP) in the No Di-
versification Policy strategy 
Source: Own illustration of model results. 

From Figure 35, four conclusions can be drawn. First, about the deterministic scenario 

results, pipeline expansion is in favor when the Ukraine gas transit is blocked. Second, an 

increasing gas demand drives pipeline expansion, but even in decreasing gas demand scenar-

ios, a minimum pipeline expansion is needed, i.e., through the Southern Gas Corridor or 

pipelines between North Africa and Southern Europe. Third, the Nord Stream 2 pipeline is 

not built in all deterministic scenarios, but in scenarios with an increased gas demand or a 

blocked Ukraine transit. Fourth, the pipeline expansion proposed in the stochastic solution is 

in the mid-range compared to the results of the twelve deterministic scenarios, with major 

capacities for Nord Stream 2, the North African pipelines, and the Southern Gas Corridor. 

Based on the results in Figure 34 and Figure 35, some interim conclusions can be 

drawn. An implementation of the proposed diversification restrictions does not necessarily 

lead to much higher needs of pipeline capacity expansions, compared to a non-

implementation. While the EU Diversification Policy strategy challenges the need for the 

Nord Stream 2 pipeline, the National LNG Diversification strategy does not reduce but 

slightly increases total pipeline expansions by 5%, compared to the No Diversification strat-

egy. The latter aspect surprises, as the establishing of a minimum quota of 10% LNG gas 

imports legitimated the expectations that this strategy will reduce pipeline gas imports. The 

reasons for this unexpected result are twofold. First, expenditures for infrastructure invest-

ments are much smaller compared to dispatch costs. Thus, even in a strategy with LNG quo-

ta it is still economically to build pipeline connections to gas suppliers with lowest produc-

tion costs. That’s why the Nord Stream 2 pipeline is even built in the National LNG Diversi-

 
149 The comparison for pipeline investments in the stochastic (RCP) and deterministic (WSP) version 
of GAMAMOD-EU for the National LNG Diversification Policy strategy and EU Diversification 
Policy strategy can be found in the Appendix in Figure 66 and Figure 67. 
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fication strategy. Second, a national LNG import quota provides further incentives for pipe-

line expansions within the EU-28 to distribute the imported LNG.  

Comparing pipeline expansions between the stochastic and determinist solutions, the 

expansion extend depends mainly on an available Ukraine transit and the gas demand level. 

The Nord Stream 2 is only built in some deterministic scenarios, while results of the stochas-

tic optimization clearly show investments in the pipeline. 

LNG import terminal expansions 

Besides pipeline expansion, the capacity expansion of LNG import terminals is an option to 

meet the future gas demand, in scenarios when gas demand increase or transit routes are 

interrupted. Figure 36 shows the LNG import terminal expansion in 2030 and 2045 for all 

three diversification policy strategies.  
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Figure 36: Results on LNG import terminal expansions regarding the respective diversification 
strategy in 2030 and 2045 
Source: Own illustration of model results. 

The results for investment in LNG import capacities among the strategies is in line 

with the results of investments in pipeline capacities. That means that in general a strategy 

with large investments in pipeline capacities show less investments in LNG import terminals 

and vice versa. For example, when the Nord Stream 2 pipeline is not fully built in the EU 

Diversification Strategy, especially member states in Central Western Europe expand their 

LNG capacities (cf. Figure 34 and Figure 36).  

Furthermore, implementation of diversification strategies increases the incentive to in-

vest in additional LNG import terminals, especially in Central Western Europe. Regarding 

the total investments and compared to the No Diversification Policy strategy, only a small 

share of additional capacities (+7%) are needed in the National LNG Diversification Policy 

strategy, while large capacities (+78%) are installed in the EU Diversification Policy strategy 

in 2030 and 2045. The justification for the latter is the restriction of Russian gas supplies and 

the need for alternatives, for the Baltic States, Central Western Europe (CWE), and Greece 

that reaches the maximum of its expansion potential. 

A deeper look to the comparison of the strategies No Diversification Policy and Na-

tion LNG Diversification Policy shows another interesting result. While an optimization 
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without any diversification strategy leads to large LNG capacity investments in Italy, a na-

tional LNG quota shifts these investments to other Central Western European countries, to 

Germany. As one of the largest EU-28 gas consumers, a 10% LNG import quota drives large 

German LNG import capacities. Even if the Nord Stream 2 pipeline is not completely ex-

panded in this scenario, Germany’s importance as a European gas hub in the middle of Cen-

tral Western Europe increases by applying this diversification strategy, due to large imports 

and transits of LNG. 

The comparison for investments in LNG import terminals in the stochastic (RCP) and 

deterministic (WSP) version of GAMAMOD-EU for all three diversification strategies can 

be found within the Appendix E, in Figure 68 to Figure 70. 

Storage expansions 

Investments in storages do almost not occur, as the expenditures for new storages are much 

higher than alternative import infrastructure. Furthermore, the storage expansion options are 

limited, due to geological conditions. The only exception occurs when the EU Diversifica-

tion Policy strategy is implemented. While reaching the expansion limit on Greek LNG im-

port capacities, very small gas storages (52 GWh) are built in 2045. On the one hand, this 

subdued expansion trend is surprising, as storages provide the option to use production and 

transport infrastructure more flexible according to seasonal demands. However, as there exist 

already storages with large volumes in the EU-28150, it is much cheaper from a system per-

spective to expand pipeline connections among Member States to existing storage capacities 

instead of building new gas storages. The comparison for storage investments in the stochas-

tic (RCP) and deterministic (WSP) version of GAMAMOD-EU for all three diversification 

strategies can be found in the Appendix in Figure 71 to Figure 73. 

Interim conclusions on infrastructure investment decisions  

Overall, investment decisions are less driven by total gas supply but rather by peak demand 

that needs to be supplied and, thus, determines the capacity of infrastructure. The considered 

uncertainties drive peak load events in scenarios with increasing gas demand and when im-

portant transit pipelines fail. The threat of high compensating costs151 for not supplied cus-

tomers leads to investment decisions that prefer in a larger part pipelines and in a smaller 

part the investments in LNG import terminals. Diversification strategies that restrict the Rus-

sian gas supply or involve minimum LNG imports have only an impact on the ratio between 

LNG and pipeline gas and, therefore, on the needed investments. Summing up, the No Di-

versification Policy strategy leads to lowest system costs and any further diversification re-

striction cause additional costs. These additional costs originate mainly from the dispatch. In 

the case of the EU Diversification Policy strategy lower investments occur than in the No 

Diversification Policy strategy, but cannot compensate the more expensive dispatch, caused 

by LNG imports. Besides the general picture of investments and dispatch costs, the infra-

structure expansion determines the position of single market players. Although differences in 

total system costs are low, the concrete expansion can vary greatly across the countries, e.g., 

whether the Nord Stream 2 pipeline is built or not. For that reason, the next sections put the 

infrastructure into the spotlight and discuss explicitly the situation on the Russian gas sup-

 
150 The model considers storages with a total volume of 1057 TWh within the EU-28. Important gas 
storages exist also in the Ukraine with a working gas volume of 341 TWh. 
151 Following Lochner (2011) the model considers 188 EUR/MWh as value of lost load. 



Chapter 6: Results on Security of Supply in the European Gas Market 

128 

plies, the role of LNG imports and how gas storages provide flexibility in the respective 

diversification policy. 

6.2.3 Russia’s Export Routes and the Importance of Ukrainian Gas Transits 

Russia is the most important gas supplier for many EU-28 Member States. The Russian pipe-

line system is well-connected with transit routes through the Ukraine and Belarus to Eastern 

European countries and with new pipeline projects of Nord Stream 2 and Turk Stream. Due 

to large reserves, Russia benefits from low gas production costs that enables Russia to un-

derprice more expensive LNG gas imports. Against this backdrop, two settings within the 

study represent major challenges for the Russian gas supply. Firstly, as the maintenance of 

the Ukraine transit route after 2024 is uncertain, the scenario tree considers an unavailability 

in scenario Sc01 to Sc06. Secondly, the EU Diversification Policy strategy restricts Russian 

gas supplies to 20% of the total EU-28 gas demand. As already shown in the section before, 

the Nord Stream 2 pipeline is not completely built, when an EU Diversification Policy strat-

egy is applied (cf. Figure 34). Figure 37 shows the Russian gas exports on major transport 

routes to the EU-28 under two diversification strategies, the No Diversification Policy, and 

the EU Diversification Policy152.  
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152 The results for the National LNG Diversification Policy strategy can be found in Figure 74 in the 
Appendix E. 
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Figure 37: Russian gas exports to EU-28 considering policy strategies: a) No policy, b) EU Di-
versification Policy. Supplies are shown separately for 2030 (first bar) and 2045 (second bar) in 
all twelve scenarios per diversification strategy. 
Source: Own illustration of model results. 

Regarding Figure 37a) and the No Diversification Policy strategy, it is obvious that the 

block of the Ukraine transit impacts the Russian gas supplies directly and that they cannot be 

compensated by other supply routes. The Ukraine gas transit is disrupted in the scenarios 

Sc01 to Sc06 and gas demand and LNG price uncertainties have almost no impact on Rus-

sian gas supplies. These uncertainties become more relevant when the Ukraine transit route 

is open (Sc07 to Sc12). Then, Ukraine gas transits reduces gas transport on the Nord Stream 

2. This result might differ when gas transit fees for the Ukraine transit are considered, as 

these additional non fundamental costs would increase the transport costs through the 

Ukraine and might lead to a higher utilization of the Nord Stream 2 pipeline. In the discus-

sion about the need of Nord Stream 2 the results support Schulte, Schlund and Schönfisch 

(2020) who argue that both supply routes, the Nord Stream 2, and the Ukraine transit, are 

needed to ensure a cost-effective supply for the European gas market. However, when LNG 

prices are low and gas demand decreases, Russian gas exports will decrease as well as shown 

in scenario Sc12 in the No Diversification Policy strategy. However, when no diversification 

strategy is implemented, Russia remains an important supplier for the EU-28 with a gas sup-

ply share that ranges between 26% and 43%. Against this backdrop, the impact of the EU 

Diversification Policy strategy is shown in Figure 37b). Here, Russian gas supplies are re-

stricted to 20% of the EU-28. This strategy leads to a non-investment of Nord Stream 2 pipe-

line, which justifies one part of the reduction of Russian gas exports compared to Figure 

37a). The other part refers to the Ukraine transit that has to be reduced because of the limited 

maximum Russian gas supply share. 

For pipeline transports, the scenarios with high gas demand and high LNG price levels 

are of particular interest, as the parameter specification in these scenarios drive the Russian 

gas supply. Hence, the dispatch result in Sc07 in the No Diversification Policy strategy as 

well as in the EU Diversification policy strategy are depicted in Figure 38.  

As in scenario Sc07 the Ukraine transit is available, Russian gas can use all transit 

routes to Europe153. In the No Diversification policy strategy, the largest Russian gas sup-

plies flow to Ukraine to meet the Ukrainian gas demand as well as for transporting gas to the 

EU-28 Member States (cf. Figure 38a). Furthermore, gas supplies flow via the Nord Stream 

1 and the Nord Stream 2 pipeline as well as the Yamal pipeline. Only a smaller part of the 

Russian gas supplies uses the transit route through Turkey. Establishing an EU Diversifica-

tion Policy strategy that restricts gas flows from Russia to the EU-28 leads to declining gas 

supplies on the major transit routes. The only exception is the Turkish transit route that 

transports 40% increased volumes, compared to the No Diversification Policy strategy (cf. 

Figure 38b). 

The model results suggest a flexible rerouting of Russian gas supplies between the 

four corridors, the Nord Stream pipelines, the Yamal pipelines, the Ukrainian, and the Turk-

ish transit pipelines. Admittedly, it might be that the model overestimates the flexibility for 

shifting gas supplies among these routes, as the gas fields in Russia are distributed over the 

country. For example, the gas fields in Western Siberia have been the major Russian gas 

source for decades. However, as these reserves decline, new gas fields with different target 

 
153 In a scenario where the Ukraine transit is interrupted (Sc01), Russian gas supplies can be compen-
sated only to a smaller part by further gas volumes through the Turkish transit route. The illustration 
of the Sc01 gas flows for the No Diversification Policy strategy is shown in Figure 75 in Appendix E. 
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markets are developed on the Yama peninsula (for the European market), and in Eastern 

Siberia (Asian market) 154. A rerouting of European gas supplies via alternative supply routes 

implies a well-connected inner-Russian gas pipeline system between the gas fields. Even if 

this is possible, it is likely that this rerouting would lead to additional transport costs, for 

example because of longer transport distances within Russia. The GAMAMOD-EU model 

approach neglects both inner-Russian restriction that are especially important in a short-term 

view. For a long-term view, it may be argued that Russia has sufficient options and time to 

improve its own gas distribution system to organize alternative supply routes to the European 

gas market. 

  

 

Figure 38: Annual natural gas supplies in scenarios Sc07 for the No Diversification Policy strat-
egy (a) and the EU Diversification Policy strategy (b) in 2030 
Source: Own illustration of model results. 

To conclude, the situation of Russia’s gas supply situation depends on the pursued di-

versification strategy. However, it should be noted that Russia remains in all scenarios an 

important gas supplier with a minimum supply share of 27% up to 43% of the EU-28’s gas 

demand, when no diversification strategy is implemented. If both routes are available, Rus-

sia’s gas supply uses the Nord Stream 2 and the Ukraine transit route. However, the analysis 

 
154 An overview about the gas field distribution in Russia and a discussion of the connections between 
pipelines and gas fields is provided in Yermakov (2021). 
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neglects Ukraine transit fees that would possibly shift further gas supplies from the Ukraine 

transit route to the Nord Stream 2 route or even to the Turk Stream. Furthermore, the analy-

sis also assumes that Russia cannot exercise market power, which is an assumption that is 

justified by the well-connected European gas network with access to plenty of supply 

sources. In opposite to the No Diversification Policy strategy, an ambitious EU Diversifica-

tion Policy strategy has an enormous impact on Russia’s gas exports, reducing its gas sup-

plies to the EU-28 by almost 50%, and makes the construction of the Nord Stream 2 pipeline 

almost obsolete. The profiteer of this strategy are LNG importers. This spotlight will be dis-

cussed within the next section. 

6.2.4 LNG Options for Reducing Dependence on Russian Gas Supplies  

Increasing LNG supply has triggered dynamics in gas markets all over the world, and thus 

also in Europe. LNG competes with pipeline gas not only because it reduces price differ-

ences between gas hubs, but also because LNG provides an opportunity to reduce the de-

pendence on single pipeline gas suppliers. This competition is visible like a magnifying glass 

in the conflict between the Russian Nord Stream 2 pipeline project and the US efforts of 

exporting LNG to European customers. However, the question also arises whether LNG 

provides a suitable instrument for reducing dependence on Russian gas supplies or whether it 

is a “jump out of the frying pan into the fire”, as an LNG based gas supply might create new 

dependences on single LNG suppliers?  

In the context of this study, two uncertainties drive the European LNG demand. First, 

the development of global LNG demand and the resulting LNG price level are assumed by a 

high and low LNG price scenario. Large LNG imports are expected in the low-price scenar-

io. Second, the assumption of a Ukraine gas transit disruption drives the European need for 

replacing missing gas supplies and LNG suppliers may benefit. Furthermore, it can be ex-

pected that diversification strategies support the import of LNG. In particular, the National 

LNG Diversification Policy strategy determines investments and imports by defining an 

LNG import quota. The EU Diversification Policy strategy incentives investments in LNG 

import terminals as LNG imports potentially replace reduced Russian gas supplies in this 

strategy. Figure 39 shows the LNG imports, for all twelve scenarios and for two policy strat-

egies. The bars are clustered by the largest LNG importing countries, namely France, Italy, 

the Netherlands, Spain, and the United Kingdom. The remaining countries are clustered into 

the Baltic States, remaining EU-28 countries, and non-EU countries155.  

The No Diversification Policy strategy leads to the highest LNG imports when EU-28 

gas demand increases (cf. Figure 39a). Low LNG price levels create further incentives for 

LNG imports. An absence of the Ukraine transit route leads to much higher LNG imports 

than in scenarios where the Ukraine gas transit exists. The big five LNG importers are UK, 

France, Spain, Italy, and the Netherlands, with a cumulated share of more than 50% in al-

most all scenarios156. 

Figure 39b shows the LNG import differences between both strategies, the National 

LNG Diversification Policy, and the No Diversification Policy. The implementation of an 

LNG quota reduces LNG imports of established large LNG importers, e.g., Italy, UK, or 

 
155 The Baltic States comprise Estonia, Latvia, and Lithuania. Remaining EU-28 countries that can 
import LNG are Germany, Greece, Croatia, Ireland, Poland, Portugal, and Sweden. The group of non-
EU countries with LNG imports comprise Norway and Turkey. 
156 Exceptions exist for scenarios with decreasing gas demand (Sc03, Sc06 Sc09, and Sc12) and the 
scenario combination of steady gas demand, a Ukraine transit and high LNG price levels (Sc08). In 
these scenarios, the big five LNG importing countries achieve a share of only 5 to 48% of total im-
ported LNG in 2045. 
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France. These countries are traditional LNG consumers with high LNG import shares for 

their own and neighboring gas markets and reach already the defined quota. This strategy 

rather aims that each EU-28 Member State with direct access to LNG shipping imports its 

own share of LNG. Hence, new LNG import terminals are constructed, and countries have to 

import at least 10% of their domestic gas demand157.  
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Figure 39: LNG imports to all model regions considering different policy strategies: a) No Di-
versification Policy and b) National LNG Diversification Policy. LNG imports are shown for 
scenarios Sc01-Sc12, while for each scenario LNG imports for 2030 (first bar) and 2045 (second 
bar) are depicted separately. 
Source: Own illustration of model results. 

An interesting case is the scenario Sc09, where EU-28 gas demand decreases, while at 

the same time the global gas demand increases which is reflected in high LNG prices. Fur-

thermore, the gas transit through the Ukraine is available. This scenario combination is unfa-

vorable for high LNG import shares in the European gas system in three respects. First, Rus-

sian pipeline gas can reach European customers easily, as the Ukraine route is available. 

Second, LNG imports are even more expensive compared to pipeline gas and, finally, the 

general demand on both, pipeline gas and LNG, is declining. This expectation is reflected in 

 
157 Increased LNG imports in the EU Diversification Policy strategy are more homogenous between 
the scenarios, as reduced Russian gas supplies have to be equally replaced in all scenarios (cg. Figure 
76 in Appendix E). 

a) No Diversifica-

tion Policy strategy 

b) National LNG 

Diversification 

Policy strategy 

(differences to 

No Diversifica-

tion Policy strat-

egy) 



6.2 Stochastic Optimization Results Considering Diversification  

133 

the No Diversification Policy strategy results where the lowest LNG imports occur in scenar-

io Sc09 (cf. Figure 39a). An LNG quota would have the largest impact in this scenario and 

would entail yearly rising LNG imports of round about 200 TWh/a (cf. Figure 39a).  

Diversification strategies do not only determine total LNG imports, but also LNG 

supply structures. With regard to two larger LNG import countries, Figure 40 depicts LNG 

supply structures for UK and Italy in reference to the National LNG Diversification Policy 

strategy and the EU Diversification Policy strategy scenario Sc09. Italy’s LNG supply struc-

ture is independent from the two suggested strategies with major LNG supplies from Qatar 

and North African countries. UK’s LNG imports are much more diversified158. The EU Di-

versification Policy strategy results in larger LNG imports in 2030 for both countries, while 

in 2045 the LNG imports are significantly reduced. The reason for that might be the fact, that 

UK and Italy still have enough access to pipeline gas, also to non-Russian gas suppliers, and 

the LNG is shipped to other EU-28 Member States. In this context, the National LNG Diver-

sification Policy strategy leads to more constant utilization of the LNG import infrastructure 

in Italy and the UK. 

National LNG Diversification Policy EU Diversification Policy 

2030 2045 2030 2045 

2030
470   TWh/aUnited Kingdom
LNG capacity:

470   TWh/a

 

2045United Kingdom 470   TWh/a

LNG capacity:

 

2030
470   TWh/aUnited Kingdom
LNG capacity:

470   TWh/a

 

2045United Kingdom 470   TWh/a

LNG capacity:

 

2030
144   TWh/aItaly
LNG capacity:

144   TWh/a

 

2045Italy 144   TWh/a

LNG capacity:

 

2030
147   TWh/aItaly
LNG capacity:

147   TWh/a

 

2045Italy 147   TWh/a

LNG capacity:

 

DZ EG LY NG NO QA TT US not used
 

Figure 40: LNG supply structures for two exemplary LNG importing EU-28 countries and two 
diversification strategies in scenario Sc09 with a decreasing European gas demand, a high LNG 
price level and an available Ukraine gas transit route 
Source: Own illustration of model results. 

Concerning the question whether LNG is a real alternative to Russian gas supplies, the 

results show that there is no dominant LNG supplier that can reach the same dominance as 

Russian pipeline gas supplies. However, LNG causes higher dispatch costs and as LNG sup-

pliers are more flexible, the threat of short-term oriented trading relationships occurs. It 

 
158 The model considers LNG suppliers from the today’s perspective. As the LNG market shows high 
dynamics, it might be that soon new suppliers enter the European gas market, e.g., Mozambique, but 
also Russia will increase its LNG supply structure. 
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might be sufficient to have only the opportunity of importing LNG to reduce the dominant 

position of single pipeline suppliers, as it was discussed for the Baltic States (cf. Schulte, 

2019). However, investments have to be refinanced and increase the probability that politi-

cians introduce importing quota and long-term contracts to ensure a sufficient utilization of 

the LNG import terminal. 

6.2.5 Gas Storages Increase Flexibility When Diversification is Needed 

Natural gas storages provide flexibility for balancing the spread between summers and win-

ters in gas demand. This is needed as the European gas demand shows a seasonal pattern 

with high demand in winter times, mainly due to heating processes, and low demand during 

summer times. To enable a steady usage of import pipelines, storage injection occurs during 

the low demand season (April - September) and withdrawal takes place during the high de-

mand season (October – March). The EU-28 disposes of large gas storage capacities, while 

Germany has the largest capacities (241 TWh), followed by Italy (176 TWh), France (146 

TWh) and Austria (86 TWh). In Germany, gas storages comprise depleted gas fields and salt 

caverns, while only a smaller part of the capacities are aquifer. 

Gas market uncertainties as well as diversification strategies impact the usage of stor-

ages that are the backbone for security of supply. Figure 41 illustrates high demand scenarios 

(Sc01 and Sc10) for German gas storage levels and different diversification strategies. 
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No diversification policy strategy: Scenario with Ukraine transit and low LNG prices (Sc10) 
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Figure 41: German storage level in scenarios with high demand and No Diversification Policy 
strategy (a-d) and National LNG Diversification Policy strategy (e-f) 
Source: Own illustration. 

 

For the interpretation of gas storage operation, it is important to highlight that storages 

are modeled with perfect foresight for the entire year. The model owns all information about 

the load profile in the respective scenario and, thus, storages can be used without any risk in 

an optimal manner from the perspective of an optimal planner. 

Gas storages do not balance only demand spreads between winter and summer, but re-

act also on the availability of supply options, as it is shown in scenario Sc01 and scenario 

Sc10. The differences between the highest and lowest storage level as well as the duration of 
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using the maximum storage capacity can be interpreted as flexibility that is provided by the 

gas storage. This flexibility is less needed in scenario Sc10 with a low LNG price level and 

the opportunity of gas imports from Russia via Ukraine (cf. Figure 41 a-b). Compared to 

that, the gas transit through Ukraine is closed and LNG is only available to high prices in 

scenario Sc01 (cf. Figure 41 c-d). In this situation, the operation of gas storages contributes 

to a cheap and secure gas supply by withdrawing higher gas quantities in the beginning of 

the year that have to be restored during the summer period. In 2045, this general setting leads 

to the situation that the German gas storage capacities are filled for 13 days during early 

winter times. During this time, no additional gas can be stored in German storages. The flex-

ibility, provided by gas storages, is even more used in the National LNG Diversification 

Policy strategy, even if the Ukraine transit is available like in the scenario Sc10 (cf. Figure 

41 e-f). Here, in 2045, all types of gas storage capacities are filled for more than one month.  

An overall explanation is that gas storage operators react within the model directly on 

the gas supply situation. The steeper the supply curve results, the higher the filling level of 

storages. The steepness of the supply curve increases for example when the LNG price in-

crease or supply options, as the Ukraine gas transit, disappear. In such situations, gas storag-

es contribute to balance price spreads and to provide security of supply. 

6.3 Diversification Strategies Mitigate Supply Shocks 

The overall objective of diversification strategies is to enhance the resilience of the gas sys-

tem according to non-predictable critical events (shocks) that may endanger the security of 

supply. One possible shock scenario is the supply disruption of Russian gas that was exten-

sively discussed in the context of the Russian-Ukraine dispute after 2014 (cf. Hecking, 2015;  

Richter, 2015; Bouwmeester, 2017). The analysis on possible supply shocks in literature 

varies according to two parameters. The first parameter refers to the disruption duration that 

is assumed for time frames starting from one month up to nine months. Bouwmeester and 

Oosterhaven (2017) focus on a disruption of multiple months and Richter and Holz (2015) 

consider additionally a long-term disruption until 2040. The second parameter refers to the 

disruption elements. The above-mentioned papers focus on Russia as the major EU-28 gas 

supplier. The assumptions range from the disruption of single infrastructure elements, i.e., 

the Ukraine transit, through disruption of the Gazprom infrastructure, including pipelines and 

storages, up to the assumption of an embargo of Russian gas exports to EU-28.  

Against this backdrop, the resilience of the gas system is tested in GAMAMOD-

EU.sto (cf. Section 6.2). Table 19 shows the assumed supply disruptions from Russia or 

North Africa. The duration can be interpreted as a sensitivity. For each sensitivity it is as-

sumed that the disruption starts at the beginning of the year (January) and continues for one 

up to six months. The implementation for analyzing the supply disruption follows a two-step 

methodology. In a first step, the results on the infrastructure expansion variables  for 

pipelines,  LNG import terminals, and  for storage expansions are fixed. Fur-

thermore, the production variable  is set to zero for the respective supply countries of 

the shock region, Russia, or North Africa, depending on the shock duration. In a second step, 

the model GAMAMOD-EU.sto runs by relaxing the non-anticipating constraints (cf. 

Eq. (5.41) to Eq. (5.43)). In doing so, the model solves the deterministic dispatch problem 

for each scenario Sc01 to Sc12 by considering the fixed investment decision of the stochastic 

model (cf. Figure 31, p. 117). This methodology is repeated for each of the three diversifica-

tion strategies.  
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Table 19: Assumptions on shock scenarios  

 Russia (RU) North African (NA) 
Affected supply countries Russia Algeria, Libya, Egypt 
Disruption time Starting in January for 1, 2, 3, or 6 months in 2030 resp. 2045 
Diversification strategies No Policy, National LNG Policy and EU Policy 

Source: Own assumptions, following Richter and Holz (2015) and Hecking, John and Weiser (2015). 

Regarding the scenarios, it can be expected that a supply disruption endangers scenar-

io realizations with an increasing gas demand trend and scenarios where the Ukraine transit 

is blocked. The uncertainty of a LNG price level should have a minor impact as this only 

affects the system costs, but not the available supply capacities. This critical parameter com-

bination of uncertainties is given in the realization of scenario Sc01. In case the model has no 

other supply options to mitigate the supply disruption, the last resort of load shedding has to 

be applied. Hence, high values of VOLL detect where the resilience of the gas system fails 

and allows conclusions regarding the effectiveness of diversification policies. Following 

these considerations, the results for the load shedding in case of supply shocks for the sce-

nario Sc01 are shown in Figure 42. They illustrate the load shedding for a Russian supply 

disruption (a-b) and a North African supply disruption (c-d) for one up to six months in 2030 

respectively 2045. 
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Figure 42: Load shedding in a Russian and North African supply shock of 1, 2, 3, and 6 months 
for a scenario with high demand, high LNG import price level and Ukraine blockade (Sc01) 
Source: Own illustration of model results. 

In 2030, a short Russian gas supply disruption of one to two months would lead to 

VOLL in non-EU-28 countries, i.e., in Belarus and the Ukraine that are on the one side im-

portant transit countries and depend on the other side strongly on Russian gas supplies for 

meeting their domestic gas demand (cf. Figure 42a). With a longer supply disruption of three 
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months larger VOLL occur also in Central Western European159 (CWE) countries, but also in 

Turkey that has a pipeline connection with Russia via Blue Stream. Results on VOLL in a 

6-month disruption show that the missing supplies cannot be replaced, and EU-28 Member 

States are affected to a larger extend not only in CWE, but also for customers that are some-

what further away from Russia, in particular South Western European160 (SWE) countries. 

Compared to 2030, in 2045 further infrastructure expansions are realized and a Russian gas 

supply disruption would cause lower VOLL or can be avoided, i.e., for the SWE region (cf. 

Figure 42b).  

It is interesting, that if the supply disruption happens in 2030, the introduction of a di-

versification strategy (National LNG Policy or EU Policy) reduces VOLL in most disrup-

tions scenarios (cf. Figure 42a). In 2045 and in contrast to 2030, the effect of diversification 

strategies on short disruptions of one to two months can be neglected and for longer disrup-

tions up to six months it is even worse. An explanation is, that the stochastic optimization 

considers only a Ukraine transit disruption, but not a Russian gas supply disruption. Hence, 

alternative routes that are built in the stochastic optimization, such as Nord Stream 2, might 

mitigate the Ukraine gas transit stop, but do not contribute to mitigate a general Russian gas 

supply shock.  

Independent from the diversification strategy, it is worth to mention, that in case of a 

Russian gas supply shock, EU-28 regions start to suffer only when the disruptions takes 

longer than three months. Compared to that, transit regions such as Ukraine, Belarus and 

Turkey suffer already during short Russian gas supply disruptions, as they depend directly 

on Russian gas sources. 

Besides Russia, the North African gas suppliers are an important gas source, but due 

to political crisis like the 2011’s Arabian Spring, a gas supply disruption might be possible 

as well. Regarding 2030, a disruption of North African gas supplies in a short-term could be 

compensated for one month and would lead to much smaller disruptions than in a Russian 

supply shock scenario (cf. Figure 42c). The reason for that is that North African gas supplies 

mainly Southern European161 (SE) and SWE countries. A supply disruption in these coun-

tries can be compensated much easier by higher LNG imports as SE and SWE countries 

obtain high LNG import capacities. Only longer time periods of supply disruptions, i.e., 

three up to six months, would necessitate higher VOLL in SWE, and in CWE and the Bal-

kan162 region, too.  

In 2045, a North African gas supply disruption for up to three months would not lead 

to any VOLL provided that No Diversification or a National LNG Diversification Policy 

strategy is applied. Regarding the diversification strategies, Figure 42c) and d) show that the 

National LNG Diversification strategy has the potential to reduce the VOLL in a North Afri-

can supply shock scenario. This is because this strategy incentives the construction of LNG 

import terminals that provide alternative import options for countries that rely on North Afri-

can gas supplies. Regarding the EU Diversification Policy strategy, Figure 42c) and d) show 

also that this strategy does not mitigate a North African supply shock but increase it. As the 

EU Diversification Policy strategy restricts already Russian gas supplies, the outage of an-

other important gas supply region cannot be compensated. Shorter disruptions of two or 

three months in 2030 or 2045 would already cause high VOLL, in SWE. 

 
159 CWE countries are the group of Austria, Belgium, Czech Republic, Switzerland, Germany, Hunga-
ry, the Netherlands, Poland, Slovenia, and Slovakia. 
160 SWE countries are the group of Spain, France, Italy, and Portugal. 
161 SE countries include Italy and Greece.  
162 Balkan region includes Bosnia and Herzegovina, Bulgaria, Croatia, Northern Macedonia, Romania, 
and Serbia. 
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Figure 42c) and d show also that a North African supply shock would have a much 

higher impact on the EU-28 Member States than on Belarus, Ukraine and Turkey that are 

much more affected by a Russian gas supply disruption, shown in Figure 42a) and b). This 

result supports the hypothesis that diversification should not only consider the threat of a 

Russian supply disruption, but also of other important gas supply regions that become even 

more important when it comes to the vision of importing natural gas alternatives from North 

Africa, e.g., Green Hydrogen. 

To sum up the key findings in Figure 42, the supply shock analysis shows that this dis-

ruption case can be summarized as the most critical scenario for the future security of sup-

ply, due to an increasing gas demand, no Ukraine transit and high LNG price levels (covered 

by the assumptions of scenario Sc01).  

In contrast, a supply shock in scenario Sc12 would lead to much less VOLL, as the 

scenario assumes that the future gas demand decreases, a Ukraine transit will be available 

and LNG price levels are low. This situation is shown in Figure 43 and neither in 2030 nor in 

2045, VOLL occur for the major regions of the EU-28. The only exception is the Scandina-

vian region and Finland, that suffers slightly when Russian gas supply disruptions reach 

three to six months. The reason for that might be that Finland has only a pipeline connection 

to Russia and relies on LNG imports, when Russian gas supplies are restricted or interrupted. 

Load shedding during a North African supply disruption is only needed for high demand 

scenarios and when the Ukraine transit is blocked. Compared to a Russian gas disruption, 

this case has a lower impact on VOLL and is therefore not shown in Figure 43. 
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Figure 43: Volume of lost load in a Russian supply shock of 1, 2, 3, and 6 months for a scenario 
with low demand, low LNG import price level and Ukraine transit (Sc12) 
Source: Own illustration of model results. 

To sum up, diversification strategies have the potential to incentivize infrastructure in-

vestments that can mitigate supply shock situations from Russia or North Africa. However, 

when gas market uncertainties are considered within the optimization model, even a No Di-

versification Policy strategy incentivizes sufficient infrastructure investments that mitigate 

supply shocks from Russia or North Africa. This is especially true when the supply shock 

takes only one or two months. Compared to no diversification, the National LNG Diversifi-

cation Policy strategy has a strong impact when supply shocks occur in 2030. If the supply 

disruption takes place in 2045, the advantage of this diversification strategy is reduced. This 

is because the National LNG Diversification Policy strategy specifies investments on a larger 

scale in LNG import terminals already in 2030 that are built partly in the No Diversification 

Policy strategy later in 2045 (cf. Figure 42a and b). The advantage of an EU Diversification 

Policy strategy is only visible in the analysis of a Russian supply shock in 2030 (cf. Figure 
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42a). In all other situations, the VOLL is much lower if No Diversification Policy or a Na-

tional LNG Diversification Policy strategy would be implemented. Although the EU Diversi-

fication Policy strategy focuses on a reduction of Russian gas supplies down to a maximum 

share of 20% of the EU’s natural gas demand, it cannot reduce the VOLL when Russian gas 

supplies stops completely. Then, the model chooses load shedding in countries that are in a 

close distance to Russia (CWE, Scandinavia, Balkan, Turkey, Belarus, and Ukraine) and that 

have not built sufficient import alternatives, e.g., LNG import terminals, as it is incentivized 

in the National LNG Diversification Policy strategy. 

6.4 Interim Summary and Discussion 

Within this Chapter the study setting for the stochastic optimization model GAMAMOD-

EU.sto is introduced and assumptions on the investment decisions, gas market uncertainties 

and diversification policies are discussed. The combination of uncertainty parameters using a 

scenario tree results in twelve scenarios with equal probabilities. Furthermore, the scenario 

tree and three diversification strategies are combined to a scenario matrix. 

The investigation of the results of GAMAMOD-EU.sto focuses first on the assessment 

of total system costs, in annualized investments and annual dispatch costs. Regarding the 

long operating life of gas infrastructure, dispatch costs become more important than invest-

ments in new additional infrastructure. Furthermore, the detailed analysis of infrastructure 

investments shows that pipelines are the preferable infrastructure element, while LNG im-

port terminals are mainly used to provide alternative import capacities in the EU Diversifica-

tion strategy. Pipeline investments are also the dominant investment option even if an LNG 

quota is introduced. Following, the introduction of an LNG quota would increase the threat 

of stranded assets due to unutilized infrastructure. Storage expansions occur rarely and are 

only done, when LNG import capacities are exceeded, in the EU Diversification Policy strat-

egy. Furthermore, there exist already large gas storage capacities while some of them are not 

yet fully utilized. 

Diversification strategies are analyzed with special spotlights on Russia’s gas supply 

routes, the LNG supply, and the utilization of storages in Germany. In general, the EU-28 

depends on a high level on Russian gas supplies and an EU Diversification Policy strategy 

leads to large changes in dispatch and investment decisions, as alternative supply options 

have to be established. Surprisingly pipelines are also needed in a larger extend when the 

National LNG Diversification Policy strategy is applied. This finding highlights again the 

preferable usage of pipeline gas imports. If pipelines are below 830 km, specific annualized 

pipeline investments in EUR/GWh are cheaper than investments in LNG import terminals 

with specific annualized investments of 927 EUR/GWh. The role of gas storages is shown 

for the German case, where storage capacities provide flexibility when the supply curve be-

comes steeper, either through an increase on gas demand, the import of more expensive LNG 

or through the import restriction of relative cheap Russian gas. 

In this context, it is important to highlight that on the one hand the model considers 

uncertainties, but on the other hand the model has also perfect foresight about all realizations 

of uncertainties. For example, the model knows the scenario related daily load profile at the 

beginning of the year for each scenario and optimizes the storage utilization according to 

these profiles. On the other side, gas infrastructure might have an option value that is not 

covered by the model approach. Thus, the results on the optimized gas infrastructure are 

challenged regarding supply shocks that are not part of the investment decision. 

The contribution of diversification strategies on the security of supply are heterogene-

ously. A diversification strategy with focus on national LNG quotas can increase the resili-
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ence of supply shocks, from North African suppliers and in the shorter time horizon of 2030. 

In contrast, an EU Diversification Policy strategy that restricts the Russian gas supplies leads 

to much higher load shedding, independent whether the Russian or North African supply is 

disrupted. This holds especially for a long supply disruption of six months. The Monte Carlo 

simulation results of Bouwmeester and Oosterhaven (2017) indicate that for an analysis of 

disruption scenarios the level of aggregation impacts the economic effects. In this context, 

the analysis of Richter and Holz (2015) using the GGM and Hecking, John and Weiser 

(2015) using the TIGER model are comparable with the results of this study. Russian supply 

disruptions up to three months have a limited effect on the security of supply in the EU-28 

and longer supply disruptions of more than six months impact in particular the security of 

supply in Eastern Europe. The VOLL in GAMAMOD-EU.sto are even smaller as in the 

TIGER and GGM analyses that use a static scenario setting. The main reason for that is the 

novel approach of GAMAMOD-EU.sto with implementing diversification strategies and 

endogenous investment decisions under consideration of future uncertainties. 

To conclude, the results indicate some political implications. The Nord Stream 2 is not 

fully used in all scenarios and depends mainly on the implemented diversification strategy, 

the future gas demand and supply alternatives, in particular the availability of the Ukraine 

transit and the building of additional LNG import terminals. The model has several options 

to react on the declining EU-28 gas production and on the considered market uncertainties, 

to invest in new gas infrastructure and to change the gas dispatch in order to integrate natural 

gas from sources with lowest marginal supply costs. Regarding the considered options, the 

model lacks the consideration of future Russian LNG exports that are for instance expected 

by Mitrova et al. (2016) to reach up to 32 bcm/a in 2040. Furthermore, the extension of pipe-

lines considers only some of the proposed pipeline projects of the PCI list.  

However, the major uncertainty remains the role of natural gas in the future energy 

system that determines the importance of additional gas import pipelines. If the European 

Commission vision of the European Green Deal and the objective of a carbon neutral econ-

omy will be implemented by 2050, the question arises whether the EU-28 really needs fur-

ther natural gas, or rather hydrogen imports. Up to here, the model setting, and argumenta-

tion neglected the opportunities of importing alternative gases such as hydrogen or synthetic 

natural gas. For that reason, the next Chapter focuses on the question of the impact of Green 

Gas imports on infrastructure investments.
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7 IMPACT OF GREEN GAS IMPORTS ON 

INFRASTRUCTURE INVESTMENTS 
The application of GAMAMOD-EU.sto in the context of diversification strategies is pre-

sented within Chapter 6. This Chapter extends the perspective to Green Gases and investi-

gates further import options for the EU-28. For that reason, this Chapter provides an over-

view on different alternatives for producing hydrogen. Then, data and assumptions are pre-

sented for considering Green Gas imports with GAMAMOD-EU.sto. Furthermore, the 

changes in the mathematical formulation of the model are shown. The results focus on the 

impact of CO2 on investments in Green Gas production facilities and on pipeline invest-

ments, before the last Section concludes. 

7.1 Overview 

In the context of the energy transition and the Green Deal, two efforts drive the natural gas 

sector. Firstly, the reduction of greenhouse gas emissions during the production, transport, 

and usage of natural gas and, secondly, being part of the energy transition by integrating 

renewable based gases, also called Green Gases (GG) or Green Hydrogen, into the energy 

system. According to the presented framework on energy security and security of supply (cf. 

in Chapter3), the Green Deal provides a strategy to react on gas source dependence in two 

ways. First, it diversifies suppliers as the introduction of Green Gas production facilities 

enables new supply countries to enter the gas market. Second, it substitutes fossil natural gas 

by a new defossilized fuel, namely hydrogen. Against this backdrop, the question arises of 

‘What is the impact of Green Gas on making investment decisions and for providing security 

of supply in the gas markets?’. 

The common TYNDP scenario framework of the European gas and power system op-

erators from 2020 addresses Green Gases and its future potential (ENTSO-E, 2020, p. 45). 

Here, Green Gas supply differs between three categories: bio methane, power to methane 

and power to hydrogen. The potential for the electricity-based gases is seen conservative in 

the TYNDP with a range of no gas supply through power-to-gas (in the National Trend sce-

nario) up to a maximum of 1500 TWh/a in 2050 (in the 1.5 TECH scenario). The earliest 

potential is seen in the Distributed Energy scenario with less than 100 TWh/a in 2030. 

Green Gas describes gas that does not cause any additional CO2-emissions and is 

based on RES. Green hydrogen is based on the process of electrolysis using water and re-

newable energy sources power. Using CO2, e.g., from biogas plants, a methanation process 

can be established to produce methane, named synthetic natural gas. Green Gas competes 

with other technological processes of hydrogen production and so-called decarbonized gas-

es. In general, three categories can be distinguished: biogas, steam reforming of natural gas 

combined with Carbon Capture and Storage respectively Usage (CCS / CCU), and gases that 

are based on the technological process of electrolysis combining renewable energy sources 
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and pure water (cf. Table 20). In the context of this analysis the term Green Gas is limited to 

hydrogen, namely pure hydrogen based on RES. Alternative production of hydrogen as well 

as biogas is neglected. 

Table 20: Production processes of hydrogen and its associated color  

Associated color Technological process 

grey Natural gas steam reforming without CCS and/or CCU 
blue Natural gas stream reforming in combination with CCS and/or CCU 
turquoise Pyrolysis of natural gas 
green Electrolysis using water and RES based electricity 
pink or red Electrolysis using water and electricity from nuclear power plants 
yellow Electrolysis using water and electricity from the power grid 
colorful Other technological combinations 

Source: Own compilation. 

For producing Green Gas, regions with high potentials, an existing gas infrastructure, 

and transport options to European customers are preferable. In this context, the European 

Commission proposes in its long-term strategy for 2050 that EU-28 energy imports will de-

crease from todays 55% to 20% in 2050 and investment incentives for electrolyzer capacities 

of 40 GW in 2030 in Europe and 40 GW in 2030 in North Africa and the Ukraine163. 

The analysis in this Chapter extends the expansion option from Chapter 6 by allowing 

additional investments in so called ‘Green Gas Facilities’ that can provide a substitute to 

natural gas. The production of Green Gas causes investments and production costs but does 

not produce greenhouse gas emissions. To make Green Gas competitive, the model assumes 

a model-wide CO2 price that must be paid for natural gas consumption. Thus, this Chapter 

analysis the impact of Green Gas production on the European gas market. The methodology 

follows the model description, discussed in Chapter 5. Using the stochastic optimization 

model GAMAMOD-EU.sto the first stage decision determines investments in gas infrastruc-

ture and the second stage decision optimizes the gas dispatch. The considered uncertainties 

follow the scenario tree structure, presented in Section 6.1, and considers future gas demand, 

availability of Ukraine gas transit, and the LNG price level. Concerning diversification poli-

cies, this scenario focuses only on the “No Diversification Policy” strategy and does not 

consider any further policy driven restrictions on gas imports (cf. Section 6.1.4). 

7.2 Study Design Focusing Green Gases 

The analysis in the Green Gas scenario aims to show exemplary the impact of considering 

supply alternatives to natural gas. Currently, competing concepts for importing green gas are 

discussed. Therefore, the study focuses with strong assumptions and simplifications on the 

effect of importing Green Gas instead of natural gas to the European Union (EU-28). The 

assumptions and simplifications are described in the following. 

For the study, Green Gas is defined as hydrogen that is produced by electrolysis using 

renewable energy from Wind-Onshore, Wind-Offshore or PV. It holds the simplification that 

for each potential supply country only one dominant renewable energy source is considered. 

The study setup allows investments in Green Gas facilities only in the EU-28 Member States 

and in North Africa. Other potential Green Gas supply countries are discussed, i.e., Austral-

ia, Chile, Canada or from the Arabian Peninsula, but neglected during this thesis. Further-

more, some general and system wide assumptions have to be stated. From a system point of 

view, the main driver for producing and consuming Green Gas is the existence of a price for 

 
163 cf. European Commission (2020e, p.2), COM (2020) 301 on a hydrogen strategy for a climate-
neutral Europe  
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the allowance to emit CO2 that has to be paid by fossil fuel customers and that makes natural 

gas more expensive. Moreover, there are almost no incentives to invest in Green Gas facili-

ties without any price for CO2 emissions. For that reason, the study setup assumes a price for 

CO2 in the range from 0 to 450 EUR/t CO2.  

It is assumed that the model can use Green Gas as a 100% substitute to natural gas for 

meeting the gas demand. Regarding the supply chain, the study only considers the energy 

content of hydrogen and natural gas, but neglects other technological characteristics, e.g., 

pressure and volume. In practice, the volume-based energy content for hydrogen amounts 

only one third (3.5 kWh/Nm³) compared to high calorific natural gas (~11.5 kWh/Nm³). 

However, energy flows through pipelines are not only subject to the gas volume, but also to 

gas density, flow rate, and pressure. By keeping the pressure constant, it is possible to in-

crease the hydrogen flow rate in the pipeline resulting in an energy flow of 83% compared to 

transporting natural gas (SIEMENS Energy, Nowega GmbH and Gascade Gastransport 

GmbH, 2020, p. 11f). Besides the option of a pure hydrogen transport, another option for 

hydrogen in natural gas pipelines is discussed, called blending. Here, the pipeline transports 

a gas mix of natural gas and a share of hydrogen, e.g., 10 to 20 Vol.-%. This transport option 

provokes a plenty of technical and regulatory questions, e.g., about requirements for end 

costumers and their gas applications, or calculating usage-based network charges. These 

technical restrictions are simplified in this thesis as the overall impact of considering alterna-

tive gas sources and its impact on Infrastructure investments is focus of this analysis. Thus, 

the transport assumption holds that the Green Gas can be injected into the gas system with-

out any capacity restriction. 

For implementing the investment decision for Green Gas facilities, several further as-

sumptions about the technological design, potential and costs have to be taken. This includes 

assumptions about locations, the investment parameters, the operation parameters, and the 

maximum annual and daily production capacity.  

7.2.1 Assumptions on Locations and Design of Green Gas Production Facilities 

While the technological consideration of hydrogen production comprises technological di-

versity, this study uses the following simplification. The model has the option to invest in so 

called “Green Gas production facilities”, while the detailed technological design varies wide-

ly in real world applications. For that reason, Green Gas facilities are treated as a black box 

in the optimization model. The technological assumptions and techno-economic relation-

ships are described in the following using the nomenclature in Table 21. 

Table 21: Nomenclature for calculating investment parameter for Green Gas facilities 

Term Unit explanation 
a [EUR per GWh/a] Annuity 
ANFn,i [-] Annuity factor 
FLHRES [h] Full load hours of the RES 
IEL [EUR/GW] Investment in EL 
IRES [EUR/GW] Investment in RES 
Itotal [EUR/GW] Total investment in Green Gas facility 
i [%] Interest rate 
n [a] Lifetime of the Green Gas production facility 
PEL / PRES [-] Ratio of electrolyzer capacity to the RES capacity 
YPH [GWh/a per GW] Yearly produced hydrogen per installed capacity 
ηEL [-] Efficiency of the EL 
ηRES [-] Utilization factor of the installed RES capacity 

Source: Own compilation. 

The first assumption is about the relation between the capacity of the electrolyzer (EL) 

and the associated renewable energy sources. It is assumed that the electrolysis has no access 
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to the electricity grid but receives power only from the renewable energy source. This 

means, that the electrolyzer’s capacity depends on the full load hours (FLH) of the renewable 

energy sources and hydrogen can only be produced if the RES facility operates. This leads to 

the question of whether the RES capacity should be much larger than the capacity of the EL, 

to increase the FLH164 and to exceed the chance for the electrolyzer to produce hydrogen. 

This is location-specific question for many projects and impact the investment costs for the 

renewable energy sources IRES, the investment costs for the electrolyzer IEL, and the total 

investments. Against this backdrop, it is assumed, that the Green Gas production facility 

consists of the combination of a renewable energy sources capacity PRES and an electrolyzer 

capacity PEL. The approach of dealing with Green Gas production facilities as a black box is 

illustrated in Figure 44.  

Green Gas facility

PELPRES

kWhel kWhel kWhth

hydrogen
electricity

Renewable energy source
e.g. wind onshore/offshore or PV; with investment 
costs IRES, full load hours FLHRES and efficiency ηRES.

Electrolyzer
with investment costs IEL and
efficiency ηEL.

 

Figure 44: Design of the Green Gas production facility 
Source: Own illustration. 

The design of a Green Gas facility focuses mainly on a steady hydrogen production 

and, hence, on a high utilization of the EL. The simplified Green Gas production facility is 

designed without a storage system to balance fluctuating renewable energy sources produc-

tion. Instead, the design follows Brunner et al. (2015), who show in their decentralized sce-

nario an optimal ratio of installed electrolyzer’s capacity (PEL) to installed renewable energy 

sources capacity (PRES), depending on the respectively renewable energy sources technolo-

gy165. Furthermore, they find that a higher PEL/PRES ratio leads to a higher utilization of the 

respective renewable energy sources technology. Table 22 shows their results for a conserva-

tive and optimistic case166. Locations with high-RES potential and access to water are suita-

ble to produce Green Gases. For the study, locations in Europe and North Africa are consid-

ered based on Scholz (2012). Regarding the renewable energy sources potential, the Green 

Gas will use wind potential (offshore and onshore167) in the EU-28 Member States and PV in 

North Africa168. The potential Green Gas regions according to the predominant renewable 

energy source for Green Gas production are depicted in Figure 45. 

 
164 The combination of different locations for the renewable energy sources might lead to an increase 
of FLH as different locations have also a different wind profile or PV profile. 
165 Brunner et al. (2015) focus only on Germany and vary assumptions of electricity costs. However, 
their results are suitable as a first approximation to consider different characteristics of locations, in 
particular full load hours, with their impact on the capacity factor. 
166 Brunner et al. (2015) distinguish the conservative and optimistic on the basis of techno-economic 
assumptions, e.g., specific investment of the electrolysis or efficiency of the electrolysis.  
167 Wind onshore plants are only considered for Austria, Slovenia, Slovakia, and Hungary. 
168 Scholz (2012) shows current wind onshore, wind offshore and PV potentials for all considered 
countries. This approach assumes that in each country the renewable energy sources technology with 
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Figure 45: Locations for Green Gas production facilities, clustering by the major RES 
Source: Own assumptions based on Scholz (2012). 

Table 22: Assumptions on electrolyzer to RES capacity ratios and RES utilization 

 PEL/PRES 

conservative 
 
optimistic 

RES utilization ηRES  
conservative 

 
optimistic 

Wind (Offshore) 0.94 0.95 1.00 1.00 
Wind (Onshore) 0.49 0.58 0.94 0.97 
PV 0.55 0.61 0.96 0.98 

Source: Brunner et al. (2015). 

The approach of treating the Green Gas production facility as a black box has already 

discussed investments. For these economic parameters, four characteristics are relevant that 

impact investment decisions in the model: investment parameter (CAPEX), operation cost 

parameter (OPEX), maximum investment potential per country, and maximum annual and 

daily production capacity. The assumptions and calculations of these parameters are de-

scribed in the next Section: 

7.2.2 Economic Assumptions on Green Gas Production Facilities 

The model considers CAPEX and OPEX of Green Gas production facilities. Therefore, sim-

plified assumptions, based on the above-described black box concept are taken. First, the 

components for CAPEX are considered. The Green Gas production facility consist of a fixed 

combination of electrolyzer’s capacity and installed renewable energy sources capacity ac-

cording to Table 22. Furthermore, this range is used to vary the EL-RES-capacity ratio in 

reference to the country specific full load hours (FLH), originate from Scholz (2012) 169. 

 
the highest generation potential is the dominant technology that is combined with an electrolysis for 
building a GG production facility. 
169 Scholz (2012) publishes results on installable capacities for renewable energy sources technologies 
per country, and electricity generation potential per country. Both parameters are combined by the 
assumption on FLH, hence, FLH are the quotient of generation potential divided by RES-capacity. 
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Regarding the study design, the renewable energy sources specific maximum and minimum 

full load hours and the respective countries are shown in Table 23. 

Table 23: Assumptions on full load hours for RES technologies  

 FLH* 
minimum 

FLH* 
maximum 

IRES** 
[EUR/kWel] 

OPEX** 
[%] 

N** 
[year] 

Wind (Offshore) 1,867  
(Croatia) 

4,540  
(Ireland) 

1,600 3.2 25 

Wind (Onshore) 1,263  
(Hungary) 

1,857  
(Czech Republic) 

1,078 2.5 20 

PV 1,872  
(Tunisia) 

1,952  
(Egypt) 

486 1.5 25 

Source: Own calculation based on *Scholz (2012), **Agora (2018, p. 58). 

The following example illustrates the assumption: Ireland has the best conditions for 

wind offshore with expected 4540 full load hours per year. Hence, a Green Gas facility in 

Ireland would have the most efficient EL-RES-capacity ratio of 0.95, while in Tunisia the 

lowest full load hours for PV occur and, hence, the EL-RES-capacity ratio would be less 

efficient with 0.55. In this context, efficiency means how much renewable energy sources 

has to be installed to guarantee a steady operation of the electrolyzer. Based on these as-

sumptions, the investment parameter describes how much it costs (in EUR) to install a Green 

Gas facility that produces 1 GWh hydrogen per year (a). 

Furthermore, the calculation is based on an interest rate i of 6%, following 

Lochner (2011). The lifetime of the Green Gas facility complies with the lifetime of the ap-

plied renewable energy sources technology, which implies that the electrolyzer has the same 

lifetime as the installed RES. Using the nomenclature of Table 21, Eq. (7.1) to (7.3) summa-

rize the calculation for the respective annuity for Green Gas facility investment. 

 

(7.1) 

 

(7.2) 

 

(7.3) 

The calculation of the annuity a is shown in Eq. (7.1) and is based on the total invest-

ments for Green Gas facilities (Itotal), yearly produced hydrogen (YPH) and the annuity factor 

that was already introduced in Eq. (6.1). Itotal includes investment for the electrolyzer (IEL) 

and for renewable energy sources (IRES) taking the PPtG/PRES relation into account (cf. Eq. 

(7.2)). Finally, as shown in Eq. (7.3), YPH depends on the full load hours of the RES, the 

utilization factor ηRES of the renewable energy sources capacity and the efficiency ηEL of the 

electrolyzer that is assumed to be 0.75 (cf. Table 24). 

Table 24: Assumptions on electrolyzers 

 Investments IEL 
[EUR/kWel] 

OPEX 
[% of CAPEX] 

Efficiency ηEL 

Agora:    
2030 625 1.0 71% 
2045 450 0.9 80% 
    
Own Assumption 350 1.5-3.2 75% 

Source: Based on Agora (2018, p. 58). 
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The operation of the Green Gas facility is based on the produced electricity from re-

newable energy sources and water and these components comprise the OPEX. As this is 

steady state condition among all countries, these quantity-dependent costs are assumed to be 

zero. Instead, following Agora (2018), fixed OPEX in relation to the CAPEX are assumed 

for renewable energy sources and electrolyzers (cf. Table 23 and Table 24). 

7.2.3 Capacity Assumptions Green Gas Production Facilities 

The maximum investment in Green Gas production capacity per country GGInvestCap is 

limited by one of the two aspects, either the maximum Green Gas potential GGPot or the 

maximum export capacity ExpCap (cf. Eq. (7.4)). The Green Gas potential per country is 

limited by the renewable energy sources potential for the dominant renewable energy 

sources and is based on Scholz (2012, p. 140) and the PPtG/PRES (cf. Eq. (7.5)). 

 
(7.4) 

 

(7.5) 

The export capacity is a limiting factor, as the produced green gas has to be transport-

ed to the customers via export pipelines or LNG shipping. To estimate the limitation, two 

assumptions are possible. Firstly, the consideration of only existing export capacities or, 

secondly, the consideration of existing export capacities including the expansion capacities. 

Both variations are discussed in the next Section to illustrate the impact of the assumption on 

the respective supply curve. 

The yearly hydrogen production per expanded capacity (in GWh/a per GW) of the re-

spective Green Gas facility is assumed by following Eq. (7.3). Based on this amount, the 

maximum daily production is derived by distributing YPH equally over all days of a year. 

7.2.4 Green Gas Supply Curves 

The consideration of Green Gas facilities leads to a Green Gas supply curve that can be illus-

trated using the levelized cost of hydrogen (LCOH) approach and the maximum production 

capacity per country. The LCOH is based on the approach of the levelized cost of electricity 

(LCOE) that describes the cost for producing electricity (cf. Kost et al., 2018, p. 29). 

 

(7.6) 

The LCOH results are in a range from 65 up to 302 EUR/MWh, which are consistent 

with the literature, for hydrogen from North Africa. Timmerberg & Kaltschmitt (2019) find 

slightly lower LCOH from 48 up to 102 EUR/MWh in Algeria and Libya. Khoyua (2020) 

models the different combinations of concentrated PV and electrolyzer in Morocco and find 

LCOH from 76 up to 165 EUR/MWh170. It is surprising that EU-28 locations with wind off-

shore potentials can produce Green Gas at similar or less costs as well. Table 47 in the Ap-

pendix C shows the country specific assumptions for calculating the LCOH and lists the 

considered Green Gas facility locations regarding their LCOH in ascending order.  

 
170 Khouya (2020) calculates in his study LCOH from 3 to 6.5 US $/kg and his results are converted 
into EUR/MWh using an exchange rate of 1 EUR = US $ 1.18 and a mass-related energy content of 
33.33 kWh/kg for hydrogen. 
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Furthermore, the LCOH are combined with the maximum production capacity and are 

illustrated in a Green Gas supply curve that cumulates the production capacities at the hori-

zontal axis according to their respective production costs. Figure 46 shows two variants of 

supply curves that assume existing export capacities (blue solid line) and a maximum ex-

panded export infrastructure (red dashed line), as the limitation factor of considered produc-

tion capacities is mentioned already in Section 7.2.3. As the model allows for pipeline exten-

sion, the model run considers the green gas potentials based on the red dashed line. 

68 71
82

160

0

20

40

60

80

100

120

140

160

180

200

0 2000 4000 6000 8000 10000

p
ro

d
u

ct
io

n
 c

o
st

 in
 E

U
R

/M
W

h

production capacity in TWh/a

+50% expansion existing capacity

Irelad,
Egypt,
UK

Libya,
Morocco,
Netherlands,
Germany,
Belgium,
Denmark, 
Algeria

Russia, 100 EUR/t CO2

Russia, 0 EUR/t CO2

 

Figure 46: Green Gas supply curve considering EU-28 and North African locations 
Source: Own illustration. 

The question of how much Green Gas will be imported depends on the relation of 

Green Gas production costs to gas supply alternatives from conventional natural gas sources, 

e.g., from Russian gas fields. Figure 46 shows the production costs for Russian gas with 15 

EUR/MWh, when the CO2 price is zero (cf. solid black line). Assuming a price of 100 EUR/t 

CO2, the consumption of Russian gas would cause additional costs for emitting carbon diox-

ide, however, the resulting total costs of 52 EUR/MWh are still less than the cheapest Green 

Gas sources171. This may change for other gas suppliers, e.g., Norway, whose resulting costs 

for gas supply would increase from 27 EUR/MWh (without CO2 price) up to 64 EUR/MWh 

(with a price of 100 EUR/t CO2). However, the supply curves show also that more than 6000 

TWh/a on Green Gas could be provided at less costs than 82 EUR/MWh.  

As a first interim conclusion, it is recognizable that the EU-28 countries Ireland, UK, 

the Netherlands, Germany, Belgium, and Denmark can produce hydrogen to less costs than 

Algeria and Tunisia. The main reason for that is the assumed design of the Green Gas facili-

ty. In North Africa, the Green Gas production is based on PV and the electrolyzer needs 

more installed PV capacity compare to a Green Gas facility in Northern Europe based on 

wind offshore potentials. 

 
171 This analysis follows the simplified assumption that the entire gas consumption is used for electric-
ity production. Following UBA (Umweltbundesamt, 2016) the consumption of natural gas causes CO2 
emissions (emission factor, EF) of 224 kg/MWhel (emission factor, EF). Additional costs for natural 
gas can be calculated by the EF times the carbon price (e.g., 100 EUR/t CO2) divided by the efficiency 
of a gas power plant, here assumed with 60%. 
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The discussed Green Gas supply curves above neglect the fact that high-RES poten-

tials cannot only be used for Green Gas production but will more likely directly integrated 

into the European power system. Hence, a second analysis considers only North African 

suppliers for Green Gas supply curve (cf. Figure 47). 
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Figure 47: Green Gas supply curve considering only North African locations 
Source: Own illustration. 

This view considers already extended pipeline capacities and existing LNG export ca-

pacities. North African countries would be able to supply Green Gas at a maximum of 3800 

TWh/a, that is more than 80% of the EU-28’s gas demand in 2015.  

In the following, both Green Gas potential scenarios are considered. In a first model 

run, the potentials in Europe and North Africa will be considered. Then, to take up the above 

discussion about an exclusive Green Gas production from North Africa, a second model run 

with only North African potentials is considered. 

7.2.5 Limitations of the Green Gas Study Design 

This approach aims to derive investment (annuity) and operation costs for Green Gas facili-

ties to enable the model for invest in Green Gas facilities as an alternative to the usage of 

natural gas. For that reason, several limitations and simplifications need to be considered.  

For each country, a predominant renewable energy sources technology is determined, 

and, for North African countries, the study assumes PV as the dominant renewable energy 

sources technology. This neglects the huge wind potential at the coasts of North Africa coun-

tries that might lead to even lower Green Gas production costs, due to more FLH of wind 

(offshore) facilities (cf. Khouya, 2020). 

Furthermore, the simplifications in the design of the Green Gas facilities neglect some 

technological characteristics that could be improved in future research. First, renewable en-

ergy sources have a generation profile due to their dependence on weather conditions. In this 

approach, the assumption holds that fluctuation does not restrict the daily production capaci-

ty. However, in future, the fluctuations could be balanced by considering an additional stor-

age (battery) in the design of the Green Gas facility to balance daily fluctuations. Second, the 

question of whether hydrogen or methane is injected into the gas system makes a difference 

for transmission. This approach assumes that no restriction on injection of hydrogen into gas 



Chapter 7: Impact of Green Gas Imports on Infrastructure Investments 

152 

pipelines occurs. An enhanced model design might consider an additional hydrogen storage 

within the Green Gas facility concept to keep the injection of hydrogen under a threshold, 

e.g., 10% of gas flows. Another opportunity would be the consideration of pure hydrogen 

pipelines or the transport of liquefied hydrogen. 

The introduction of a CO2 price implies that all end consumption sectors of natural gas 

have to buy emission allowances that is so far only the case for some industries, e.g., the 

power and aviation sector. The benchmark process to determine the extra costs are roughly 

assumed by referring to the emissions from gas fired power plants, based on UBA (2018). 

The model focuses on the EU-28, but considers also non-EU-28 countries, e.g., the Balkan 

region, Norway, or Switzerland. However, the CO2 price assumption holds for all consump-

tion regions in the model. 

Finally, the study considers only North African and European Green Gas production 

locations. If hydrogen becomes a major energy carrier, it is likely that a global hydrogen 

market will be established. Thus, other suppliers, e.g., Australia, Middle East countries, will 

probably also be able to supply hydrogen to lower costs and to change the structure of the 

above sketched Green Gas supply curve. Moreover, it is likely that at least at the beginning 

of a hydrogen market not only hydrogen based on RES, but also blue hydrogen or other hy-

drogen processes will be established to scale up market volumes. 

7.3 Implementation of Green Gas Investment Options 

The consideration of Green Gas facilities causes changes in the model formulation that was 

introduced in Chapter 5. Based on the model GAMAMOD-EU.sto formulation, the objective 

function from Eq. (5.15) to Eq. (5.21) is extended with the bold marked components, shown 

in Eq. (7.7) 

On the first stage (Here-and-Now decision), the model can now additionally decide to 

invest in Green Gas production facilities represented by the variable . The annuity is 

saved in the parameter . Furthermore, the dispatch decision in the second stage (Wait-

and-See decision) is extended by a term that represents additional costs for using fossil based 

natural gas, characterized by the subset . The costs for the emission allowances (CO2 

price) are saved in the parameter . 

 

 

(7.7) 
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Secondly, the production restrictions have to be adjusted. Eq. (7.8) shows the daily 

production limit. It is assumed that the additional annual production capacities of Green Gas 

facilities are equally distributed over the year. Furthermore, the annual production capacity 

restriction is adjusted according to Eq. (7.9). The extended Green Gas production capacity is 

only considered for the set that represents all years up to the current model year. As the 

model can invest independently in 2030 and 2045, the total annual production capacity can 

differ among model years. 

 

 

(7.8) 

 

 

(7.9) 

Finally, a new restriction is introduced to determine the maxima of the production ca-

pacity expansion for Green Gas production facilities, Eq. (7.10). This restriction is analog to 

the capacity expansion limits for pipelines, LNG import terminals and storages. In the stand-

ard version, the restriction refers to all countries  in the EU-28 and North Africa that have 

the potential for building Green Gas production facilities. In an adjusted version, Eq. (7.10) 

allows investments in Green Gas production facilities only for set  that comprises 

North African countries. 

 

 

 

(7.10) 
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7.4 Stochastic Optimization Results Considering Green Gases 

The following two Sections focus on an excerpt of study results to highlight the major im-

pact of the consideration of investment options in Green Gas facilities. First, the impact of 

the CO2 price on investments in Green Gas production facilities is shown and discussed. 

Second, a comparison of pipeline investments is done, taking the availability of investment 

options in Green Gas production facilities into account. 

7.4.1 Impact of CO2 Price on Investments in Green Gas Production Facilities 

The emission allowances’ price for carbon dioxide (or short: CO2 price) sets the incentive in 

the model to invest in Green Gas facilities and to substitute natural gas. Therefore, first, the 

impact of an assumed CO2 price up to 450 EUR/t CO2 is analyzed in a scenario, where in-

vestments in Green Gas facilities are allowed in two regions: North Africa and within the 

EU-28. Figure 48 shows the cumulated investment in 2030 and 2045 according to the in-

vestment region and in relation to the maximum expansion capacity per region. 
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Figure 48: Sensitivity on Green Gas facility investments depending on CO2 price 
Source: Own illustration. 

The CO2 price varies from 70, 80, 100, 150, 200, and 300 up to 450 EUR/t. The max-

imum CO2 price is set to 450 EUR/t that would cause extra costs for natural gas consumption 

of 168 EUR/MWhth. An even higher CO2 price would not incentivize further investments in 

Green Gas production facilities, as a central model assumption is that costs for load shedding 

amount 188 EUR/MWhth. Hence, load shedding instead of additional investments would be 

the cheaper option. Indeed, a small amount of load shedding occurs already at a CO2 price of 

450 EUR/t in the Balkan region, i.e., in Bosnia and Herzegovina, Hungary, Norther Macedo-

nia and Serbia. The reason for why load shedding occurs there already at a CO2 price of 450 

EUR/t is because transport and production costs are already above 20 EUR/MWhth in this 

region and, hence, a load shedding would be cost optimal in this case. 

According to the study setting, Green Gas facilities will surprisingly be built first in 

Europe. This is because wind offshore is the most competitive renewable energy sources 

technology for producing cheap and renewable based hydrogen, as it was discussed already 

with the Green Gas supply curve (cf. Figure 46). A second reason with minor importance is 
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the fact that transport costs are lower for European suppliers to EU-28 demand regions. This 

makes investments in Green Gas facilities more attractive for locations within the EU-28 

than outside. The cumulated results from Figure 48 are broken down on the investment years 

2030 and 2045 in Figure 49.  
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Figure 49: Results on investment in Green Gas facilities in North Africa and the EU-28 
depending on the emission allowances’ price for CO2 

Source: Own illustration. 

The variation of CO2 prices shows that with a start of 70 EUR/t CO2 first Green Gas 

facilities will be established in Europe on a very low level (250 TWh/a). With a price of 80 

EUR/t CO2, more capacities with an annual production up to 900 TWh/a are built in Ireland, 

Belgium, the Netherlands, Denmark, Germany, and the UK, but also in Morocco. These 

results are a cause for optimism in the context of establishing renewable gases but need to be 

placed into the context. On the one hand, CO2-prices have already exceeded the threshold of 

50 EUR/t CO2 in 2021, and this makes a price level of 70 or 80 EUR/t CO2 soon within 

reach. On the other hand, renewable energy is still a scarce resource and as this model does 

not considers other energy sectors, e.g., mobility or power generation, it is important to keep 

in mind that the renewable energy potentials especially in Europe are not used at first for 

producing hydrogen. 

Regarding further results, Green Gas production facilities in North Africa are built to a 

greater extent, when the price for CO2 reaches 100 EUR/t. However, up to a CO2 price of 

150 EUR/t the main investments in Green Gas production facilities are only done in 2045. 

Only if the price for CO2 exceeds the level of 150 EUR/t CO2, Green Gas production facili-

ties are built in the model already in 2030. At a price of 200 EUR/t CO2 North African Green 

Gas production capacities are expanded at a maximum that is a little smaller than the tech-

nical assumed expansion capacity. This is probably because other transport restrictions reach 

their capacity limit. Starting from a CO2 price of 300 EUR/t, the model decides to invest in 

larger capacities in 2030 than in 2045. This might be a modelling artifact due to the perfect 

foresight approach. The model is already in possession of all information about the future 

including all uncertainties, but only until the end of the modelling horizon. Hence, early in-
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vestments do take further needs into account, while investments during the last model period 

do not. The maximum installed capacity of Green Gas production facilities appears at a CO2 

price of 450 EUR/t with a cumulated installed capacity of 6700 TWh/a that would be suffi-

cient to supply completely the EU-28 demand even in a scenario with an increasing demand 

trend in 2045. This scenario neglects learning curves for electrolyzers that would be ex-

pected when large capacities are installed. A consideration of learning curves for Green Gas 

facilities would lead to investments at lower CO2-prices and the interaction between decreas-

ing investment costs for electrolyzer and CO2-price needs further research.  

As already discussed above, the results give rise to the question of how realistic it is 

that the EU-28 will use the best renewable energy sources potentials for producing Green 

Gas. Moreover, it is very likely that the EU-28 will integrate this renewable energy sources 

energy directly into the electricity system. The GAMAMOD models do not consider the 

electricity system. As the power generation mix in Europe is based on a larger share of fossil 

fuels, e.g., coal and gas, it can be assumed that it will be more efficient to use the renewable 

energy sources directly in the electricity system instead of losing efficiency through a con-

version of the RES-based electricity into hydrogen (electrolyzer efficiency: ~70%).  

For that reason, in a second setting it is assumed that the European renewable energy 

sources potentials are not available for producing hydrogen. Furthermore, Green Gas facili-

ties are only allowed to install in North Africa. Figure 50 presents the results on investments 

in Green Gas facilities per year, depending on the CO2 price. 
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Figure 50: Results on investment in Green Gas facilities only allowed in North Africa 
depending on the emission allowances’ price for CO2 
Source: Own illustration. 

A price of at least 80 EUR/t CO2 is needed to incentive first Green Gas facilities in 

Morocco with an annual capacity to produce 138 TWh hydrogen per annum. With an in-

creasing CO2 price, investments in Green Gas production facilities rise. However, for a CO2 

price of 100 EUR /t the investments are only slightly higher (+150 TWh/a) in the “only 

North Africa” case compared to the scenario where investments in all regions are allowed. 

The idea to use North African renewable energy sources potentials for the EU-28’s 

energy supply was already discussed within the DESERTEC project. Even if the attempt 

failed by many other reasons, one central aspect remains questionable for policy makers: 

Should the EU-28 support investments in North African countries for hydrogen imports to 
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the EU-28, or should policies focus before on a North African energy transition towards a 

sustainable energy system? There are at least three ways of approaching this issue and the 

arguments are briefly discussed below.  

First, from a technical point of view the transport restrictions must be considered. 

There are several gas pipeline connections between North Africa and the south of Europe172. 

A usage of these pipelines requires technical modifications as well as lead time for planning 

and retrofitting. Given that all existing pipeline connections would be retrofitted for hydro-

gen, the transport capacity would be still a restriction for hydrogen imports as it can be ex-

pected that the North African renewable energy sources potential exceeds the European pipe-

line import capacities. Additional hydrogen transports via ship might be a further transport 

option but cause additional costs for processing and converting. There are several alterna-

tives to ship hydrogen. In analogy to LNG, liquefied hydrogen might be one option, but re-

spective ships are not yet available. Another option is discussed with liquid organic hydro-

gen carriers (LOHC), but further research is needed to make this option competitive. An 

already today technical feasible option the transport of chemically bound hydrogen in am-

monia. Furthermore, the transport of hydrogen as methanol is discussed. By considering 

hydrogen derivates, an additional question arises about whether imported chemicals (also 

called power-to-liquids or power fuels) such as ammonia should be reconverted into hydro-

gen or whether the imported green ammonia should substitute the existing European ammo-

nia production. In its policy brief, EWI (2021) argues that it would be more cost-efficient to 

import green ammonia173, instead of importing green hydrogen for a sustainable ammonia 

production within Germany. 

Second, from an economic point of view the “chicken or egg problem” arises. It de-

scribes the dilemma that investments in Green Gas facilities at an early-stage face only an 

initial low hydrogen demand and cannot compete with natural gas due to initially high lev-

elized costs of hydrogen. In contrast, the initial low hydrogen demand cannot increase with-

out a sufficient hydrogen supply. In fact, energy-intensive sectors, such as the steel or chem-

istry industry, transform their production processes only if there will be a guaranteed secure 

energy supply. The H2Global174 initiative aims to bridge this dilemma and to accelerate the 

hydrogen market ramp-up. By combining auction-based mechanisms for supply and demand 

with compensating grants from the German government, H2Global aims to incentivize early 

investments in Green Gas facilities (H2Global Foundation, 2021). 

The third perspective comprises geopolitical and global policy aspects that impact in-

vestment decisions and further trade relationships. This perspective holds not only for the 

North African, but for all non-European trade relations ships. In the geopolitical context the 

question of security of supply arises when it comes to trade relations with countries that have 

on the one hand large renewable energy sources potentials, but on the other hand lack of 

political stability due to problems of terrorism, corruption, or weak political institutions. 

Political stability and trade relations are a pre-condition for trust and investments, also for 

hydrogen imports. Furthermore, the import of green hydrogen poses the question of whether 

 
172 Pipeline connections exist from Algeria to Spain, Algeria to Italy, and Libya to Italy (cf. Chap-
ter 4.2 and Appendix C Table 33). 
173 Green ammonia means ammonia that comprises renewable energy-based hydrogen. 
174 The H2 Global Foundation is a state-owned entity, and its founders comprises German and Euro-
pean companies. The program is funded by the federal ministry on for economic affairs and energy. 
The H2 Global approach offers long-term purchase contracts on the supply side that increases the 
investors planning security. On the other side, short-term sales contracts reduce the price risk on the 
demand side. The expected difference between supply and demand prices will be compensated by a 
governmental grant (cf H2Global Foundation, 2021).  



Chapter 7: Impact of Green Gas Imports on Infrastructure Investments 

158 

the local sustainability is ensured in the producer’s country while green hydrogen is export-

ed. For example, from a global climate perspective, it will be not acceptable to import green 

hydrogen to Europe from a country that has not decarbonized its domestic energy market. 

This is an important conflict of objectives for policy makers to set the right investment in-

centives. Finally, the geopolitical perspective comprises also existing fossil energy exporters, 

e.g., Russia. It will be important to provide these exporters an opportunity for transition, as 

these countries need incentives for not using their fossil energy resources. If resource owners 

have no further perspective for continuing or transforming their established business model 

due to more rigorous climate policies, they will get the incentive to speedup extractions and 

this phenomenon is described as the green paradox (Sinn, 2008).  

7.4.2 Pipeline Investments Taking Green Gas Production into Account 

The previous Section has shown that a price of 200 EUR/t CO2 causes investments in Green 

Gas production facilities already in 2030 in both regions, Europe, and North Africa. These 

gas volumes substitute the import of natural gas and, hence, it can be expected that other 

investment decisions in pipeline infrastructure, LNG import terminals and storages take 

place than in a scenario without the opportunity of importing Green Gases. For that reason, 

this Section compares the infrastructure expansion of the “No Diversification Policy” strate-

gy in the scenario with Green Gas and without Green Gas that is presented in Chapter 6. For 

the Green Gas scenario, the investment opportunity in Europe and North Africa as well as a 

price of 200 EUR/t CO2 is assumed. For the No Diversification Policy strategy, Figure 51 

shows the results for pipeline investments in the Green Gas scenario and compares them 

with the results of the no Green Gas scenario. Here, a price of 200 EUR/t CO2 is assumed. 
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Figure 51: Pipeline investment in the Green Gas and No Green Gas scenario for a No Diversifi-
cation Policy strategy at a CO2 price of 200 EUR/t 
Source: Own illustration. 

While in a no Green Gas variant the expansion of Nord Stream 2 is favorable, the pro-

duction of Green Gas in a variant with a high CO2 price leads to a reduced necessity of Nord 

Stream 2 in 2030. Instead, pipeline expansions focus on the connections to North African 

countries to import Green Gases. The results illustrate that a large CO2 price and the alterna-
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tive of green hydrogen imports can impact infrastructure decisions. However, it must be 

admitted that the Green Gas scenario does not allow Green Gas investments in Russia.  

As discussed before, it is likely that Russia will invest also in options to produce hy-

drogen and it should not be excluded that the Nord Stream pipeline capacities could be used 

partly for transporting hydrogen. Russia has a large renewable energy sources potential for 

producing green hydrogen and could also produce hydrogen based on nuclear power. In both 

cases, the importance of Nord Stream 2 could gain in importance.  

Considering an increasing European CO2 prices, a further Russian option for partici-

pating in the gas market might be the continuous export of natural gas for producing blue 

hydrogen within Europe that includes capturing, transporting, and storing carbon dioxide. 

Hence, this option requires a carbon dioxide logistic. First approaches show that depleted gas 

fields in the North Sea might be usable for storing carbon dioxide in the future175. Moreover, 

this concept may open reuse possibilities for former gas pipelines that are not completely 

used in the future anymore. From a Russian infrastructure perspective, the blue hydrogen 

option would also create a demand for further pipeline capacities via the Nord Stream pipe-

lines, while CO2 emissions could be reduced to a minimum share. However, as the blue hy-

drogen production still causes methane and carbon dioxide emissions during transportation 

and production processes, this option could only be used for a transition time towards a net 

zero energy system in Europe. Within this thesis, the option of producing blue hydrogen was 

not considered in the model but should be investigated in further research. 

7.5 Interim Summary and Discussion 

This Chapter extends the discussion about natural gas imports by the concept of Green Gas 

facilities that enables the production and consumption of hydrogen. Latest objectives of de-

carbonizing the gas industry encourage discussions about gases without or low CO2 emis-

sions, i.e., biogas, hydrogen, or synthetic natural gas. While hydrogen can be produced in a 

bundle of different processes based on natural gas (pyrolysis, steam reforming, etc.) only 

“green produced” hydrogen can ensure a production process without the need for extracting 

natural gas from the ground. For this thesis, Green Gas summarizes the production of hydro-

gen based on the combined usage of renewable energy sources and water in electrolyzers and 

is discussed as a relevant option to decarbonize the European gas demand. 

A bundle of technological characteristics and simplifications are introduced that re-

duces the complexity, i.e., the assumption that hydrogen is a substitute for natural gas. Fur-

thermore, the integration of Green Gas into the gas system depends on its ability to compete 

with natural gas. The production costs are based on the potential of renewable energy 

sources and electrolyzer’s costs. It can be expected that they are in the beginning above the 

costs for importing natural gas. Hence, an important driver for the integration of Green Gas-

es into the European gas market is an appropriate CO2 price that punishes emissions from 

natural gas processing. These settings have to be taken into account when it comes to the 

interpretation of the results. 

The study varies a CO2 price from 70 to 450 EUR/t and investigates investments in 

Green Gas production facilities in North Africa and Europe. The analysis of favorable condi-

tions for producing electricity from renewable energy sources show high potentials in EU-

28, due to wind-offshore, and, following, first investments in Green Gas production facilities 

in Europe at a price of 70 EUR/t CO2. North African Green Gas production facilities become 

competitive at a price of 80 EUR/t CO2 compared with natural gas consumption. For an in-

 
175 The company Northern Lights develops a carbon dioxide transport and storage infrastructure  



Chapter 7: Impact of Green Gas Imports on Infrastructure Investments 

160 

creasing CO2 price from 100 to 150 EUR/t, the European and North African Green Gas pro-

duction increases, especially in 2045. A larger amount of Green Gas is already produced in 

2030, when the price for CO2 reaches a level of 200 EUR/t. Considering the model assump-

tions, at this emission price, a change in the investment pattern of pipelines can be observed, 

compared to the results of the stochastic optimization that allows no investments in Green 

Gas production facilities that is presented in Chapter 6.2. In particular, the comparison fo-

cuses on the No Diversification Policy strategy and shows that the construction of Nord 

Stream 2 becomes less important, when Green Gas production facilities are considered as 

investment option. Instead, pipeline connections to North Africa are expanded to integrate 

Green Gas into the European gas system. However, the results are strongly connected with 

the assumption that Green Gas can only be produced in Europe and North Africa. Given the 

fact that Russia may become a partner for the future hydrogen economy in Europe, either 

through the export of hydrogen or the export for natural gas in combination with producing 

blue hydrogen in Europe, it might be that infrastructure investments between Europe and 

Russia become economically as well. However, the calculation of this case is beyond the 

scope of this thesis.  

The results indicate that the consideration of Green Gas might be a game changer for 

the future gas market in terms of supply structure and infrastructure projects. This is espe-

cially true if established gas suppliers do not drive the necessary transition away from fossil 

resources towards sustainable business models. Regarding the assumed renewable energy 

source potentials within the EU-28 it is questionable whether the entire potentials are availa-

ble for Green Gas production or whether they will be integrated in the electricity sector. 

However, larger North African potentials are favorable starting at an emission price of 100 

EUR/t CO2 and have the potential to provide major supplies for the EU-28. A large EU-28 

hydrogen demand poses the question of whether this demand will only be supplied by green 

hydrogen. At least in the beginning of market development the option of blue hydrogen is 

likely to play a major role in the supply structure. Furthermore, the acceptance of blue hy-

drogen would provide a transition option and strong incentives for traditional gas suppliers 

as Russia and Norway to decarbonize their gas production. In addition, the EU-28 as major 

market could also impact the production process by stating environmental policy guidelines, 

as it is already initiated with the EC’s methane leakage strategy (cf. European Commission, 

2020b). However, blue gas production implies the application of CCS and entails several 

new open questions that have to be answered by researchers but also policy maker in the EU-

28. A first question is about what will be imported, natural gas or blue hydrogen? This ques-

tion is connected to the question of where will be the blue hydrogen produced, within or 

outside the EU-28, and what will happen with the captured CO2 respectively where will it be 

stored? As this process is in the beginning, discussion about the EU-28 and its major gas 

suppliers are needed to create a common understanding of the future gas market and to create 

a sustainable framework for decarbonizing the gas system. The interdependence of accepting 

blue hydrogen and impacting climate policy in natural gas producing countries should be a 

subject of further research. 

Overall and regarding a possible transition from natural gas to hydrogen, the analysis 

shows that the European market remain dependent from sources outside Europe and that 

diversification strategies will therefore remain important.
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8 THE GERMAN NATURAL GAS 

MARKET MODEL (GAMAMOD-DE) 
The previous Chapters focuses on the European natural gas market by using the model 

GAMAMOD-EU. Within this model, pipeline capacities within a market area are neglected 

and multiple pipelines between neighboring countries are modeled as cross-border connec-

tions with aggregated pipeline capacities. This approach is suitable to answer questions re-

garding the European gas market on the one hand, but on the other hand it lacks level of 

detail to answer techno-economic questions within one market area, i.e., the German pipeline 

system. 

The enhanced coupling of the electricity and gas sector gives rise to questions about 

the interdependence of both partial energy systems. In fact, an enforced nuclear and coal 

phase-out increases the importance of natural gas power plants for the energy security, in the 

electricity and heating sector. To answer these kinds of questions, a novel model for the 

German gas transmission network is proposed, named GAMAMOD-DE176. 

The Chapter starts with preliminary considerations on GAMAMOD-DE regarding the 

motivation, research question and differences to the previous discussed model GAMAMOD-

EU. Then, the model formulation and used data a briefly described. Afterwards, a case study 

re-evaluated the German security of gas supply in 2012 and the threat of pipeline conges-

tions during cold doldrums. The Chapter ends with a discussion on insights for the further 

development of the energy system as well as a reflection of effects of diversification on the 

results. 

8.1 Preliminary Considerations on GAMAMOD-DE 

Before introducing the detailed model formulation, the differences between the German and 

the European gas system a briefly sketched and the research question is motivated.  

The largest difference between GAMAMOD-EU and GAMAMOD-DE refer to the 

geographical scope of both models. While GAMAMOD-EU investigates diversification 

strategies in the European gas market with focus on imports and exports, the model 

GAMAMOD-DE models the German gas transmission network in high level of detail. An-

other difference is that GAMAMOD-EU allows for investments and considers uncertainties, 

while GAMAMOD-DE is developed for investigating the gas dispatch for one year in a daily 

 
176 This Chapter is based on previous research that was developed within the project LKD-EU (project 
funding number: 03ET4028C).The model description GAMAMOD-DE was firstly described in a 
working paper (Hauser, 2019) that is the base for Chapter 8.2. An extensive data documentation of 
input data can be found in Kunz et al. (2018, p. 54 ff) and the model codes is available at an open 
access repository on GitHub: https://github.com/PhilippHauser/GAMAMOD. Chapter 8.4 comprises a 
model application, based on Hauser et al. (2019). 

https://github.com/PhilippHauser/GAMAMOD


Chapter 8: The German Natural Gas Market Model (GAMAMOD-DE) 

162 

resolution. Hence, GAMAMOD-DE is an appropriate to investigate research questions on a 

regional level. 

In Germany, natural gas is mainly used in the power, heating, and industry sector. Af-

ter the German parliament agreed on a nuclear and coal phase out, the generation mix in the 

electricity sector will be mainly based on renewable energy sources and gas power plants in 

future. However, during cold doldrums supply from renewable energy sources is limited and 

the capacity on electricity storages is limited as well. Hence, at least for a transition period, 

gas power plants have to meet larger shares of electricity and heating demand during these 

times of short renewable energy sources supply. A strong requirement for a smooth opera-

tion of gas power plants is an uninterrupted gas supply in the gas transmission system. In 

Germany, the security of gas supply has been called into question during the cold winter in 

2012. In this context, the research question here is: 

Does increasing natural gas demand in the power sector pose a threat of congestion to the 

German gas transmission network? (RQ 10) 

 

To answer this question, the above-described model characteristics on a high level of 

spatial, temporal, and sectoral detail is needed. This leads to a further, methodological re-

search question: 

How does a techno-economic gas transmission network model look like for the German 

case? (RQ 7) 

 

Against this backdrop, GAMAMOD-DE focuses on a highly disaggregated natural gas 

grid representation for Germany with more than 1700 pipelines and 1400 nodes on a daily 

resolution for one year. Furthermore, the model considers natural gas demand regarding 

three energy sectors: residential heating, industrial usage, and gas power plant demand. An 

optional interface to an electricity market model is provided, to integrate individual gas pow-

er plant demands. 

In general, gas grid models are challenging, especially when it comes to an adequately 

representing of technological characteristics of dynamic behavior, pipeline pressure, and gas 

qualities. A state-of-the-art approach is to simulate gas flows, e.g., used in the GASOPT 

model (Gillessen et al., 2019). Studies that address these technological representations show 

two major challenges (cf. Münch et al. (2014), Grimm et al. (2018)): First, most model ap-

proaches lack data availability due to low transparency of grid operators. In particular de-

tailed information about grid topology are needed and often not publicly available. Second, 

the calculation of dynamic grid state is challenging and leads to nonlinear mathematical 

problems that increases computation time. To sum up, gas models that consider technologi-

cal characteristics and optimize for one year are hard to solve, but simulations are feasible. A 

common modelling approach to deal with this challenge is converting dynamic technological 

characteristics, like pressure and volume, into static energy units. Using this simplification, a 

linear energy transport model can be established to investigate nonlinear natural gas flows. 

The proposed model GAMMAOD-DE follows such a simplification, as it is described in the 

Appendix B. 

8.2 GAMAMOD-DE – Model Description and Data Preparation 

This Section provides a model overview, introduces the system of equations for 

GAMAMOD-DE, including the objective function, the energy balance, and capacity con-

straints. Furthermore, the implementation in GAMS is described.  
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8.2.1 Overview 

The proposed Gas Market Model for Germany (GAMAMOD-DE) covers the German gas 

transport pipeline network using the methodology of graph theory. Figure 52 shows the to-

pology with nodes edges of GAMAMOD-DE. The model considers all inner-German gas 

pipelines of the gas transmission system operators in detail as well as cross-border capacities 

to connected neighboring countries. Nodes describe exit points of the gas transmission sys-

tem, e.g., power plants, storages, or transfer points to downstream distribution grid operators. 

Then, connections to neighboring country nodes are modeled as “virtual pipelines” that have 

no capacity restriction.  

Based on this grid topology, GAMAMOD-DE follows a bottom-up model formulation 

for one year on a daily resolution. The model uses an LP optimization approach. Figure 53 

describes the general structure of the model. 

 

Figure 52: Topology GAMAMOD-DE 
Source: Own illustration. 

 

min  total costs
LP implemented in GAMS 

on a daily resolution

Operation costs

INPUT OPTIMIZATION (LP) OUTPUT

Technical constraints

Demand and supply

Total system costs

Utilisation of 
infrastructure

Regional effects
 

Figure 53: GAMAMOD-DE overview of input and output data 
Source: Own illustration. 
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8.2.2 Objective Function and Constraints of GAMAMOD-DE 

This paragraph describes the objective function, the energy balance, and technological and 

economic constraints. The nomenclature of sets, parameters, and variables for the model 

GAMAMOD-DE is preceded at the beginning of this thesis. 

Objective function 

The overall objective of GAMAMOD-DE is to minimize total system costs in order to calcu-

late a global optimum from a system perspective. Eq. (8.1) considers three main cost compo-

nents: First, costs for producing natural gas respectively importing natural gas, second, costs 

for transporting natural gas through pipelines respectively the direction of gas flow177, and 

third, costs for reducing demand on exit nodes: 

(8.1

) 

Regarding cost components several assumptions are made: Costs for storage operation 

are indirectly considered, as storage injection (respectively withdrawal) cause efficiency 

losses. The production costs pc differs between German domestic production at a price level 

of 10 EUR/MWh and imported natural gas at a price between 18-23 EUR/MWh in 2012. 

More details on the assumed data can be found in Table 49 within Appendix F. Costs for 

pipeline flow tcl can be interpreted as effort that is needed to operate the pipeline system. 

These costs are mainly driven by energy consumption of combustion stations178. 

Energy balance 

The energy balance equation ensures a stable system level in all time steps tt on all nodes i. 

In other words, the demand, export flows, and storage injections in one node have to be cov-

ered by produced (or imported) gas volumes, import flows, storage withdrawal, and load 

shedding (volume of lost load or load shedding of gas power plants), as seen in Eq. (8.2). 

Volume of Lost Load balance 

In Eq (8.2), the VOLL and the LoadCut variables represent an additional solution to keep the 

balance between supply and demand. It can be interpreted as a reduction of demand, in par-

ticular load shedding. According to Lochner (2011), GAMAMOD-DE has the opportunity to 

reduce up to 50% of industry demand to lower costs (94 EUR/MWh) and all other demand 

up to 100% with higher compensation costs (188 EUR/MWh) (cf. Eq. (8.3)). As natural gas 

power plants have often contracted that allow grid operators to interrupt natural gas supply 

by paying a compensation (here: 90 EUR/MWh), the model has the opportunity to shut down 

the plants’ demand by using the LoadCut variable (cf. Eq. (8.4)). In a “healthy” market 

where demand can always be met by supply, the VOLL should be zero, and hence, no addi-

tional costs for the system should occur. 

 
177 The pipeline flow relates to a directed graph with nodes and edges, while positive flows are defined 
as flows from start node to end node of an edge and negative flows vice versa.  
178 From an economic point of view, the used approach for covering costs for pipeline transport does 
not represent the current entry-exit model that is used in the reality to distribute grid operation costs. 
However, the approach still reflects the fundamental costs and should be implicit considered by gas 
grid operators.  
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Production 

Production is limited by yearly production quantities, equally distributed on a daily 

level. In addition, a flexibility factor is introduced, to enable higher production rates during 

peak demand seasons (cf. Eq. (8.5)). Production flexibility is a country specific factor, based 

on Lochner (2011). In addition, the yearly production at each production node has to be 

equal or lower than the daily average production rate times the number of days per year |T| 

(in 2012: 366 days). This restriction is expressed through Eq. (8.6).  

The variable PQ entails natural gas quantities of domestic produced natural gas in 

Germany as well as “virtual produced” natural gas in German neighboring countries. In this 

context, virtual production means that neighboring countries export natural gas to Germany. 

This imported gas can be both, produced within the neighboring country (e.g., in the Nether-

lands) or transit gas, original produced in other countries (e.g., imports from Poland are 

mainly transit gas from Russia). 
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Pipeline flow 

The model follows a transport model approach. Hence, technological, and physical charac-

teristics as pressure and pipeline diameter are not modeled, but they are considered indirect-

ly179. The model calculates the transport of energy units. Thus, the variables FLOWpos and 

FLOWneg are restricted by the maximum capacity of pipelines (cf. Eq.(8.7) - (8.8)).  

The used transport model approach neglect influence of pressure and gas quality of the 

system, e.g., line packing cannot be considered in the model. Additionally, flow direction of 

pipelines is not fixed in GAMAMOD-DE. That means that a pipeline can have a value on 

FLOW_POS variable for example during the beginning of the year and a value on the 

FLOW_NEG variable during a later period of the year. Hence the flow direction in a pipe-

line might change the direction during the year. Although reverse flows are possible in real 

world gas systems, the model might overestimate the flexibility of the grid infrastructure. 

 

 
(8.7) 

 
(8.8) 

,  

 

 

Storages 

Storages balance demand and supply during the year to enable regular production and import 

quantities. In addition, they provide the opportunity for traders to buy natural gas in times 

with low gas prices, store it and sell it when gas is needed. Hence, natural gas storages play a 

crucial role in balancing gas prices and providing security of supply during peak demand 

seasons. The model GAMAMOD-DE covers the time of one year. Eq. (8.9) to (8.12) charac-

terize the technological constraints of gas storage levels in the model. 

In addition, the daily storage injection and storage withdrawal quantities are restricted. 

Following Lochner (2011, p. 39) the model uses for injection and withdrawal rates a fixed 

relation between storage level and the maximum of storage injection respectively withdrawal 

capacity as shown in the following in Eq. (8.13) to (8.16). This means for example that if the 

storage level is low, the binding restriction for the injection rate is the maximum injection 

 
179 A detailed description of assumptions and simplifications on technical gas flows and the lineariza-
tion approach is given in Appendix B. 
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capacity (cf. Eq. (8.13)). In contrast, when the storage level is high, the storage cannot inject 

with its maximum but with a lower capacity and, thus, Eq. (8.16) is the binding restriction 

for the injection capacity.  
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8.2.3 Model Statistics of GAMAMOD-DE 
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The model is implemented in GAMS180, using the CPLEX solver. The model statistics in-

cludes 18 blocks of equations with more than 2.4 million single equations and ten blocks of 

variables with more than 2.4 million single variables. The model entails 12.5 million non-

zero elements. The GAMS needs 1294 MB RAM and 471 seconds to generate the model and 

the CPLEX solver finds the optimal solution after 475 seconds. Data preparation is done 

using Microsoft EXCEL while an import of input data to GAMS and the export of results 

from GAMS is realized by using the gdx-interface. The visualization and spatial calculations 

are done using the open-source software QGIS. 

8.3 Model Application and Validation 

GAMAMOD-DE focuses on the gas grid infrastructure in the German natural gas system. 

The model is based on the mathematical formulation and implementation in GAMS, intro-

duced in the previous Section. A first application of an early version is given in Hauser, 

Hobbie and Möst (2017). An enhanced version is used in Hauser et al. (2019) and demon-

strates model coupling with the Joint Market Model (JMM). A detailed data description on 

input data is provided in Kunz et al. (2018). Analysis on the gas network data is done in 

Haumaier et al. (2020) and in the SciGridGas project (DLR, 2020). This Section briefly pre-

sents the data base and discusses the initial situation on short gas supply in 2012. 

8.3.1 Data Preparation 

For running the model GAMAMOD-DE, the used data are documented in an open-access 

repository on ZENODO181 (Kunz et al., 2017), while the methodology of processing the raw 

data is described in Kunz et al. (2018). This Section gives an overview about data that are 

used in the mode. 

Regional disaggregation of natural gas demand 

A special feature of GAMAMOD-DE is a highly disaggregated natural gas grid representa-

tion for Germany with more than 1700 pipelines and 1400 nodes. For this reason, a spatial 

resolution of all input data on a detailed level is needed, e.g., for allocating total German 

natural gas demand to local nodes. The model considers natural gas demand regarding three 

energy sectors. For residential heating and industrial182 usage the spatial resolution is based 

on NUTS-3 regions in Germany. The spatial resolution for gas demand in gas power plants 

is more detailed as the locations of gas power plants can be determined easily. Hence, the 

gas power plant demand is allocated to nearest exit nodes183. Additionally, exports are de-

fined as additional demand on cross-border points. Finally, further natural gas demand (e.g., 

in transport sector), is equally distributed to all exit nodes. Further details on data preparation 

and sources can be found in Kunz et al. (2018, p. 74). 

Production data 

Production quantities in Germany (and at other production nodes) are limited according to 

historical production volumes. Production cost data are non-transparent and depend on local 

 
180 The GAMS code for GAMAMOD-DE is provided in an open access repository on GitHub: 
https://github.com/PhilippHauser/GAMAMOD. 
181 ZENODO link to the repository: https://doi.org/10.5281/zenodo.1044463 
182 This approach is one of the first that provides spatial disaggregated industrial gas demand, and the 
results are also used in Heitkoetter et al. (2020). 
183 The daily demand of natural gas power plants originates from the electricity dispatch model Joint 
Market Model (JMM), friendly provided by Sina Heidari at the Universität Duisburg Essen. 

https://doi.org/10.5281/zenodo.1044463
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conditions. For GAMAMOD-DE, the model differs among two different cost levels: firstly, 

German production costs (rd. 10 EUR/MWh) that are constant during the year. Secondly, 

monthly cross-border prices for imported natural gas in 2012, based on historical NCG natu-

ral gas quarter futures, in a range between 22 to 26 EUR/MWh (cf. Table 49 within Appen-

dix F). Other non-conventional gas sources, as biogas or synthetic gases, are not considered. 

Grid infrastructure 

The grid infrastructure is based on public available sources, basically graphical maps of 

transmission system operators. Based on this information, a representation using a geo in-

formation system (GIS) was created. Using this data, a directed graph including nodes and 

lines for the optimization model was created (cf. Figure 52). According to transmission ca-

pacities, technological data as diameter of pipelines and pressure were assumed to transform 

these values into energy related transport capacities per day (GWh per day). A detailed de-

scription to the methodology is given in Kunz et al. (2018, p. 54 f). One feature of 

GAMAMOD-DE is the high temporal and spatial resolution of the German gas grid. The 

grid topology is based on maps with a low level on details and may include failures of real 

existing connections. In many cases, a distinction is not possible, whether pipelines cross 

each other or just run in parallel. Hence, the grid representation most probably overestimate 

connections between pipelines and flexibility in the model. However, in the current version, 

the model does not cover physical gas flow conditions, but energy flows. 

Storages 

In Germany, there exist many natural gas storages that built the highest natural gas storage 

capacities in the European Union. The model considers 37 storage facilities that differ be-

tween depleted gas fields, salt caverns and aquifers. All types of storages have different 

technological characteristics for withdrawal and injection behavior. Especially the injection 

and withdrawal rate depend on the actual storage level. GAMAMOD-DE considers these 

characteristics. The assumptions regarding the relation between storage level and injection 

rate (respectively withdrawal rate) are based on Lochner (2011, p. 39) and the updated data 

base on AGSI (2016) and Gas Infrastructure Europe (2018). 

Imports and exports 

An analysis of the German natural gas grid without considering transit gas flows, e.g., from 

Russia via Ukraine and Poland through Germany to Western European countries, underesti-

mates actual gas flows. The German gas grid system that is in the center between Russian 

gas sources and Western Europe gas demand hubs, transports natural gas volumes through 

the German pipeline system. Thus, exports are considered as parameters and interpreted as 

an additional demand that is allocated to German cross border points. On the other side, im-

ports are modelled as variables, to keep sufficient dimensions of freedom for the optimiza-

tion problem in the model. 

 

To conclude, GAMAMOD-DE uses a highly spatial and temporal resolved model ap-

proach. Thus, quality of model results depends also on data granularity and availability. 

Most publicly available data sources lack detailed and comprehensive data access for gas 

infrastructure. In fact, data are provided often in an aggregated manner that makes disaggre-

gation methods necessary, as described above. Furthermore, cost parameters, e.g., transporta-

tion costs, are based on estimations or fundamental assumptions rather than on empirical 

data. However, such cost assumptions remain uncertain especially for gas production, gas 
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transportation, and storing natural gas. Another data uncertainty is about costs for load shed-

ding. They reflect compensation fees for industries and households and cannot be verified 

easily due to very few empirical data. Thus, the GAMAMOD-DE approach follows the as-

sumption that has been introduced in the European model version GAMAMOD-EU (cf. Sec-

tion 5.3.1) and it can be assumed that the magnitude of penalties corresponds to real costs.  

8.3.2 Characterization of the Year 2012 

The year 2012 is characterized by a cold period in January and February that had led to high 

natural gas demand, especially to cover heating demand in households. Regarding the securi-

ty of gas supply, the cold winter situation in combination with other factors as a low-RES 

supply or an unplanned outage of gas infrastructure, has been considered as critical for some 

regions in Germany. Against this backdrop, GAMAMOD-DE is applied to investigate the 

security of supply in the German gas transmission network in 2012. Furthermore, the model 

is applied to analysis whether the fundamental data approach can explain the observed criti-

cal situation. 

Before analyzing the model results, the historical situation of 2012 is elaborated in 

more detail. Figure 54 shows daily average temperatures during 2012 and as a comparison 

the curve of the year 2015, where the wintertime has not shown such deep average tempera-

tures. The graph shows a negative peak from the 28th of January up to the 13th of February 

2012, where daily average temperatures are constantly below zero and partly up to minus 13 

degrees, on the 6th of February 2012. As a comparison, in 2015, the daily average tempera-

ture on the 6th of February has amounted only minus three degrees. 

Although no physical congestion was reported, the situation in natural gas power 

plants in the south of Germany was tight. This cold winter period happened not only in Ger-

many, but also all-over Eastern Europe. In consequence, a high energy demand for heating 

occurred in parallel in Russia and Balkan States. In Germany and most Eastern European 

countries heat is produced by fossil fuels, i.e., coal and gas. Because of a high domestic Rus-

sian gas demand, Russian gas supplies to East European countries were reduced by 30%. In 

Western European countries, e.g., France, electricity-based heat technologies are predomi-

nant. Thus, these countries haven’t seen a peak in natural gas, but in their domestic electrici-

ty demand. Consequently, the high gas demand in Germany was overlapped by a high elec-

tricity demand, especially in France, Italy, and Germany. 
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Figure 54: German daily average temperature in 2012 and 2015 
Source: Own calculation, data based on Deutscher Wetterdienst (DWD, 2019). 

In Germany, several gas power plants provide heat and electricity in combined heat 

power plants for both, domestic demand, and exports. To conclude, southern German gas 

power plants were challenged by two factors: First, a high demand on heat energy and sec-

ond, a high demand on electricity from domestic customers and neighboring countries. Dur-

ing the mentioned time in February 2012, capacity of 3.5 GW of natural gas power plants in 

the grid area of Open Grid Europe, Thyssengas and Energienetze Bayern were affected by 

these shortages184.  

In academic literature, the question arises whether this case could be a test case for 

European energy dependence on Russian gas supplies. Thus, this event was also analyzed by 

several researchers that came to varying conclusions.  

Westphal (2012) point out that there was a capacity bottleneck in the south of 

MEGAL pipeline185 in Germany. Gas grid operators restricted gas supplies to customers with 

interruptible contracts according to the Energy Industry Act186 and to ensure grid stability. 

She concludes that a market only solution will not provide security of supply, as suppliers 

are interested in scarcity. Henderson and Heather (2012) argue that this event was not a cri-

sis, caused by production constraints. However, Gazprom was not able to meet peak demand 

for European customers. It should be mentioned that the second line of Nord Stream 1 was 

not yet in operation at the beginning of 2012.  

8.4 Case Study: Simulating the Year 2012  

The study of the 2012 case is investigated for two reasons in this thesis. First and as dis-

cussed in the previous Section, the situation in 2012 has shown an increased gas demand for 

 
184 cf. Bundestag-Printed Matter 17/9959, federal government’s answer to the brief enquiry of the 
Bündnis 90/Die Grünen parliamentary group “Engpässe in der Erdgasversorgung im Februar 2012 
und deren Auswirkungen auf die Versorgungssicherheit im Stromsektor“ 
185 MEGAL (Mittel-Europäische Gasleitung) transports gas starting from the Czech and Austrian 
Border through Germany up to France. 
186 EnWG §14b, control of contractual load cutting agreements, regulation authorizations 
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a certain time during the winter and it is not definitely clear whether physical congestions 

have been occurred. Second, back testing for 2012 is also presented to enable a general as-

sessment of model results and to explain strengths and limitations of GAMAMOD-DE.  

The initial situation of 2012 is covered by data assumptions for the parameters in the 

model, presented in the previous section. This section focuses on a detailed analysis on the 

German yearly energy balance, gas production and imports, the cut-off demand, on storage 

operation, and on grid situation. The latter is analyzed especially in critical situation when 

high demand occur. Additionally, results are discussed in relation to historical statistics. 

8.4.1 German Natural Gas Balance Simulation for 2012 
An overview about the GAMAMOD-DE results on the gas dispatch in 2012 is given 

in Figure 55 that depicts the gas balance twofold, in a daily resolution (left) and in an aggre-

gated form (right). According to the energy balance, the sum of supply and demand compo-

nents have to equal zero in each time step. While demand and export time series are exoge-

nously given (parameters), all remaining components (variables) are optimized within the 

model. 

German gas imports supply the major part (92%) of the model demand187, followed by 

domestic production (6%) and storage withdrawal (2%) that contributes only to a limited 

amount. Natural gas load shedding (<1%) is needed, when peak demand occurs, but com-

pared to the total gas balance, it can be neglected (see also Section 8.4.3 for further insights). 

Due to losses during storage withdrawal and injection and because of the restriction that start 

and end level of storages have to be equal, the energy amount of the injected gas is higher 

(+6%) than gas withdrawal (cf. Eq. (8.9) to (8.16)). 

Regarding the daily gas balance, it is shown that at the beginning of the year (January 

and March) the model prefers to inject natural gas into storages, and to withdraw the stored 

gas during November and December. The reason for that is the historical price series for 

natural gas imports, based on NCG quarter gas futures, where prices were lower at the be-

ginning of 2012 (22.4 EUR/MWh) and higher at the end of 2012 (26 EUR/MWh). As the 

model approach includes perfect foresight, the system tries to withdraw stored gas when 

import prices are at the highest level and to inject gas, when import prices are at lowest level. 

A sensitivity analysis of different price series shows that gas storages react on the relation of 

gas import prices at the beginning and the end of a year (cf. Appendix G). 

 
187 The total modelled gas demand entails gas demand by several sectors, storages, and exports.  
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Figure 55: Results on daily (left) and aggregated (right) gas balance in Germany 2012 
Source: Own illustration, based on model results. 

8.4.2 Production and Imports 

The supply side in GAMAMOD-DE covers domestic German natural gas production and 

natural gas imports. In this version, “Green Gas” such as biogas or hydrogen is not consid-

ered, but this should be done in further research. 

Domestic German gas production 

In the model, natural gas can be produced within Germany or imported from neighboring 

countries. The model considers six domestic production nodes188 located in the Northwest of 

Germany. Figure 56 shows daily German gas production quantities. 

On a local level, production during the first quarter of the year shows in each individ-

ual production node a drastic fluctuation and varies among all six production locations from 

no production up to maximum daily production (41 GWh/day), while for the remaining time, 

April to December, all German production facilities operate equally and constantly on a high 

level (39 GWh per day). On an aggregated level, while during the first quarter, the total 

German gas production fluctuates among 19 and 218 GWh per day, the constant contribution 

of gas production for the second, third and fourth quarter amounts 231 GWh per day.  

There are several explanations for this phenomenon. Firstly, the modelled approach of 

production flexibility allows to use temporally up to 14% higher production rates (39 GWh 

per day) compared to the average level (34 GWh per day). Regarding cost and price assump-

tions, German produced natural gas is significantly cheaper (10.2 EUR/MWh than natural 

gas imports (22-26 EUR/MWh), thus, the model prefers domestic gas sources when import 

prices are on the highest level, or, vice versa, uses imports when the expected prices are on 

the lowest level. Against the background of a perfect foresight approach and regarding the 

import price scheme, the model tries to use production flexibility to reduce high import costs 

for natural gas. To keep the total produced natural gas volumes per year in balance, a hesi-

tancy in usage full flexibility is observed during the first quarter of the year, when gas import 

 
188 cp. production nodes pr_01 up to pr_06 described in the Appendix C in Table 27. 
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prices are low (cf. Appendix G). These results are mainly driven by the model design includ-

ing the perfect foresight approach and neglect of process adaptation costs. It can be expected 

that observations in the real-world show that production facilities operate more balanced 

during the year in order to avoid rapidly changing ups and downs in the production process. 
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Figure 56: Daily German gas production in 2012 
Source: Own illustration, based on model results. 

German natural gas imports 

Natural gas imports are modelled as variables and they are considered on all cross-border 

connections of the German gas grid. Imports in the model are assumed as natural gas vol-

umes from neighboring countries that can be both, actual produced natural gas (e.g., in the 

Netherlands or Norway) or transit gas (e.g., in Poland or Czech Republic). Figure 57 illus-

trates daily total natural gas imports to Germany. These imports peak in winter with daily 

import quantities up to 6 TWh per day and returns to a minimum import level of less than 3 

TWh per day during summer months. 

In general, a calibration of the model is difficult because of the absence of appropriate 

calibration data. Thus, a comparison on an aggregation level is pointed out in the following. 

The aggregated import volumes in 2012 are illustrated in Figure 58. The modelled gas im-

ports are compared to the joined monitoring report of Bundesnetzagentur und Bun-

deskartellamt (2014). Based on these assumptions, the model results reflect the general rela-

tions among all import countries. The model overestimates imports from Russian gas fields 

(sum of RU, CZ, PL, and AT imports) that are slightly higher and underestimates imports of 

Norway that are considerably lower. It is noticeable that imports via Nord Stream 1 (direct 

imports from Russia) are small compared to historical total imports. Implementation of long-

term contracts might improve the statistics but represents a challenge due to the lack of data.  
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Figure 57: Daily German gas imports in 2012 
Source: Own illustration, based on model results. 
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Figure 58: Modeled imports (lower bar) compared to historical imports (upper bar) 
Source: Own illustration, based on model results and the monitoring report 2013 by Bundesnetzagen-

tur and Bundeskartellamt (2014, p. 183). 

8.4.3 Load Shedding 

Gas supply and demand has to be in balance, each day during the modelled period. 

Missing transport capacity or supply might lead to load shedding as a last and most expen-

sive resort to keep the system in balance. Although in 2012 almost no interruption of demand 

occurred, model results show a smaller amount of load shedding of 926 GWh per year which 

is less than 0.2 percentage of the German gas demand in 2012. These load shedding occurs at 
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only seven out of 970 demand nodes on 29 out of 366 days (cf. section 8.4.5 for node loca-

tions). The daily load shedding profile is shown in Figure 59. A larger part of load shedding 

(90%, 838 GWh) occurs at two nodes in Thuringia in 2012. As these nodes are located on 

the edge of grid areas, one conclusion might be that a relatively small-scale investments for 

regional grid extension at the respective nodes could lead to a larger reduction of load shed-

ding in the entire system189. 
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Figure 59: Model results on daily load shedding of energy sectors in 2012 
Source: Own illustration, based on model results. 

8.4.4 Storage Utilization 

In Germany high gas storage capacities are installed. Gas storages are needed to balance 

differences in gas demands (high demand during winter season and low demand during 

summer season) to ensure a steady gas supply. The aggregated utilization of all storages is 

shown in Appendix G, Figure 78 to Figure 80. 

GAMAMOD-DE considers three different types of storages that differ in technologi-

cal characteristics: aquifer190, salt cavern, depleted fields. Depending on the type of storage, 

differences in injection and withdrawal rates are implemented in the model. Difference be-

tween the maximum (100%) and minimum (88%) storage level amounts only 12% and a full 

storage cycle191 is not passed during the considered time frame, as shown in Figure 60. This 

analysis of gas storage utilization shows that gas storages are not completely used in this 

model run. 

 
189 Future research may also investigate an alternative approach for disaggregating demand on model 
nodes to verify the actual occurrence of congestions in this region (and to exclude the possibility that 
the congestions are artifacts of the adopted model approach). 
190 Only a minor part (#2 of #37) with low capacity (1 TWh of a total storage capacity of 226 TWh) 
191 In this context, a completely passed storage cycle would be the procedure of three phases: 1) injec-
tion of gas up to the maximum capacity, 2) storing gas over time, 3) total withdrawal of all stored gas 
down to a level of zero. 
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An explanation might be the assumed gas price structure that does not provide enough 

incentives to withdrawal gas during the beginning of 2012 and reinject gas during the end of 

the year. Furthermore, import capacities seem to be sufficient to meet the major gas demand. 

In the context of energy security, this means that gas storage capacities provide additional 

security of supply, as in critical situations additional gas withdrawal could supply gas de-

mand. 

In general, salt caverns are able to react a slightly more flexible than depleted gas 

fields, due to their technological characteristic. However, a sensitivity analysis on available 

storage capacities has also shown, that the gas system depends on gas storages to avoid fur-

ther load shedding (cf. Appendix G). 
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Figure 60: Used range of storage level for depleted fields and salt caverns 
Source: Own illustration, based on model results. 

8.4.5 Pipeline Flows and Congestion on a Cold Winter Day 

An indicator for analyzing natural gas infrastructure resilience is the utilization of pipelines. 

Figure 61 illustrates the pipeline utilization (actual flow compared to pipeline capacity) on 

the coldest winter day in 2012, the 6th of February. In addition, locations where load shed-

ding occurs are represented by blue circles. 

Pipelines with highest utilization are in the East and in the South of the German gas 

grid. In the model results, load shedding occurs only in the transmission gas system of 

ONTRAS, while highest load shedding volumes are needed at two nodes close to Erfurt. One 

reason might be the low meshed gas grid and the high dependence on natural gas for heating 

and electricity during cold seasons. 

To sum up, the results on the case study show that load shedding occurs on a relatively 

low level. Larger amounts can be observed at the coldest winter day in February in 2012. 

However, the model shows also that the overall gas supply was feasible at this challenging 

demand situation. In general, the results suggest that the model reflects the strained situation 

that had been occurred in the winter 2012. Keeping the threat from 2012 in mind, it becomes 

questionable whether a similar demand constellation would lead to larger risks for gas supply 

security in the future energy system with a larger share of renewable energy sources in the 

power sectors and a potentially larger dependence on gas power plants for providing back-up 

capacities. The analysis of this case is beyond the scope of this thesis and was instead inves-
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tigated in Hauser et al. (2019) for the year 2030. As an outlook, a brief overview about the 

results is provided within the interim summary below. 

 

 

Figure 61: Average pipeline utilization and load shedding in 2012 
Source: Own illustration, based on model results. 

8.5 Interim Summary and Discussion on GAMAMOD-DE 

This thesis focuses on security of supply not only on the European but also on the national 

level. Hence, this Chapter directs the attention from the supra-regional European market 

perspective to the regional consideration of techno-economic dependences within Germany. 

Thus, a new model is suggested to investigate the German natural gas grid in the context of 

the ongoing energy transition in Germany, called GAMAMOD-DE. Latest discussions in 

politics and industry on sector coupling motivate modelling efforts to include representations 

of natural gas infrastructure with highly temporal and spatial resolution. 

GAMAMOD-DE provides a model approach to contribute to this research field, by 

focusing on a highly disaggregated natural gas grid representation for Germany and consid-

eration of natural gas demand regarding three energy sectors: residential heating, industrial 

usage, and gas power plant demand. 

Within this thesis, the model is applied to investigate the cold winter of 2012. In this 

winter, empirical evidence for bottlenecks at gas power plants have been observed and the 

question arise whether a fundamental model approach can provide insights to the actual situ-

ation at this time. Hence, a case study is done that demonstrates further model specifications 

and shows the importance of a resilient gas transmission system to guarantee security of 

supply. One reason for the tight supply situation in the cold winter in 2012 was a high simul-

taneous electric and gas demand. Some analysts argue that this was not a real capacity crisis 

but shows that a market only approach cannot fully provide security of supply. Nevertheless, 

3.5 GW of gas power plants in Germany were not able to produce electricity. GAMAMOD-

DE is applied for re-simulating the situation of the cold winter by modelling the entire year 
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of 2012. Results show largest load shedding during the coldest winter day of the 6th of Feb-

ruary in 2012, but also a general resilient operation of the German gas infrastructure that has 

provided a high level of security of supply.  

Regarding increasing coupling of electricity and gas sectors in future the question 

arises of whether the level of security of supply can be maintained. A German phase-out of 

nuclear power plants by the end of 2022 and a phase-out of coal power plants, most probably 

during the 2020s and early 2030s192, will might lead to spare capacities in the electricity and 

heating sector. Hence, a higher gas demand due to higher utilization of existing gas power 

plants or new gas power plants would be likely. In a detailed analysis for 2030, 

GAMAMOD-DE and the Joint Market Model are applied together in a model coupling ap-

proach to investigate whether increasing sector-coupling pose a threat of congestions in the 

gas grid (cf. Hauser, 2019). While the results of the power system simulation suggest an 

increasing demand for gas compared to 2012 (+51%), the additional congestions in gas grids 

and resulting load shedding is limited to regional hot spots, thus, they remain on a relatively 

low level. However, heat production might become challenging and even regional shortfalls 

in gas supply can induce a threat to a secure heat supply. 

In conclusion, sector coupling becomes an important topic not only in the considera-

tion of electricity and gas infrastructure, but also in relation to heat supply. The transfor-

mation of the gas sector towards renewable gases and hydrogen adds another complexity 

level that was not part of the analysis in this thesis. Against this backdrop, two recommenda-

tions for further research can be given. First, the role of natural gas distribution grids is not 

yet fully assessable and depends mainly on the role of gases (natural gas or decarbonized 

gases) in heating applications. Second, it is likely that efforts for a decarbonization of the gas 

network towards a hydrogen economy will pose multiple further techno-economic research 

questions on how to ensure the security of supply. For following both strands, methodologies 

of gas network models, such as GAMAMOD-DE; can be useful to provide insights. 

 

 
192 Based on the proposals of the commission for growth, structural changes and employment, the coal 
phase-out should be completed between 2035 and 2038 (Bundesministerium für Wirtschaft und 
Energie, 2019, p. 64). The 2021 coalition agreement of the probable new German government suggest 
an accelerated phase out until 2030 (SPD, Bündnis 90/ Die Grünen and FDP, 2021, p. 5) 
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9 CONCLUSION AND OUTLOOK 
This thesis deals with the topic of energy security in natural gas markets by developing mod-

els and approaches that can be used to quantify decisions for both, the European gas market, 

and the German gas transmission network. The aim of this Chapter is to summarize the main 

results, to answer the research questions and to highlight the thesis’ contribution. Further-

more, recommendations for policy makers and system operators are derived. The Chapter 

closes with an outlook and need for further research.  

9.1 Summary and Answers to the Research Questions 

Gas market models are often used to provide answers for a changing markets environment. 

The developed methodologies and models within this thesis have been guided by the overall 

research question (RQ 1): 

What are costs and benefits of diversification policies in the European natural gas market?  

The analysis of results shows that it is much easier to determine costs instead of quantifying 

the benefits. An overall answer might be that diversification strategies cause additional sys-

tem costs compared to the No Diversification Policy strategy due to political constraints for 

infrastructure investments and gas supplies as it can be learned from Chapter 6. Hereby, the 

large additional costs for a European Diversification Policy strategy are mainly driven by 

higher production costs of alternative gas suppliers that must replace Russian gas imports. In 

opposite, the National LNG Diversification Policy strategy leads to only slightly higher sys-

tem costs due to the need of new LNG import infrastructure and consequently more expen-

sive LNG imports that are needed to fulfill the minimum import criteria of this strategy. Ad-

ditional costs of diversification might be justified if supply disruption risks occur. However, 

diversification strategies with focus on one single supplier, in particular Russia, might lead to 

dependence on other suppliers, e.g., from North Africa, that could result in even worse con-

sequences for supply disruptions (cf. Section 6.3). In a next step, Chapter 7 has shown that 

diversification through the consideration of Green Gas might be a promising option and its 

increasing advantageousness correlates with an increasing price for CO2. As a constraint it 

should be noted that for the Green Gas option the model approach has considered only North 

African countries as non-European suppliers of alternative gases. Besides Green Gas, it 

might be that other decarbonized gases, i.e., blue hydrogen, will play a larger role in the gas 

market. Therefore, further research should validate whether these results are also robust if 

the model allows for Russia or other world regions to enter the European market for hydro-

gen and decarbonized gases. Finally, regarding the German energy system, critical situation 

for the security of supply have been noticed in extreme weather situations in the past, espe-

cially in 2012. Results have shown this specifically situation in grid areas with less redun-

dancies of pipeline connections, for example in Thuringia. For the upcoming years, a further 

reduction of diversified power generation mix will lead to an increasing dependence on re-
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newable energy sources and gas-based electricity generation. Then, the occurrence of ex-

treme weather conditions, might lead to a possibly higher risk of regional congestions in the 

German gas transmission network, as it was noticed in 2012.  

The detailed answer to the general research questions of this thesis is given in the con-

sideration of three partial aspects, namely preliminary conditions of the European gas mar-

ket, the developed gas market methodology, and the model applications focusing on future 

gas market scenarios. Each of these parts provides answers about their sub-questions and the 

insights are summarized in the following. 

9.1.1 Research Questions to Preliminary Conditions 

What are the characteristics of gas markets and which uncertainties occur for decision mak-

ing processes in the European gas markets? (RQ 2) 

Natural gas markets have changed in the last decades due to multiple reasons, while two 

major aspects are the liberalization of European energy markets and the rise of global LNG 

trading. The analysis in Chapter 2 finds that uncertainties occur mainly in three fields in the 

European natural gas market. First, the declining European gas production and the geopoliti-

cal interests of non-European gas suppliers, i.e., Russia and the United States pose a threat to 

the security of supply. Second, uncertainty about the future gas demand is driven by techno-

logical innovations, increasing renewable energy sources installations, and by political deci-

sions of decarbonizing the energy sector. Finally, environmental policies and regulation in-

crease uncertainties for investments in gas infrastructure. For those reasons, gas market 

models have to take into account possible developments of gas market parameters, e.g., de-

mand. Deterministic scenario approaches can provide insights for only a limited number of 

explorative scenarios and investment decisions hold only for the respective scenario assump-

tions. In contrast, stochastic programming takes the probability of single scenarios into ac-

count and allows consistent investment decisions. 

What is the concept of supply diversification in gas markets and which policy implications 

arise for the European Union? (RQ 3) 

To answer the first part of the research question, Chapter 3 provides a new framework for 

classifying diversification in the concept of energy security. Following this framework, im-

plementing diversification strategies constitutes a policy measure. Diversification strategies 

may contribute to ensure security of supply and to sustain energy security. In terms of policy 

implications, the analysis in Chapter 3 compares proposed measures of the European Com-

mission, the International Energy Agency (IEA) and the Agency for the Cooperation of En-

ergy Regulators (ACER). As a result, the analysis shows a common element, namely, all 

three institutions propose supply diversification to increase energy security and security of 

supply in Europe. The element of supply diversification is explicitly implemented in the 

application of GAMAMOD-EU in the following Chapters.  

Furthermore, Chapter 3 discusses the aspect that the European gas market is driven by 

geopolitical interests. In doing so, an overview about the geopolitical interests within the 

EU-28 Member States and other involved parties is provided. To put it in a nutshell, the EU-

28 needs to balance Russia’s interest on the Nord Stream 2 pipeline associated with the Rus-

sian objective to become independent of Ukraine gas transits, and the USA’s interest to ex-

port LNG from fracking to the European Union. In addition, inner-European conflicts about 

the construction of Nord Stream 2 divides the EU-28 into two camps and challenges the soli-

darity among European Member States. Because of these findings, the specific European 



9.1 Summary and Answers to the Research Questions  

183 

intention of becoming less dependent on Russian gas supplies is considered in the developed 

scenarios for the model application within this thesis. 

What was the initial situation for the European gas infrastructure in 2015? (RQ 4) 

Chapter 4 focuses on the initial situation of the European gas market and shows that Europe 

depends on natural gas imports due to historical low domestic resources and high gas de-

mand. With a special focus on infrastructure, a comprehensive data base for European pipe-

lines, liquefied natural gas, and storages is provided. The analysis in this Chapter discusses 

furthermore possible future developments. On the one side, the import dependence is likely 

to increase further when European gas production stops, i.e., in the Netherlands. On the other 

side, the future gas demand is uncertain and efforts to decrease greenhouse gas emissions 

may lead to a further reduction of gas consumption in the EU-28. The European gas infra-

structure itself is an important asset when it comes to discussions about future gas markets. 

The EU-28 owns a well-connected gas pipeline system and large LNG import capacities, in 

southern Europe. Regarding infrastructure expansion, the European Commission promotes a 

list of PCIs that are likely to improve the gas infrastructure and enable gas trading among all 

Member States and with the aim to ensure security of gas supply. The analysis in Chapter 4 

provides furthermore a brief discussion about ownership of gas infrastructure in combination 

with the question of how does ownership impacts security of supply. This question is beyond 

the scope of the modelling effort in this thesis but should be addressed in further research. 

Furthermore, the analysis in this thesis focuses on natural gas, while a new debate about a 

separate European hydrogen infrastructure has just started. In general, the developed model 

approaches in this thesis can be easily adopted for analyzing additional decarbonized gases. 

Further investigations and modelling efforts should consider both, the transition of the natu-

ral gas infrastructure and the proposed expanding hydrogen infrastructure, together in a 

combined approach. 

To conclude, the processing and analysis of infrastructure data in Chapter 4 shows that 

Europe is in a good initial position to enable security of gas supply in 2015, while the out-

look and change of gas market conditions may lead to a further need for investments in in-

frastructure. This thesis contributes to the discussion about the future situation by enabling 

investments in natural gas infrastructure in the developed model GAMAMOD-EU. 

Which model approaches exist for dealing with the questions about security of supply in 

natural gas markets? (RQ 5) 

To answer this question, Chapter 5.1 discusses existing gas market models. In general, op-

erations research provides a bundle of methods for developing quantitative models, also for 

natural gas markets. Depending on the research question, optimization, equilibrium, and 

simulation models, can be observed in academic literature. While LP optimization models 

are preferred for large-scale applications due to advantages for computation time (e.g. 

Lochner, 2011), NLP models are developed to have a more realistic depiction of physical gas 

flows but are harder to solve (cf. Ríos-Mercado, 2015). Equilibrium models (e.g. Egging, 

2010) focus on the economic behavior of market players, as the gas market is often described 

as an oligopoly, where market power may occur. Simulation models comprise often a high 

degree on technical details and focus on the proof of the existence of a technical feasible 

solution. Only a few model approaches consider stochastic programming (Egging, 2016; 

Fodstad, 2016). To illustrate the novelty, the two developed models, GAMAMOD-EU and 

GAMAMOD-DE are classified into the existing model landscape as optimization models 
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that sue an LP approach. Finally, Chapter 5.1 briefly describes the methodological novelty of 

both model approaches compared with the existing literature (see also Section 9.2.1).  

9.1.2 Research Questions to the Developed Models 

In which way can gas models include uncertainty dimensions and diversification policies? 

(RQ 6) 

Gas market models often use deterministic scenarios to depict different future developments 

of market parameters. Stochastic programming provides an option of a simultaneous consid-

eration of several scenarios and their probability of occurrence. In Chapter 5 and based on 

the European gas market model GAMAMOD-EU, a two-stage stochastic optimization ap-

proach is implemented into the resulting model GAMAMOD-EU.sto. The model allows to 

consider uncertainties about the future gas demand, the availability of Ukraine gas transit 

after 2024, and the price level of LNG. These scenarios can be illustrated within a scenario 

tree with eight branches and equal probabilities. Furthermore, three diversification policy 

strategies are considered. The first strategy assumes No Diversification Policy strategy. The 

second strategy anticipates that the EU-28 restricts Russian gas imports to a maximum of 

20% referred to the total EU-28 gas demand and can be summarized as EU Diversification 

Policy strategy. The third strategy comprises a duty for all countries with access to LNG 

imports to use this option to meet at least 10% of the domestic demand. This LNG based 

strategy is called National LNG Diversification Policy strategy. 

The approach shows one option to deal with both, market uncertainties and policy 

constraints. Results on the supply structure depend to a larger part on the policy restrictions 

as the implementation of diversification strategies represents strong model constraints. 

Hence, model results must be considered in the light of the respective policy strategy. The 

insights for policy makers come when results on infrastructure investments and supply struc-

tures are compared between different diversification policies. Hence, the results of 

GAMAMOD-EU are less a projection of the future market than rather a tool for assessing 

investment decisions in the light of policy strategies. 

How does a techno-economic gas transmission network model look like for the German 

case? (RQ 7) 

Chapter 8 introduces the second model approach with a regional focus on Germany, 

called GAMAMOD-DE. Germany owns a well-connected gas transmission and distribution 

grid. Investigating research questions in this field requires transmission grid models with a 

high spatial and temporal resolution. Within this thesis, the novel model approach, 

GAMAMOD-DE, focuses on the 402 German regions (NUTS level 3), depicted in more than 

1,700 pipeline connections and 1,400 model nodes. A second focus is the disaggregated gas 

demand, based on heat demand, industry demand and demand of gas power plants. The ex-

plicitly consideration of single power plant demands in the model enables a model coupling 

with an electricity model, e.g., the Joint Market Model, to investigate effects of an increasing 

gas demand of the power sector in the domestic gas transport system (cf. Hauser, 2019). 

To better asses the importance of the GAMAMOD-DE approach, it is important to 

highlight the challenges of natural gas transport networks. The historical establishing of two 

gas qualities (low and high calorific natural gas) has led to two separated pipeline networks 

that are coupled in the meantime and will be transformed to a pure high calorific grid in the 

upcoming years. A further challenge will be the decarbonization of the infrastructure. The 

integration of hydrogen into the grid might be possible through blending natural gas with 

10 to 20 Vol.-% of hydrogen. Another approach might be the reclassification and natural gas 
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pipelines into pure hydrogen pipelines or the construction of new hydrogen pipelines. While 

the general model approach in GAMAMOD-DE could be adopted for these aspects, the dis-

cussion about decarbonized gases and hydrogen in the German gas grid is beyond the scope 

of this thesis and should be part of further research. 

9.1.3 Research Questions to Model Applications  

What is the optimal gas infrastructure investment portfolio for the European gas market in 

2030 and 2045 taking diversification policies and gas market uncertainties into account? 

(RQ 8) 

This research question is investigated by applying GAMAMOD_EU.sto to the years 2030 

and 2045, as it is described within Chapter 6. In general, results show that pipeline invest-

ments are the most preferred infrastructure option. This can be easily understood as pipeline 

investments are the cheapest option in the model to increase import and distribution capaci-

ties. The results show also that independent from diversification strategies, the extension of 

infrastructure can improve the supply structure of the EU-28. On the one hand, the European 

Commission itself publishes lists that show infrastructure projects of common interest (PCI-

list) that is in line with the model findings. On the other hand, the model tends to show larger 

investments in gas infrastructure most probably because of the consideration of gas market 

uncertainties.  

When it comes to the results of different diversification strategies, larger differences 

can be observed. While the “No Diversification Policy” strategy leads to lowest system 

costs, the introduction of an “EU Diversification Policy” strategy or a “National LNG Diver-

sification Policy” strategy leads to slightly higher investments. The reason for that is that the 

strategies aim to incentivize a different supply structure. Major differences can be observed 

in terms of investments in pipelines and LNG import terminals. An unexpected outcome is 

that storages are almost not expanded. One explanation might be the already high storage 

availability in the European gas network and the high investments for additional gas storag-

es. Another surprising result is that the expansion of Nord Stream 2 is not fully necessary in 

all strategies and the need highly depends on the actual future gas demand and the availabil-

ity of the Ukraine gas transit corridor. 

A third aspect in the analysis with GAMAMOD-EU is the simulation of supply shocks 

to proof the resilience of the respective diversification strategy. The results underline that 

diversification strategies cannot only improve security of supply, but even increase supply 

disruption, in non-anticipated scenarios. This is specifically the case when it comes to unex-

pected supply stops from North Africa. This result could be partly expected as the considered 

scenarios had not included the threat of supply disruptions from North Africa in the model 

run before that has optimized the infrastructure expansion. However, this result highlights 

the importance of formulating diversification strategies that are robust for all possible supply 

dependences.  

How does the option of Green Gas imports affect the investment decision on gas infrastruc-

ture in the European gas market until 2045? (RQ 9) 

In the context of decarbonizing the fossil gas industry, the production of hydrogen based on 

renewable energy sources (Green Gas) is discussed. Thereby, both options are considered, 

the Green Gas production within the EU-28 as well as abroad. For that reason, the impact of 

Green Gas imports on investment decisions on gas infrastructure investments is investigated 

within Chapter 7. Here, GAMAMOD-EU.sto is extended to enable an investment in Green 

Gas facilities that comprises investments in renewable energy sources and electrolyzers, 
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resulting in the production of hydrogen. Treating Green Gas facilities as a black box, in-

vestments are considered within the EU-28 and in North African countries. To evaluate natu-

ral gas and hydrogen consumption, a CO2-price is considered, ranging from 70 to 450 EUR/t.  

Results indicate high potentials in EU-28, due to wind-offshore, and, in the following, 

first investments in Green Gas production facilities in Europe at a price of 70 EUR/t CO2. 

North African Green Gas production facilities become slowly competitive at a price of 

80 EUR/t CO2 compared with natural gas consumption. A larger amount of Green Gas facili-

ties is already constructed in 2030 when the price for CO2 reaches a level of 200 EUR/t. Re-

sults imply that the consideration of hydrogen imports impact investment decisions also on 

natural gas infrastructure and that the establishment of Green Gas in the European gas mar-

ket might be a game changer. 

The approach neglects that the hydrogen market will include also further and non-

established producers besides North Africa and Europe. Furthermore, the aspect of produc-

ing hydrogen based on natural gas and including carbon capturing and using or storing (blue 

hydrogen concept) is not considered. It can be expected that the switch in the model results 

from Russian gas suppliers to other hydrogen producers will be less observed, if the model 

allows also for Russian production of blue or green hydrogen for European customers. 

Does increasing natural gas demand in the power sector pose a threat of congestion to the 

German gas transmission network? (RQ 10) 

The final research question focuses on the national security of gas supply in the context of 

using natural gas as a backup capacity for providing power and heat when the renewable 

energy supply is low. A historical example from 2012 was considered to analyze the critical 

supply situation in a cold winter and to show the functionality of GAMAMOD-DE (cf. 

Chapter 8). The results suggest that a fundamental model approach can provide insights to 

such a critical situation. However, the infrastructure was in general able to deal with this 

peak demand, while only a few physical congestions have been observed in the 2012’s gas 

network. This might change in the future. As an outlook and regarding an upcoming nuclear 

and coal phase-out, gas power plants gain importance as a backbone to provide electricity 

and heat when the renewable energy production is low, e.g., during cold doldrums. In these 

moments, it is important that gas transmission networks are even more reliable and prepared 

to serve peak demand. Consequently, a next step for applying GAMAMOD-DE would be the 

transfer of the model approach into a future year with an adjusted power plant park. This is 

done by Hauser et al. (2019) for the year 2030. Results show that the general supply situation 

remains secure, while there exist also a few network areas with stressful situations, e.g., in 

the region of Thuringia, that might be strongly affected in extreme weather situations. 

9.2 Assessment of the Contribution of this Thesis 

This thesis contributes to the existing academic literature in three ways. First, two new mod-

els for gas markets are proposed. Second, the security of gas supply in the European gas 

market is discussed by taking gas market uncertainties and diversification policies into ac-

count. Third, a special focus on the German gas transmission network answers questions 

regarding the security of gas supply considering an enhanced sector coupling between gas 

and electricity systems. 

9.2.1 Methodological Contribution 

This thesis provides a theoretical discourse of diversification and develops a framework that 

classifies energy security, security of supply and diversification with regard to gas markets. 
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Furthermore, uncertainties in natural gas markets are structured and appropriate methods to 

incorporate uncertainties within gas market models are discussed. These preliminary analysis 

flow into the development of two novel gas market models in order to close the research gap 

in exiting literature. 

Most existing gas market models for the European gas market neglect the geopolitical 

aspect of natural gas imports and diversification strategies in their model approaches, as it is 

almost impossible to deal with these aspects in classical cost minimization approaches. Fur-

thermore, only a few models consider gas market uncertainties by implementing stochastic 

programming (eg. Fodstad, 2016), while the application of scenario trees for multiple uncer-

tainty dimensions is even more rare and to the best knowledge only applied in Egging and 

Holz (2016).  

With GAMAMOD-EU.sto, a novel model is proposed that incorporate both aspects. 

The model uses a two-stage optimization approach to investigate investments in gas infra-

structure from a perspective of an optimal system planner. Unlike previous work, the ap-

proach allows not only for endogenous investments in pipelines, but also in LNG import 

terminals and underground gas storages. 

With regard to gas transmission networks, there exist only techno-economic models 

for the European wide pipeline system and a low spatial resolution, e.g., TIGER (Lochner, 

2011). For the German case, most detailed gas models focus on technical gas flows and sim-

ulations to show the feasibility of dispatch tasks. However, while first model group lacks 

spatial resolution, the second model group neglects economic constraints. For that reason, 

the German gas transmission network model makes a significant contribution as it is the first 

techno-economic transmission model for the German gas network by using an LP optimiza-

tion approach. 

9.2.2 Contribution regarding the European Natural Gas Market 

The application of GAMAMOD-EU contributes to the discussion of the future European gas 

market regarding security of supply through diversification strategies and with regard to a 

transition towards a sustainable gas sector through the import of Green Gases. 

Chapter 6 investigates the impact of diversification strategies on infrastructure invest-

ment under consideration of gas market uncertainties. The results are discussed on three 

spotlights. First, Russian gas supply routes would be affected. Second, LNG is a suitable 

alternative for Russian gas supplies. Third, gas storages in Germany provide flexibility. 

The results show that the specification of the diversification strategy does not only 

impact the extent of infrastructure investments, but also the type of gas infrastructure and 

determines the gas dispatch. To sum up and compared to a “No Diversification Policy” strat-

egy, a “National LNG Diversification Policy” strategy would not much affect investment 

decisions in infrastructure to a great extent, as pipeline gas imports remain the preferable 

source to meet the EU-28 gas demand. In contrast, an “EU Diversification Policy” strategy 

and reductions of Russian gas imports would create not only pipeline investments, but also 

further LNG import terminal investments as alternative supply options are needed. The role 

of storage investments is minor, while the storage operation provides flexibility. 

Chapter 7 extend the discussion by another investment option for Green Gas facilities 

in Europe and North Africa. It is assumed that the produced hydrogen can be treated as a 

substitute to natural gas. Taking a bundle of assumptions into account, this scenario marks 

three crucial insights. First, if renewable energy sources potential in the EU-28 is also avail-

able for electrolysis, hydrogen could be produced at the lowest LCOH within the EU-28 due 

to the usage of offshore wind energy. However, as it is likely that these renewable energy 

sources potentials are directly integrated into the electricity system, North African countries 
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attract attention. Second, larger amounts of hydrogen could be integrated into the European 

gas market when an EU-wide CO2 price of more than 200 EUR/t for the consumption of 

natural gas is considered. Third, this scenario can be considered as a first approximation, as 

many technological assumptions are simplified. For example, it is likely that not only green 

hydrogen, but also blue hydrogen or other hydrogen production processes will provide fur-

ther supply options. Furthermore, future research approaches should also consider other nat-

ural gas substitutes as biogas and synthetic natural gas. 

9.2.3 Contribution about the German Gas Transmission Network 

The German natural gas network is in transition, driven by many different developments. In 

the short-term, current conversion process from L- to H-gas grids is needed due to the de-

creasing gas production quantities in the Netherlands and causes infrastructure investments 

in transport and distribution grids. In the mid-term, the German gas pipeline system will face 

a changed role from an infrastructure with focus on gas imports to an infrastructure with 

large gas transit volumes. In the long-term, the gas infrastructure needs to be adjusted in 

order to deal with sustainable gases, e.g., biogas and hydrogen. 

Thus, the gas pipeline infrastructure gains importance for the German energy system 

and provides a backbone for the electricity system for storing energy and providing flexibil-

ity. Hence, the analysis in Chapter 8 provides important insights for the security of supply in 

the German electricity and heating sector when extreme weather conditions occur. In gen-

eral, the pipeline system can be considered as a robust infrastructure. However, without any 

technological adjustments it might be that single regions have to accept load shedding. This 

could be void if planning processes for new gas power plants and gas pipelines are being 

coordinated in the respective network development plans in future. 

9.3 Recommendations for Policy Makers and System Operators 

The results of this thesis address primarily policy makers on a European and German level 

and possible investors in gas infrastructure, in particular gas system operators. The analysis 

with GAMAMOD-EU.sto provide insights for politicians on a European level, namely that 

diversification increases system costs due to the need for infrastructure investments and in-

creased supply costs. Diversification may create new dependences that lead to even worse 

supply disruptions when geopolitical crisis arises. 

The largest uncertainty occurs in the future gas demand that is strongly connected to 

the role of gas in the European energy system. With the vision of the Green Deal, the Euro-

pean Commission has highlighted the strategy to become a carbon neutral economy by 2050. 

However, clear guidelines not only for hydrogen and RES, but also for gas would improve 

planning security. This is needed for appropriate investments in gas infrastructure to bridge 

the transition from a fossil-based energy system to a renewable energy sources-based energy 

system. Furthermore, a strategy for gas should include a constraint such that each investment 

has to be usable for hydrogen, in order to avoid stranded assets. 

The last recommendation addresses German gas transmission system operators and 

regulatory institutions. The sector-coupling increases the dependence between the electricity 

and gas system as it was shown within the analysis in Chapter 8. To maintain the high level 

of energy security in Germany, the planning process of the network developing plans gas and 

electricity should be coordinated. 
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9.4 Outlook for Further Research 

The transformation of our energy system is subject to highly dynamic developments. Initial-

ly, natural gas was considered as an important energy commodity after the phase-out of other 

fossil technologies. With low CO2 emissions compared to coal and oil, natural gas provides 

an attractive option to guarantee security of supply at lowest emissions. However, latest dis-

cussions about methane leakage have queried the effect of natural gas and its greenhouse gas 

emissions on climate change. In fact, methane has a much higher greenhouse gas effect than 

CO2 and data about leakages in the entire value chain are insufficient. The European Com-

mission has recently published a methane leakage strategy193 and further models should in-

clude the climate change effect of natural gas production, transmissions, and consumption. 

During the preparation of this thesis, the topic of hydrogen gained importance. Further 

research should consider this option also in gas market models as it is likely that hydrogen 

takes on an important role in decarbonization of the gas system. Here, the production alterna-

tives about green, blue, turquoise, and other hydrogen production processes should be inves-

tigated in more detail. Besides hydrogen, the role of biogas should be re-evaluated. 

Finally, the thesis focused on the consideration of gas market uncertainties and geopo-

litical concerns about energy security. For policy makers, the challenges arise from at least 

three fields: uncertain market developments, contrary geopolitical interests and, finally, the 

transformation of the energy sector towards a sustainable energy system. As the interdepend-

ence of these fields becomes more and more important, decision makers should rely and use 

support by energy models to bring a larger degree on transparency and acceptance in their 

decisions. With GAMAMOD-EU and GAMAMOD-DE this thesis provides two reliable 

approaches. 

 

 
193 cf. European Commission (2020b): Regulation COM (2020) 663 on an EU strategy to reduce me-
thane emissions 
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Table 25: Literature review for gas market models 

Title Author Year Journal / Type of 
publication 

Analysis 
Region 

Model name / 
framework 

Model type Novelty 

Optimization models based on linear programming        
Angebotsoptionen für den europäischen Erdgas-
markt: Ausgewählte Ergebnisse des Modells 
EUGAS bis 2025 

Seeliger 2003 WP Europe EUGAS LP / MIP Detailed modelling of 
supply curves 

Entwicklung des weltweiten Erdgasangebots bis 
2030 – Eine modellgestützte Prognose 

Seeliger 2006 Dissertation World MAGELAN LP Consideration of long-
term contracts and diver-
sification policies 

Der Erdgasmarkt für den Kraftwerkssektor unter 
CO2-Minderungsverpflichtungen 

Perlwitz 2007 Dissertation Europe PERSEUS-
EEM 

LP Modelling of gas, electric-
ity, and ETS 

From Russia with gas: an analysis of the Nord 
Stream pipeline’s impact on the European Gas 
Transmission System with the TIGER-Model 

Lochner and 
Bothe 

2007 WP Europe TIGER LP Pipeline system modelling 

Multi-stage stochastic programming for natural gas 
infrastructure design with a production perspective 

Hellemo et al. 2013 Book Chapter NCS RAMONA MILP Multi stage stochastic 
programming approach 

The short- and long-term impact of Europe's natu-
ral gas market on electricity markets until 2050 

Abrell and 
Weigt 

2016 The Energy Journal Europe - LP Simultaneous considera-
tion of natural gas and 
electricity 

Modellierung des europäischen Gasmarktes zur 
Darstellung verschiedener Gasimportszenarien 

Kern et al. 2017 Conference pro-
ceeding 

Europe MINGA LP Daily resolution 

Implications of diversification strategies in the 
European natural gas market for the German ener-
gy system 

Hauser et al. 2018 Energy Europe / 
Germany 

GAMAMOD LP Model coupling with an 
energy system model 

Impact of Nord Stream 2 and LNG on gas trade 
and security of supply in the European gas network 
of 2030 

Eser et al. 2019 Applied Energy Europe EnerPol LP Bottom-up model for the 
European gas transmis-
sion system 

        
Optimization models based on nonlinear pro-
gramming 

       

A strategic planning model for natural gas trans-
mission networks 

Kabrian and 
Hemmati 

2007 Energy Policy - - NLP Application for small 
theoretical case study 

InTraGas – A stylized model of the European Neumann et al. 2009 WP Europe InTraGas NLP  



Appendix 

215 

Title Author Year Journal / Type of 
publication 

Analysis 
Region 

Model name / 
framework 

Model type Novelty 

natural gas network 
A system to evaluate gas network capacities: Con-
cepts and implementation 

Hiller et al. 2018 European Journal 
of Operations Re-
search 

DE - MINLP Modeling of booking 
capacities 

Projects of common interest and gas producers 
pricing strategy 

Krotek et al. 2018 H2020 study Europe RAMONA MIQP Analysis of PCI projects 

        
Simulations and Equilibrium models        
Recent Developments in the Gas System Analysis 
Model (GSAM) 

Baron 1997 WP North 
America 

GSAM NLP Bottom-up model for 
building gas supply 
curves 

Computational Experience with a Large-Scale, 
Multi-Period, Spatial Equilibrium Model of the 
North American Natural Gas System 

Gabriel et al. 2003 Networks and 
Spatial Economics 

North 
America 

GSAM NLP Employment of a succes-
sive linear programming 
strategy 

Trading in the downstream European gas market: a 
successive oligopoly approach 

Boots et al. 2004 The Energy Journal Europe GASTALE  MCP Practical computational 
approach for successive 
oligopoly 

Examining market power in the European natural 
gas market 

Egging and 
Gabriel 

2006 Energy Policy Europe - MCP Analysis of strategic be-
havior of producers 

NATGAS: a model of the European natural gas 
market 

Zwart and 
Mulder 

2006 WP Europe NATGAS MCP European wholesale gas 
market 

A complementary model for the European gas 
market 

Egging et al. 2008 Energy Policy Europe - MCP Separated modelling of 
producers and traders 

A strategic model of European gas supply 
(GASMOD) 

Holz 2008 Energy Economics Europe GASMOD MCP Combination of realistic 
market structure with 
infrastructure analysis 

Future evolution of the liberalized European gas 
market: Simulation results with a dynamic model 

Lise and Hobbs 2008 Energy Europe GASTALE MCP Inclusion of investment 
dynamics 

Natural gas corridors between the EU and its main 
suppliers: Simulation results with the dynamic 
GASTALE model 

Lise et al. 2008 Energy Policy Europe GASTALE MCP Modelling of the invest-
ment game 

Globalisation of natural gas markets - Effects on 
prices and trade patterns 

Aune et al. 2009 The Energy Journal World FRISBEE PE Focus on natural gas pric-
ing and trade patterns 
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Title Author Year Journal / Type of 
publication 

Analysis 
Region 

Model name / 
framework 

Model type Novelty 

The impact of high oil prices on global and region-
al natural gas and LNG markets 

Barden et al. 2009 The Energy Journal World INGM LP Linkage between oil and 
gas markets 

A dynamic simulation of market power in the 
liberalised European natural gas market 

Lise and Hobbs 2009 The Energy Journal Europe GASTALE MCP Analyze producer’s mar-
ket 

Can LNG increase competitiveness in the natural 
gas market? 

Dorigoni et al. 2010 Energy Policy Europe - NLP Oligopoly model to ana-
lyze the role of LNG  

Multi-Period Natural Gas Market Modeling Appli-
cations, Stochastic Extensions and Solution Ap-
proaches 

Egging 2010 Dissertation World WGM MCP Stochastic multi-period 
mixed complementarity 
problem 

Russia’s Natural Gas Export Potential up to 2050 Paltsev 2011 WP Russia MIT-EPPA CGE Reserve estimates for all 
world regions 

COLUMBUS - A global gas market model Hecking and 
Panke 

2012 WP World COLUMBUS MCP Consideration of global 
LNG market 

A Generalized Nash-Cournot Model for the 
Northwestern European Natural Gas Markets with 
a Fuel Substitution Demand Function: The 
GaMMES Model 

Abada et al. 2013 Networks and 
Spatial Economics 

CWE GaMMES MCP Endogenous consideration 
of long-term contracts 

Strategic Eurasian Natural Gas Market Model for 
Energy Security and Policy Analysis: Formulation 
and Application to South Stream 

Chyong and 
Hobbs 

2014 Energy Economics Europe / 
CIS 

EPRG-GGM MCP Detailed representation of 
CIS states, i.e., Ukraine 
and Belarus 

Market power, fuel substitution and infrastructure - 
A large-scale equilibrium model of global energy 
markets 

Huppmann and 
Egging 

2014 Energy World MULTIMOD CGE Multi-period model al-
lowing for endogenous 
investments 

An assessment of optimal gas pricing in Russia: A 
CGE approach 

Orlov 2015 Energy Economics Russia STAGE CGE Consideration of adminis-
trative price regulation 

Multiplicity of equilibria in conjectural variations 
models of natural gas markets 

Baltensperger et 
al. 

2016 European Journal 
of Operational 
Research 

World SPE-CV MCP Provides discussion about 
uniqueness of variables 

Investments in a combined energy network model: 
Substitution between natural gas and electricity? 

Abrell and 
Weigt 

2016 The Energy Journal Europe  MCP Interaction of natural gas 
and electricity markets 

The role of natural gas in a low-carbon Europe: 
Infrastructure and supply security 

Holz et al.  2016 The Energy Journal Europe GGM MCP Investigation of needed 
infrastructure investments 

A top-down approach to evaluating cross-border Kiss et al. 2016 The Energy Journal Europe EGMM MCP Competitive dynamic 
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Title Author Year Journal / Type of 
publication 

Analysis 
Region 

Model name / 
framework 

Model type Novelty 

natural gas infrastructure projects in Europe model to evaluate infra-
structure projects 

North American natural gas model: Impact of 
cross-border trade with Mexico 

Feijoo et al. 2016 Energy North 
America / 
Mexico 

NANGAM MCP Detailed representation of 
the Mexican natural gas 
industry  

Effects of higher domestic gas prices in Russia on 
the European gas market: A game theoretical Ho-
telling model 

Orlov 2016 Applied Energy Russia, 
Europe 

- MCP Application of a numeri-
cal Hotelling model 

Economic impacts of natural gas flow disruptions 
between Russia and the EU 

Bouwmeester 
and Oosterhaven 

2016 Energy Policy Europe GEMFLOW NLP Input-Output model with 
Monte Carlo approach 

A dynamic model of global natural gas supply Crow et al. 2018 Applied Energy World DYNAAMO PE Bottom-up global model 
for natural gas production 

Nonconvex equilibrium models for gas market 
analysis: Failure of standard techniques and alter-
native modeling approaches 

Grimm et al. 2018 European Journal 
of Operations Re-
search 

- - MCNP Proposal of a new market 
design with appropriate 
regulation of TSOs 

A multilevel model of the European entry-exit gas 
market 

Grimm et al. 2019 Mathematical 
Methods of Opera-
tion Research 

Europe - MINLP Model to analyze ineffi-
ciencies of the entry-exit 
system 

A strategic perspective on competition between 
pipeline gas and LNG 

Ritz 2019 The Energy Journal Europe, 
Asia 

- Analytical 
model 

Microeconomic approach 
in a “closed loop” equilib-
ria 

Studying the natural gas market under demand 
uncertainty using a heterogeneous distributed 
computing environment 

Zorkalzev et al. 2019 Journal of Physics - DISCOMP LP Simulation model about 
random nature of gas 
demand 

Source: Own research. 

Note: CGE – Computational General Equilibrium, LP – Linear Programming, MCNP – Mixed Complementarity Nonlinear Problem, MCP – Mixed Complementarity Problem, 

MIP – Mixed Integer Programming, MINLP – Mixed Integer Nonlinear Programming, NLP – Nonlinear Programming, PE – Partial Equilibrium  

 



Appendix 

218 

 

 

 

 

 

B SIMPLIFICATION OF TECHNICAL GAS 

FLOW INTO ENERGY FLOW 
Including technological characteristics of gas transports in linear optimization models is 

challenging, as the mathematical description of the volume flow depends on nonlinear varia-

bles. Detailed descriptions of modelling the technical gas flow, mathematical optimization of 

challenging networks and models, methods, and solutions to validate nominations in gas 

network optimizations can be found in (Willert et al., 2013, 2014). Following Cerbe & Lendt 

(2016, p. 155 ff) the basics of the technical gas flow are described. Furthermore, the simpli-

fication and assumptions are presented that were made to convert the technical gas flow into 

an energy flow. 

In general, the volume flow  describes the change of gas volume dV over time dt: 

 

(9.1) 

In a simplified case, assumptions of an incompressible gas and a stationary and fric-

tionless flow are made. Considering the continuity equation, it holds that the volume flow  

equals the pipe cross-section A times the average flow rate w: 

 
(9.2) 

Equation (9.2) can be reformulated as a mass flow, by multiplying the entire equation 

by density : 

 
(9.3) 

Having the above discussed assumptions in mind, the energy content in gas pipelines 

can be calculated using the Bernoulli-equation, where total energy is equal to the sum of 

energy of position , pressure energy  and motion energy : 

 

(9.4) 

The parameters mass m, gravity g, level h of a pipeline and density , can be consid-

ered as constant. Hence, Equation (9.4) shows that the energy flow depends only on pressure 

p and the square of the average flow rate w. These physical variables are determined by the 

operation of the gas pipeline, as lower energy flows lead to lower levels of pressure and flow 

rates and vice versa. Nevertheless, to keep the model linear, the used approach in 

GAMAMOD-DE considers both parameters, pressure, and average flow rate, as constant in 

the respective pipeline.  

For each pipeline in the German pipeline system, the standard level of pressure pN and 

pipeline diameter DN are known. Additionally, the flow rate w is assumed to amount con-

stantly 10 meter per second. 
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Thus, in combination with Equation (9.3), it is estimated that the energy flow  is the 

product of the mass flow and the energy density  according to Equation (9.5). Consequent-

ly, the maximum energy flow is calculated according to Equation (9.6). 

Using the individual level of pressure pN and pipeline diameter DN
194, the maximum 

energy capacity for each pipeline can be calculated and results range among less than 4 up to 

1275 GWh/day. These results are used as individual upper bounds for pipelines in the energy 

transport restriction that is introduced in the next section. All parameters in Equation (9.6) 

are known and assumed as independent of any changes in the gas system. 

 
 

(9.5) 

 

 

(9.6) 

with:  

M  

R 

TN 

w 

ω 

 

molecular weight 

gas constant 

standard temperature 

flow rate 

energy density 

 

0.016043 kg/mol 

8.31448 J / (K  mol) 

278 K 

10 m/s 

49.725 MJ/kg 

 

 
194 Numerical assumptions for pipelines can be found in Kunz et al. (2018). Pressure levels are nor-
mally standardized and divided in classes from 16, 25, and 63 up to 100 bar. Pipeline diameter ranges 
from less than 100 up to more than 1000 mm.  
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C  

DATA ASSUMPTIONS GAMAMOD-EU 

C.1 ASSUMPTION ON PRODUCTION COSTS, CAPACITIES AND DEMAND 

Natural gas production capacities and production costs are based on the data set of the model 

PERSEUS (Perlwitz, 2007) up to 2030, and are extended for the following countries: Tuni-

sia, Croatia, Serbia, Morocco, Peru, and USA. Furthermore, data assumptions for 2045 are 

made. PERSEUS data are converted from PJ in GWh195. For non-European (LNG) suppliers, 

the assumption holds, that only a part of the total production capacity is available for the 

European market. For example, Qatar also supplies gas customers in South-East Asia that 

usually are willingness to pay higher gas prices than customers in Europe. Figure 62 pro-

vides an overview about total assumed supply options for the model in 2015, 2030 and 2045, 

clustered by the maximum German production capacity, EU-28 production capacity without 

(w/o) Germany, and the remaining European production capacity, i.e., from Norway, Tur-

key, Belarus, and Ukraine. Finally, the rest of the worlds production capacity, that is relevant 

for the European gas market, is depicted, e.g., from Russia, Qatar, or USA.  
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Figure 62: Assumptions on gas production capacities in 2015, 2030 and 2045 
Source: Own illustration. 

The flexibility of gas production is assumed in reference to Table 27.The production 

quantities and costs for 2015 are reported in Table 26 and the assumed production quantities 

and costs in 2030 and 2045 are reported Table 28. In general, production costs refer to the 

PERSEUS data set (cf. Perlwitz, 2007). Due to a lack of data for some countries, it is as-

 
195 The conversion is done using the following assumption: 1 PJ = 277.77 GWh. 
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sumed that production cost data based on their respective geographical neighbor countries. 

Hence, the Algerian production costs are assumed also for Morocco (1,900 EUR/GWh). 

Furthermore, some rough assumptions on production costs are made for Croatia, Peru, Ser-

bia, and Tunisia with 1,700 EUR/GWh. For the USA, the supply based on EIA’s expected 

total production that is up scaled to 2015 (U.S. Energy Information Administration, 2019, p. 

69). The allocation to three production levels based on assumptions in accordance with 

Paltsev (2011). 

For 2030 and 2045 several additional assumptions were made. In general, the assump-

tions for 2030 is based on PERSEUS data set (cf. Perlwitz, 2007). Updated information is 

considered for the Netherland where production capacities are reduced to the level of the 

Dutch demand in 2030. 

If not other stated, it holds the rough assumption that the production capacities in 2045 

remain the same as in 2030. Exceptions occur for the Netherlands and Germany where it is 

assumed that they have no gas production any more in 2045. The UK production is reduced 

from 826 TWh/a in 2015, to 408 TWh/a in 2030 down to 74 TWh/a in 2045, in according on 

the vision scenario of the UK’s Oil and Gas Authority (2019b). The gas supply curves for 

2030 and 2045 are based on the ascending order of production costs is shown in Figure 63 

and Figure 64. 

Table 26: Production costs and capacities for the European gas supply in 2015  

Country Level Annual  
capacity  

Costs  Country Level Annual  
capacity  

Costs  

  TWh EUR/GWh   TWh EUR/GWh 

Qatar 1 218 1,020 USA[1],[2] 1 7,469 7,850 

Turkmenistan 1 1,020 1,360 Ukraine 1 452 10,200 

Russia 1 2,709 1,365 Romania 1 117 10,200 

Peru 1 126 1,710 Germany 1 104 10,200 

Azerbaijan 1 101 1,710 Italy 1 103 10,200 

Libya 1 98 1,710 Denmark 1 97 10,200 

Tunisia 1 26 1,710 Germany 1 75 10,200 

Croatia 1 20 1,710 Poland 1 69 10,200 

Serbia 1 6 1,710 Hungary 1 38 10,200 

Algeria 1 810 1,880 Ireland 1 34 10,200 

Morocco 1 1 1,900 Austria 1 13 10,200 

Algeria 2 410 1,980 Bulgaria 1 12 10,200 

Nigeria 1 250 2,050 France 1 8 10,200 

Egypt 1 240 2,050 Turkey 1 7 10,200 

Trinidad & Tobago 1 40 2,050 Belarus 1 3 10,200 

Netherland 1 720 2,730 Czech R. 1 2 10,200 

Norway 1 250 2,730 Slovakia 1 2 10,200 

Norway 2 822 3,550 Spain 1 1 10,200 

United Kingdom 1 826 5,800     

Source: Own research, based on PERSEUS data set (Perlwitz, 2007) and updated for: the USA, based 

on [1]Paltsev (2011) and [2]U.S. EIA(2019, p. 69); data for Croatia, Morocco, Serbia, and Tunisia based 

on CIA (2017). 



Appendix 

223 

 

Table 27: Production flexibility factors 

Production node Country Flexibility factor pFlexpr 
pr1 to pr6 Germany (DE) 1.14 
pr7 Russia (RU) 1.12 
pr8 Poland (PL) 1.14 
pr9 Czech Republic (CZ) 1 
pr10 Austria (AT) 1.14 
pr11 Switzerland (CH) 1 
pr12 France (FR) 1 
pr13 Luxembourg (LU) 1 
pr14 Belgium (BE) 1 
pr15 the Netherland (NL) 1.72 
pr16 Norway (NO) 1.19 
pr17 Denmark (DK) 1.25 

Source: Lochner (2011). 

Table 28: Production costs and capacities for the European gas supply in 2030 

Country Level Annual  
capacity  

Costs  Country Level Annual  
capacity  

Costs  

  TWh EUR/GWh   TWh EUR/GWh 

Qatar 1 290 1,02 Netherland 1 360 2,73 

Qatar 2 119 1,12 Norway 1 250 2,73 

Turkmenistan 1 1,12 1,36 Norway 2 70 3,55 

Russia 1 5,247 1,365 Norway 3 29 3,65 

Russia 2 3,887 1,46 United 
Kingdom 

1 408 5,8 

Turkmenistan 2 460 1,46 USA  1 200 7,8 

Russia 3 712 1,56 USA  2 220 15,7 

Tunisia 1 12 1,7 Ukraine 1 602 16 

Croatia 1 10 1,7 Germany 1 138 16 

Serbia 1 5 1,7 Romania 1 138 16 

Azerbaijan 1 300 1,71 Poland 1 80 16 

Libya 1 270 1,71 Hungary 1 36 16 

Azerbaijan 2 123 1,81 Denmark 1 34 16 

Libya 2 103 1,81 Italy 1 34 16 

Algeria 1 810 1,88 Austria 1 13 16 

Morocco 1 1 1,9 Ireland 1 13 16 

Algeria 2 910 1,98 France 1 6 16 

Nigeria 1 330 2,05 Belarus 1 3 16 

Egypt 1 310 2,05 Turkey 2 2 16 

Trinidad  
& Tobago 

1 40 2,05 Czech  
Republic 

1 2 16 

Algeria 3 706 2,08 Slovakia 1 2 16 

Nigeria 2 156 2,15 Bulgaria 1 2 16 

Egypt 2 115 2,15 Turkey 1 1 16 

Trinidad & Tobago 2 16 2,15 Spain 1 1 16 

Netherland 1 360 2,73 USA  3 154 62,8 

Source: Own research and assumptions, based on PERSEUS data set (Perlwitz, 2007). 
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Table 29: Production costs and capacities for the European gas supply in 2045 

Country Level Annual  
capacity  

Costs  Country Level Annual  
capacity  

Costs  

  TWh EUR/GWh   TWh EUR/GWh 

Qatar 1 290 1.020 Turkmenistan 1 1.120 1.360 

Qatar 2 119 1.120 Russia 1 5.247 1.365 

Turkmenistan 1 1.120 1.360 Norway 3 140 3.650 

Russia 1 5.247 1.365 
United King-
dom 

1 74 5.800 

Russia 2 3.887 1.460 USA  1 210 7.800 

Turkmenistan 2 460 1.460 USA  2 256 15.700 

Russia 3 712 1.560 Ukraine 1 602 16.000 

Azerbaijan 1 300 1.710 Romania 1 138 16.000 

Libya 1 270 1.710 Poland 1 80 16.000 

Tunisia 1 12 1.710 Hungary 1 36 16.000 

Croatia 1 10 1.710 Denmark 1 34 16.000 

Serbia 1 5 1.710 Italy 1 34 16.000 

Azerbaijan 2 123 1.810 Austria 1 13 16.000 

Libya 2 103 1.810 Ireland 1 13 16.000 

Algeria 1 810 1.880 France 1 6 16.000 

Morocco 1 1 1.900 Belarus 1 3 16.000 

Algeria 2 910 1.980 Turkey 2 2 16.000 

Nigeria 1 330 2.050 
Czech  
Republic 

1 2 16.000 

Egypt 1 310 2.050 Slovakia 1 2 16.000 

Trinidad & Tobago 1 40 2.050 Bulgaria 1 2 16.000 

Nigeria 2 156 2.150 Turkey 1 1 16.000 

Qatar 1 290 1.020 Spain 1 1 16.000 

Qatar 2 119 1.120 USA  3 154 62.800 

Source: Own research and assumptions, based on PERSEUS data set (Perlwitz, 2007). 
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Figure 63: Gas supply curve 2030, based on ascending order of production costs 
Source: Own calculation and illustration. 
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Figure 64: Gas supply curve 2045, based on ascending order of production costs 
Source: Own calculation and illustration. 

Table 30 illustrates the base line demand that is also included in the scenario tree in 

Chapter 6.1. For the stochastic optimization, the model considers the base line scenario as 

well as scenarios with demand deviations for the EU-28 Member States. Concerning the 

production column, the figures represent are the aggregated daily production capacity. How-

ever, the model refers to a higher level of details with three country specific production lev-

els with a maximum production capacity and specific production costs per production level 

(cf. Table 26 to Table 29).  
 

Table 30: Annual demand and daily production capacity in GWh 

Country demand production 

 2015 2030 2045 2015 2030 2045 

Austria 88,082 64,124 57,731 37 37 37 
Azerbaijan - - - 277 1,159 1,159 
Bosnia and Herzegovina 2,727 3,371 3,818 - - - 
Belgium 164,854 165,391 172,949 - - - 
Bulgaria 26,529 45,260 60,492 33 6 6 
Belarus 180,680 223,361 252,945 9 9 9 
Switzerland 31,179 38,544 43,649 - - - 
Czech Republic 79,744 120,496 147,077 6 6 6 
Germany  836,097 631,408 481,986 491 378 - 
Denmark 37,972 38,393 40,678 265 95 95 
Algeria - - - 3,342 6,647 6,647 
Estonia 6,525 4,525 4,111 - - - 
Egypt - - - 658 1,164 1,164 
Spain 305,613 407,457 509,628 4 2 2 
Finland 29,974 29,310 19,188 - - - 
France 413,837 429,228 387,942 22 17 17 
Greece 40,807 40,722 44,234 - - - 
Croatia 31,642 30,930 37,911 28 28 28 
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Country demand production 

 2015 2030 2045 2015 2030 2045 

Hungary 94,917 108,989 106,770 103 98 98 
Ireland 43,480 49,240 52,363 94 36 36 
Italy 668,885 753,769 796,180 284 95 95 
Lithuania 32,320 19,981 17,540 - - - 
Luxembourg 14,414 9,957 11,407 - - - 
Latvia 13,284 11,457 13,550 - - - 
Libya - - - 268 1,021 1,021 
Morocco - - - 2 2 2 
Macedonia 974 1,204 1,363 - - - 
Nigeria - - - 685 1,332 1,332 
Netherlands 354,866 339,241 279,368 1,973 986 - 
Norway 42,476 52,510 59,465 2,937 955 3,836 
Peru 

 
- - 348 348 348 

Poland 161,407 210,741 248,901 189 221 221 
Portugal 45,642 67,252 91,636 - - - 
Qatar - - - 597 1,121 1,121 
Romania 131,293 125,866 125,405 321 378 378 
Serbia 28,243 34,915 39,540 14 14 14 
Russia - - - 18,247 26,975 26,975 
Sweden 10,732 14,305 19,376 - - - 
Slovenia 10,323 11,603 15,453 - - - 
Slovakia 58,277 55,791 56,399 6 6 6 
Turkmenistan - - - 2,794 4,329 4,329 
Tunisia - - - 34 34 34 
Turkey 371,857 459,697 520,584 10 10 10 
Trinidad and Tobago - - - 110 154 154 
Ukraine 482,989 597,081 676,165 1,237 1,648 1,648 
United Kingdom 762,426 730,164 715,575 2,263 1,118 203 
United States of America - - - 1,516 1,572 1,698 

Source: Own assumptions based on data research. 

Table 31: 2015 annual LNG import capacity in GWh and expansion option 

Country 2015 capacity Expansion capacity 

Belgium 87,930 - 

Germany - 230,000 

Estonia - 30,000 

Spain 673,153 62,000 

France 207,613 107,500 

Greece 48,850 61,000 

Croatia - 26,000 

Ireland - 102,000 

Italy 143,912 80,000 

Lithuania 39,080 - 

Latvia - 50,000 

Netherlands 117,240 40,000 

Norway 1,466 - 

Poland - 66,000 
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Country 2015 capacity Expansion capacity 

Portugal 77,183 - 

Sweden 7,816 8,000 

Slovenia - - 

Slovakia - - 

Turkey 119,194 - 

United Kingdom 469,937 125,000 

Source: Own assumptions, based on GIE (2019). 

C.2 ASSUMPTIONS ON IMPORT CAPACITIES AND PIPELINE CONNECTIONS 

Figure 12: Import capacities to the EU-28 in 2015 and outlook for 2035 on page 50 

combines several sources that also causes assumptions about the reference year and refer-

enced area. The respective year for the analysis is 2015. However, there are several chal-

lenges for comparing the reports, as they refer to different reference years. Furthermore, the 

geographical scope differs as in particular when it comes to the question which countries 

belong to the respective understanding of the area of Europe. In fact, the reports differ be-

tween OECD Europe, EU-28, and European/Eurasian countries. Regarding the pipeline im-

port capacity, the analysis in Figure 12 follows Holz et al. (2014, p. 25) and the considered 

cross-border capacities are listed in Table 32 below. 

Table 32: Import capacity to EU-28 

From To Capacity in bcm  From To Capacity in bcm 
Morocco Spain 14  Belarus Lithuania 11 
Algeria Spain 8  Russia Latvia 7 
Tunisia Italy 34  Russia Estonia 2 
Libya Italy 11  Russia Germany 55 
Turkey Greece 2  Russia Finland 8 
Ukraine Romania 36  Norway Germany 43 
Ukraine Slovenia 19  Norway Netherlands 30 
Ukraine Slovakia 83  Norway Belgium 15 
Ukraine Poland 4  Norway France 19 
Belarus Poland 39  Norway United Kingdom 48 
     Total 488 

Source: Own compilation, based on Holz et al. (2014, p. 25). 

An overview about major gas import pipelines for the EU-28 is presented in Table 33 

and further explanations in the following. The aggregated cross-border capacities in 

GAMAMOD-EU partly on these single pipelines and presented below in Table 34. 

Russia holds with 42% the highest share of natural supply to the EU-28 in 2015 

(Ruble, 2017). Historically, the Russian gas fields are well connected through several pipe-

lines, to the former Soviet States and hence to the East European countries nowadays. Since 

the 190s, the first pipelines of the pipeline system “Brotherhood” supplies natural gas for 

European customers using the transit through the Ukraine. The “Brotherhood” pipeline sys-

tem is sometimes referred to the “Urengoy-Uzhgorod” pipeline (Pirani, 2016, p. 19), SRTO-

Torzhok pipeline (van der A et al., 2020) or the Central Route (Hafner et al., 2008, p. 9) and 

connects the Urengoy natural gas field in West Siberia with Europe. The “Soyuz” pipeline is 

another connection from Russian (and Kazakh) natural gas to the Ukraine and further to 

Europe. The transit is also named as Southern Route (Hafner, 2008, p. 9). The “Yamal-

Europe-Pipeline” pipeline connects Russia and Belarus and transports gas to Poland. The 

“Northern Lights” pipeline is in parallel and transports gas to Ukraine as well.  
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Table 33: Major import pipeline connections and pipeline projects to the EU-28 

Source: Own research based on Krämer (2011), Paltsev (2014), Holz et al. (2014), Hecking et al. 

(2016) and (Timmerberg, 2019). 

The “Trans-Balkan-Pipeline” brings natural gas from Russia to Romania and Bulgaria. 

The Blue Stream pipeline connects Russia and Turkey through the Black Sea. The Nord 

Stream 1 pipeline builds a direct connection between Russia and Germany since 2011. The 

natural gas transports via the Brotherhood, Soyuz, Northern Lights and Trans-Balkan-

Pipeline from Russia to Ukraine are differently considered in the academic literature and the 

total export capacities vary between 134, 140, 142, 146 up to 148 bcm (Krämer, 2011, p. 

482; Paltsev, 2011; Olanrewaju, 2015; Vatansever, 2017; Ukrainian Centre for European 

Policy (UCEP), 2018, p. 6). The establishing of new pipeline projects shifts gas volumes 

through the Russian export pipeline system, to diversify the transit routes. Currently, new 

Pipeline corridors 
(and projects) 

Start coun-
try 

End  
country or coun-
tries 

Capacity 
[bcm/year] 

Length 
[km] 

Year of 
(planned)  
Commission 

Russia      
 Major Russian gas pipelines to EU-28 neighbouring countries 
Brotherhood RU UA 62 4,500 1984 
Soyuz RU / KZ UA 31 2,750 1979 
Trans-Balkan RU UA 30  1960s 
Northern Lights RU UA/BY 15 2,500 1960s 
Yamal-Europe RU BY 33 4,196 1997/85 
Blue Stream* RU TR 16 1,213 2005 
(TurkStream*) RU TR (63) 1,100 (2021) 
      
 Major pipeline from Russian gas transit countries to EU-28 
Brotherhood UA SK, AT, PL 106   
Trans-Balkan UA RO 36   
Northern Lights BY LT 11   
Yamal-Europe BY PL 39   
      
 Direct connections from Russia to EU-28 
Baltic connection  RU EE, LT, FI 17   
Nord Stream 1*  RU DE 55 1,224 2011 
(Nord Stream 2*) RU DE (55) 1,224 (2021) 
      
Norway      
 Direct connections from Norway to EU-28 
Norpipe* NO DE 16 440 1977 
Europipe I, II* NO DE 39 660 1995/99 
Franpipe* NO FR 19 840 1998 
Langeled * NO UK 26 1,200 2006 
Vesterled * NO UK 13 320 2001 
Tampen * NO UK 9 23 2007 
Zeepipe I, IIa, IIb* NO BE 15 814 1993/97 
      
MENA      
 Direct connections from North Africa to EU-28 
Maghreb Europe*  AL ES 12 45 1996 
Medgaz* AL ES 8 547 2004 
Transmed* AL IT 33 1,037 1983 
(Galsi*) AL IT 8 851  
Greenstream* LY IT 11 520 2004 
      
 Connections from the Eastern Mediterranean Sea to EU-28 
(East Med Pipe-
line*) 

IL/CY GR 10 1,530 (2025) 
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pipeline projects as Nord Stream II and TurkStream are under development to create new 

transport routes to Europe and most probably to bypass the Ukraine transit. However, they 

will also make other pipeline connection obsolete, e.g., the TurkStream may substitute gas 

transport via the Trans-Balkan pipeline (Bowden, 2019). The most discussed pipeline project 

at the time of writing this thesis is Nord Stream 2 that is almost finished and would extend 

the Nord Stream 1 pipeline. An extensive collection of planned new connections is provided 

by Cohen (2019). 

Norway is the second largest European gas supplier and holds a 35% share of the EU-

28’s gas imports in 2015 (Ruble, 2017). 

The oldest pipeline connection between Norway and Germany exist since 1977 with 

the “Norpipe”, while since the 1990s, import capacities have been extended with the “Euro-

pipe-I” (1995), “Europipe-II” (Krämer, 2011, p. 136). The “Franpipe” connects Norway and 

France since 1998 and the “Zeepipe” system was established in 1993 and extended in 1996 

and 1997 with “Zeepipe IIa-b” to connect further gas Norwegian gas fields (Krämer, 2011, p. 

137). Pipeline connections from Norway to the UK exist since 1977 and have be renewed in 

the 2000s, hence, the current three major pipelines are the so called “Langeled” pipeline, the 

“Vesterled” pipeline and the short Tampen that builds the connection to the British Far North 

Liquids and Associated Gas System (FLAGS) (Krämer, 2011). 

MENA gas comprises gas from Middle East and North Africa. So far, North African 

pipeline gas summarizes gas imports from Algeria and Libya that hold a share of 9% of the 

EU-28’s gas imports in 2015 (Ruble, 2017). The “Maghreb-Europe-Pipeline” and the 

“Medgaz-Pipeline” connect Algeria and Spain. The “Transmed” pipeline, also called Trans-

Mediterranean pipeline, connects Algeria with Italy via Tunisia (cf. Timmerberg, 2019). The 

“Galsi” pipeline is a pipeline project that is currently not further developed. 

New founds of gas resources in the Eastern Mediterranean Sea have led to the pro-

posed EastMed pipeline that supposes to connects Israeli and Cyprian gas fields with Greece 

and Italy (cf. Hecking, 2016). 

Table 34: Pipeline capacities and transportation costs in GAMAMOD-EU 

From To Capacity  
in GWh/d 

Length  
in km 

Costs  
in EUR/GWh 

From To Capacity  
in 
GWh/d 

Length  
in km 

Costs  
in 
EUR/GWh 

AZ TR 215 924.14 6,067 AT DE 761 722.72 896 

BG TR 468 532.97 908 AT HU 129 1040.53 686 

RU DE 1,472 2201.77 3,683 AT IT 1,332 644.1 1,546 

RU TR 491 2947.64 5,916 AT SI 103 535.5 871 

TR GR 61 586.38 1,839 AT SK 2,035 218.89 95 

RU BY 1,625 695.93 1,164 BE DE 791 277.76 1,095 

RU UA 3,985 783.83 1,311 BE FR 870 56.53 439 

BG MK 20 1265.73 550 BE LU 38 1934.45 587 

BY LT 323 175.29 412 BE NL 339 654.83 235 

BY PL 1,201 304.05 807 BE UK 808 187.24 537 

DZ ES 266 1459.91 2,267 BG GR 119 140.75 1,671 

DZ MA 356 356.62 2,480 BG RO 358 320.85 509 

DZ TN 1,016 527.1 1,077 CH IT 627 482.74 1,164 

HU RS 140 319.35 1,002 CZ DE 1,200 442.16 675 

LV RU 320 864.09 2,060 CZ SK 1,226 695.68 516 

LY IT 350 1003.63 2,392 DE AT 610 624.92 894 

MA ES 444 847.01 2,019 DE BE 791 281.68 1,095 
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From To Capacity  
in GWh/d 

Length  
in km 

Costs  
in EUR/GWh 

From To Capacity  
in 
GWh/d 

Length  
in km 

Costs  
in 
EUR/GWh 

NO BE 464 1263 2,535 DE CH 583 1252.97 517 

NO DE 1,289 1459.23 2,441 DE CZ 1,547 403.72 471 

NO FR 570 1447.78 2,906 DE DK 43 654.65 1,116 

NO NL 151 1179.48 1,973 DE FR 567 257.78 522 

NO UK 1,441 1323.36 2,213 DE LU 39 403.29 745 

PL UA 45 705.29 2,212 DE NL 648 501.23 1,254 

RS BA 18 199.74 626 DE PL 118 355.91 870 

RU EE 46 890.24 2,792 DK DE 43 237.43 1,118 

RU FI 249 1064.74 3,339 DK SE 73 497.36 1,653 

RU LV 320 863.82 2,059 FR CH 223 443.8 1,392 

SK UA 2,288 1029.43 1,722 FR DE 567 505.14 1,014 

TN IT 1,093 1660 2,777 GR BG 119 533.06 1,672 

UA HU 599 912.51 1,832 HU HR 76 303.93 953 

UA PL 136 704.92 2,211 IE UK 89 468.18 1,116 

UA RO 1,264 764.46 1,279 IT AT 1,332 921.2 1,541 

UA SK 2,288 1029.24 1,722 IT SI 28 643.78 2,019 

EE LV 70 290.49 911 NL BE 1,145 140.23 235 

ES FR 174 1067.62 3,348 NL DE 1,926 497.41 832 

ES PT 224 515.99 1,618 NL UK 574 310.41 623 

FR ES 175 1062.57 3,332 PL DE 931 520.34 870 

HU RO 51 650.56 2,040 SI AT 103 277.65 871 

LT LV 62 266.75 837 SI HR 53 119.36 374 

LV EE 70 291.65 915 SI IT 28 646.53 2,028 

LV LT 62 272.86 856 SK AT 2,035 56.47 94 

PL CZ 28 518.83 1,627 SK CZ 1,226 309.15 517 

PT ES 224 516.64 1,620 UK BE 630 320.93 537 

RO BG 960 303.15 507 UK IE 342 468.12 1,116 

RO HU 3 651.28 2,043 AT DE 761 722.72 896 

Source: Own assumptions based on ENTSOG (2016). 
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Table 35: Clustered PCIs for cross-border projects in the European natural gas market 

Source: European Commission (2013, 2020a), Kiss et al. (2016), Krotek et al. (2018, p. 38). 

 Name From To Capacity 
in 
GWh/d 

year Investment 
in Mio. 
EUR 

PCI 
No. 

Listed in 
4th PCI 
list 

Krotek et 
al. 2018 

Kiss et 
al. 
2016 

(5) “NSI West Gas” - Priority Corridor North-South Gas Interconnections in Western Europe 
 MIDCAT ES FR 77 2022 333 5.5.1 no GAS_03  
  FR ES 77 2022 333 5.5.1 no GAS_03  
 GALSI DZ IT 258 2019 2500 5.20 no GAS_04  
           
(6) “NSI East Gas” - Priority Corridor North-South Gas Interconnections in Central Eastern and South 
Eastern Europe 
 STORK 

2 
PL CZ 153 2019 153,2 6.1.1 yes GAS_05 yes 

  CZ PL 219 2019 153,2 6.1.1 yes GAS_05 yes 
 PL-SK PL SK 144 2019 747 6.2.1 yes GAS_06 yes 
  SK PL 175 2019 747 6.2.1 yes GAS_06 yes 
 BACI AT CZ 201 2020 81 6.4 no GAS_07  
  CZ AT 201 2020 81 6.4 no GAS_07  
 Krk LNG HR HU 50 2019 257 6.5 no GAS_08 yes 
 IGB GR BG 60 2018 199 6.8.1 yes GAS_09 yes 
 IBS BG RS 51 2019 145 6.10 no GAS_11 yes 
  RS BG 51 2019 145 6.10 no GAS_11 yes 
 HU-SI HU SI 38 2020 105 6.23 yes GAS_12  
  SI HU 38 2020 105 6.23 yes GAS_12  
           
(7) “SGC” – Priority Corridor Southern Gas Corridor 
 BRUA HU AT 146 2023 150 7.1.5 no GAS_13  
  RO HU 49 2023 19 7.1.5 no GAS_13 yes 
  HU RO 77 2023 312 7.1.5 no GAS_13 yes 
  RO BG 29 2023 813 7.1.5 no GAS_13  
 TANAP AZ TR 490 2018 3985 7.1.1 compl. GAS_14  
 TAP GR IT 268 2020  7.1.3 yes GAS_14  
 EastMed CY GR 215   7.3.1 yes   
  GR IT    7.3.1 yes   
 ITB BG TR 97 2020 202 7.4.2 no GAS_15  
  TR BG 97 2020 202 7.4.2 no GAS_15  
           
(8) “BEMIP Gas” Priority Corridor Baltic Energy Market Interconnection Plan in Gas 
 BALTI LT LV 57 2019 79 8.2.1 yes GAS_16  
  LV LT 60 2019 79 8.2.1 yes GAS_16  
  EE LV 105 2019 21 4.2.1 yes GAS_16  
  LV EE 42 2019 21 8.2.2 no GAS_16  
  EE FI 79 2020 249 8.1.1 compl. GAS_16  
  FI EE 79 2020 249 8.1.1 compl. GAS_16  
 Baltic 

Pipe 
PL DK 91 2022 499 8.3.2 yes GAS_17  

  DK PL 307 2022 499 8.3.2 yes GAS_17  
 GIPL PL LT 74 2019 476 8.5 yes GAS_18  
  LT PL 51 2019 476 8.5 yes GAS_18  
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Table 36: Maximum capacity of pipeline investments, based on the PCI list196 

From To Expansion capacity 
[in GWh/d] 

 From To Expansion capacity 
[in GWh/d] 

AZ TR 829  TR BG 0 

BG TR 234  LV LT 31 

TR GR 535  PL CZ 14 

EE LV 35  PT ES 112 

ES FR 87  RO BG 480 

ES PT 112  RO HU 1 

FR ES 88  GR BG 60 

HU RO 26  BG RS 535 

LT LV 31  HR HU 76 

LV EE 35  HU AT 129 

Source: Own assumption, based on European Commission (2013, 2021b). 

C.3 ASSUMPTION ON OPEX FOR OPERATION GAS PIPELINES 

Table 37: Data conversion of transport cost assumptions in academic literature 

Source Original  Conversion  
 Value Unit Value  Unit 
Onshore pipeline     
Lochner (2012)  0.048 EUR/Mbtu/1000km 176 EUR/GWh/1000 km 
Egging et al. (2008) a) 10 EUR/kcm 562 EUR/GWh/1000 km 
Hecking (2014) 16 USD/kcm/1000km 1,065 EUR/GWh/1000 km 
Oostvoorn (2003) 0.012 EUR/1000 m³/km 1,462 EUR/GWh/1000 km 
Brito and Rosselón 
(2002)c) 

0.625 USD/1000 cf/1000 
miles 

1,777 EUR/GWh/1000 km 

Perlwitz (2007) b) 0.018 EUR/m³/1000km 2,220 EUR/GWh/1000 km 
     
Offshore pipeline     
Egging et al. (2008) a) 20 EUR/kcm 1,685 EUR/GWh/1000 km 
Hecking (2014) 26 USD/kcm/1000km 1,731 EUR/GWh/1000 km 
Oostvoorn (2003) 0.048 EUR/1000 m³/km 5,849 EUR/GWh/1000 km 
Perlwitz (2007) b) 0.048 EUR/m³/1000km 5,849 EUR/GWh/1000 km 

Source: Own illustration, based on Lochner (2011, p. 94), Egging et al. (2008), Oostvoorn (2003, p. 

129), Hecking (2014, p. 132), Perlwitz (2007, p. 97), and Brito and Rosselón (2002, p. 83). 

Regarding Table 37, the following remarks have to be considered. The conversion fac-

tors are listed in Table 38. Egging et al. (2008) states to use an entry-exit assumption. To 

make the assumption comparable, it is assumed that the average transport is over 1000 km. 

Perlwitz (2007) estimates a cost range for onshore pipelines from 0.012 to 0.024 EUR/(m³ 

1000 km). Brito and Rosselón (2002) estimate a cost range from 0.4 to 0.85 USD/1000 

cf/1000 miles. 

 
196 Table 36 shows only pipeline expansion options that are classified as PCI. In general, it is assumed 
each pipeline in the model can be extended by a capacity of 50%. This assumption is updated for 
pipelines that are listed in the PCI list with their proposed project capacity. The model does not allow 
the extension of the cross-border capacities from Russia to Belarus and Ukraine. 
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Table 38: Conversion factors 

 Original unit Target unit 
Conversion related to the energy content of natural gas 1 m³ 9.770 kWh 
Volumes 1 cf 0.028 m³ 
Distances 1 mile 1.609 km 
 1 sea mile 1.852 km 
Exchange rates in reference to 2015    
 0.79 USD2002 0.83 EUR2002 1 EUR2015 
 1.35 USD2008 0.92 EUR2008 1 EUR2015 
 1.24 USD2014 0.93 EUR2010 1 EUR2015 
 1.11 USD2015 1.00 EUR2015 1 EUR2015 

Source: Own assumptions based on Statista (2019) and Gottfried (2020). 

C.4 ASSUMPTIONS ON LNG SHIPPING ROUTES AND CAPACITIES 

Table 39: Location of LNG import and export terminals 

Code Country Port Code Country Port 

BE Belgium Zeebrugge LV Latvia Freeport of Riga 
DE Germany Wilhelmshaven LY Libya Marsa el Brega 
DZ Algeria Bethioua NG Nigeria Bonny Offshore Terminal 
EE Estonia Muuga Habour NL Netherlands  
EG Egypt Damietta NO Norway Hammerfest 
ES Spain Barcelona PE Peru Pampa Melchorita 
FI Finland Helsinki PL Poland Swinoujscie 
FR France Montoir de Bretagne PT Portugal Sines 
GR Greece Piraeus QA Qatar Ras Laffan 
HR Croatia Krk SE Sweden Oxelosund 
IE Ireland Limerick Dock TR Turkey Izmir 
IT Italy Marghera TT Trinidad and  

Tobego 
Point Fortin 

LT Lithuania Klaipeda UK United King-
dom 

Milford Haven 

   US United States of 
America 

Sabine Pass 

Source: Own assumptions, based on King & Spalding (2018). 

LNG routes and distances are calculated by determining one reference LNG port for 

each country that imports or exports LNG. As some countries have more than one LNG port, 

the assumption holds that the port with the highest import/export capacity is used as the ref-

erence port (e.g., Spain, Barcelona). All assumed ports are listed in Table 39. Distances be-

tween LNG liquefaction and LNG regasification ports are calculated, using distance calcula-

tor of (Ports, 2018). The results are shown in Table 40. Within the table, the closest LNG 

port for suppliers is marked by bold font and dark grey box, e.g., the closest port for Algeria 

is Spain with 732 km. Furthermore, the closest supplier for LNG consumers is marked by 

italic font and light grey boxes, e.g., the closest LNG supplier for Belgium is Algeria with 

3497 km. 
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Table 40: LNG distances between LNG suppliers and regasification ports 

To / From Algeria Egypt Libya Nigeria Norway 
Belgium 3497 7078 6058 9099 2380 
Germany 3926 7501 6484 10040 1640 
Estonia 5991 9571 8553 11595 2090 
Spain 732 3510 2490 7791 3030 
Finland 6034 9612 8593 11636 2871 
France 2020 3310 5256 8295 4102 
Greece 2230 1600 1132 9758 4143 
Croatia 2876 2965 1969 10049 9021 
Ireland 3111 6691 5675 8593 3574 
Italy 1830 3026 2030 10110 9184 
Lithuania 5460 9041 8023 11064 3582 
Netherlands 3566 7136 6121 9185 9310 
Portugal 1045 3860 3674 6765 3858 
Sweden 5469 9049 8032 11071 3132 
Slovenia 2924 3013 2017 10106 3028 
Turkey 3320 1410 1919 10347 5449 
United Kingdom 2990 4120 5384 8423 3693 
To / From Peru Qatar Trinidad and 

Tobago 
USA  

Belgium 15372 13273 10423 11208  
Germany 15803 13716 10899 11668  
Estonia 17872 15786 12918 12597  
Spain 14071 9729 9117 11199  
Finland 17742 15825 12958 12638  
France 14623 12486 9619 10440  
Greece 16083 7704 11084 13166  
Croatia 16336 9179 11373 13464  
Ireland 12764 12905 9917 9827  
Italy 16385 9238 11436 13521  
Lithuania 17342 15253 12392 12066  
Netherlands 15225 13349 10484 11269  
Portugal 13045 10838 8091 10173  
Sweden 17351 15260 12399 12073  
Slovenia 16386 9227 11432 13518  
Turkey 16627 7873 11673 13749  
United Kingdom 14703 12641 9749 10040  
Source: Own calculation, based on Port (2018). Light grey: lowest transport cost for import country 

(row), Dark grey: lowest transport cost for export country (column) 

Table 41: Expansion options for gas storages (depleted gas fields and salt caverns) 

  Depleted gas field [in GWh] Salt cavern [in GWh] 

Bulgaria 11,420 - 

Croatia 600 - 

Czech Republic 2,064 - 

France - 4,100 

Germany - 9,683 

Greece 3,861 - 

Italy 73,536 - 

Netherlands - 850 

Poland 1,673 9,000 

Portugal - - 

Romania 12,541 - 

Slovakia 3,606 - 
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United Kingdom - 43,919 

Source: Own assumptions, based on GIE (2018).
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C.5 ASSUMPTIONS ON OPEX FOR LNG SHIPPING 

The calculation of OPEX for liquefaction is based on the analysis of Songhurst (2018, p. 28) 

and is presented in Table 42. The two Australian reference projects represent the liquefaction 

facilities with the most expensive and cheapest OPEX in his analysis. The liquefaction ca-

pacity is given in million tonnes per annum (mtpa), using the assumption that 1 t LNG equals 

14,573 kWh. Furthermore, this calculation assumes an US $ / EUR exchange rate of 0.92 

(Statista GmbH, 2019). 

Table 42: Calculation of liquefaction costs 

Cost component Unit Gorgon  
(Australia) 

Queensland Curtis 
(Australia) 

OPEX total Mio. US $ / year 996 399 
Capacity mtpa 15.6 8.5 
    
OPEX per unit  
(upper/lower bound) 

Mio. EUR / TWh 4.03 2.96 

OPEX per unit  
(average) 

Mio. EUR / TWh 3.50 

Source: Own calculations based on Songhurst (2018, p. 28). 

The OPEX calculation for regasification terminals is based on the analysis of Song-

hurst (2017, p. 22), who assumes that it amounts 2.5% of CAPEX. He distinguishes between 

smaller FSRUs and onshore terminals. In both cases, the OPEX depends on fuel costs that is 

used for the regasification process. 

Table 43: Calculation of regasification costs 

Cost component Unit FSRU onshore 
CAPEX total Mio. US $ 350 520 
OPEX total (2.5% of CAPEX) Mio. US $ / year 8.75 13 
Capacity mtpa 3 3 
Fuel costs (high) US $ /day 72,000 
Fuel costs (low) US $ / day 16,700 
OPEX per unit (high fuel costs) Mio. EUR / TWh 0.79 0.87 
OPEX per unit (low fuel costs) Mio. EUR / TWh 0.32 0.41 
OPEX per unit (average) Mio. EUR / TWh 0.6 

Source: Own calculations based on Songhurst (2018, p. 28). 

The shipping costs are calculated based on Rogers (2018, p. 9), using two references 

routes: from Qatar to the United Kingdom (QA-UK) and from the USA to the United King-

dom (US-UK). The sea distances are recalculated using the convention that 1 nautical mile 

equals 1.852 km. The energy conversion assumes that 1 MMBtu equals 293.07 kWh. 

Table 44: Calculation of regasification costs 

Cost component Unit QA-UK US-UK 
Capacity MMBtu 3,239,774 
Charter costs per unit 1000 US $ / km 55.76 
Distance nautical miles 6270 4900 
 in 1000 km 11.6 9.1 
Charter costs total 1000 US $ 647 506 
Fuel costs per unit US $ MMBtu 4.7 
Fuel costs total 1000 US $ 15,227 15,227 
Other costs 1000 US $ 454 454 
OPEX (total) 1000 US $ 16,328 16,187 
OPEX per unit  
(lower/upper bound) 

EUR/GWh/1000 km 1.36 1.73 

OPEX per unit  EUR/GWh/1000 km 1.55 
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Cost component Unit QA-UK US-UK 
(average) 

Source: Own calculations based on Rogers (2018, p. 9). 

Finally, the OPEX includes transitions fees for shipping through the Panama Canal 

and the Suez Canal. This is relevant for LNG from Peru (via Panama Canal) and for LNG 

from Qatar (via Suez Canal). Based on Rogers (2018, p. 17), and with the assumption that 

one LNG vessel entails the energy of 950 GWh, the transition fee of 400,000 US $ /ship for 

the Suez Canal can be convert to 0.39 Mio. EUR/TWh. Thus, the Panama Canal transition 

fee of 0.2 US$/MMBtu can be converted to 0.63 Mio. EUR/TWh. 

C.6 ASSUMPTIONS ON GAS STORAGES 

Table 45: Gas storage capacities in the EU-28 in TWh/a 

  Depleted Field Aquifer Gas filled field Salt cavern  Total 

UA 321,432 19,303 - - 340,735 

DE 89,961 10,058 - 141,087 241,106 

IT 175,983 - - - 175,983 

FR - 133,251 - 12,268 145,519 

AT 86,413 - - - 86,413 

HU 47,020 - 20,167 - 67,187 

UK 45,108 - 891 8,176 54,175 

NL 4,634 - 42,430 2,780 49,844 

ES 32,118 11,046 - - 43,164 

CZ 36,995 - - - 36,995 

SK 33,279 - - - 33,279 

RO 31,941 - - - 31,941 

LV - 24,066 - - 24,066 

PL 21,867 - - - 21,867 

DK - 6,652 - 4,893 11,545 

BG 5,824 - - 4,861 10,685 

BE - 7,669 - - 7,669 

HR 5,804 - - - 5,804 

RS 4,663 - - - 4,663 

PT - - - 2,693 2,693 

IE 2,546 - - - 2,546 

SE - - - 99 99 

Total     1,397,398 

Source: Own assumptions, based on GIE (2016). 

Table 46: Gas storage expansion option in the EU-28 

  Depleted Field Salt cavern  Depleted Field Salt cavern 

BG 11,420 - IT 73,536 - 

CZ 2,064 - NL - 850 

DE - 9,683 PL 1,673 9,000 

FR - 4,100 PT - - 

UK - 43,919 RO 12,541 - 

GR 3,861 - SK 3,606 - 

HR 600 -    

Source: Own assumptions, based on GIE (2018). 
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C.7 ASSUMPTIONS AND PRELIMINARY CONDITIONS ON GREEN GASES 

Table 47: Levelized Cost of Hydrogen 

 Itotal fOPEX YPH LCOH 

 EUR/kWel EUR/kWel/a kWhth/a/kWel EUR/MWhth EUR/kg 

Ireland 2.123 68 3.584 65 2.18 

Egypt 1.648 25 2.347 65 2.18 

UK 2.124 68 3.508 67 2.22 

Libya 1.730 26 2.371 68 2.27 

Morocco 1.730 26 2.371 68 2.27 

Netherlands 2.126 68 3.435 68 2.27 

Germany 2.126 68 3.402 69 2.30 

Belgium 2.127 68 3.387 69 2.31 

Denmark 2.127 68 3.382 69 2.31 

Algeria 1.812 27 2.394 71 2.35 

Tunisia 1.951 29 2.434 75 2.49 

Finland 2.133 68 3.076 76 2.55 

Estonia 2.135 68 2.948 80 2.66 

Latvia 2.135 68 2.948 80 2.66 

Lithuania 2.135 68 2.948 80 2.66 

Sweden 2.137 68 2.880 82 2.73 

France 2.137 68 2.874 82 2.73 

Poland 2.141 69 2.664 89 2.95 

Romania 2.151 69 2.161 110 3.66 

Portugal 2.151 69 2.154 110 3.67 

Greece 2.152 69 2.094 113 3.78 

Spain 2.154 69 2.011 118 3.94 

Bulgaria 2.156 69 1.926 123 4.11 

Italy 2.163 69 1.546 154 5.14 

Slovenia 2.165 69 1.488 160 5.34 

Croatia 2.165 69 1.488 160 5.34 

Czech Republic 3.610 90 2.347 173 5.75 

Austria 4.090 102 2.133 215 7.17 

Slovakia 4.470 112 1.978 253 8.45 

Hungary 4.895 122 1.819 302 10.06 

Source: Own calculation. 

The levelized cost of hydrogen can be expressed in EUR/MWh, while it is also com-

mon to show supply costs in EUR/kg using the mass related energy content for hydrogen of 

33.3 kWh/kg. The North African production regions are highlighted in the table with bold 

font, as it was expected that they can produce Green Gas at favorable conditions. Hence, it is 

surprising that EU-28 locations with wind offshore potentials can produce Green Gas at 

similar or less costs as well. 
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D  

GAMS IMPLEMENTATION OF 

GAMAMOD-EU 

D.1 GAMS CODE GAMAMOD-EU - OVERVIEW 

The model is implanted in GAMS. The code is separated in several parts for importing the 

database (01_dataload.gms), creating the model (02_model.gms), and running the output 

calculation (03_output.gms). The model code is organized by including GAMS files, coordi-

nated in a master file (GAMAMOD_EU.sto_Maseterfile.gms), as shown in Figure 65. The 

model repository is available on GitHub with open access: https://github.com/Philipp 

Hauser/GAMAMOD. 

 

Masterfile

$include settings

$include LimitList

$include Data

$include RunModel

$include RunOutput
Output 
EXCEL

Settings
Year (2015/2045)
Policy (No/Nat/EU)
Green Gas (GG/NG)
Version (RCP/WSP/EEV)
Shock Sc. (yes/no)
LimitList (yes/no)

LimitList
Options to reduce List file

Input database 
EXCEL

Model
Variable Declaration
Equation Declaration
Equation Definition
Model Definition
Data including
Set & Parameter Definition

Output
Specific after solve 
calculations

GDX

GDX

Data
Set Declaration
Parameter Declaration

01_dataload.gms

LimitLIst.gms

GAMAMOD-EU.sto_Settings.gms

02_model.gms

03_output.gms

data_base.gdx

data_base.xlsx

GDX Invest_report.gdx
...

#1

GAMAMOD-EU.sto_Masterfile.gms

Solve Statement (variants)
02_model_RCP-WSP-EEV
02_model_GreenGas
02_model_shock

#9

#20

#24

#12

 

Figure 65: Organization of the GAMAMOD-EU.sto GAMS code 
Source: Own illustration 

https://github.com/PhilippHauser/GAMAMOD
https://github.com/PhilippHauser/GAMAMOD
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D.2 MASTERFILE (GAMAMOD-EU.STO) 
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D.3 SETTINGS 
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D.4 DATA IMPORT 
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D.5 MODEL 

 



Appendix 

248 

 

 



Appendix 

249 

 

 



Appendix 

250 

 

 



Appendix 

251 

 

 



Appendix 

252 

 

 



Appendix 

253 

 

 



Appendix 

254 

 

 



Appendix 

255 

 

 



Appendix 

256 

 

 



Appendix 

257 

 



Appendix 

258 

 

D.6 SOLVE STATEMENT (RCP, WSP, EEV) 
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D.7 SOLVE STATEMENT (GREEN GAS SENSITIVITY) 
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D.8 SOLVE STATEMENT (SHOCK SCENARIO) 
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E  

RESULTS GAMAMOD-EU 

E.1 CALIBRATION GAMAMOD-EU 2015 

Table 48 shows the comparison of GAMAMOD results (simulated) and historical data (actu-

al) concerning inflows and outflows of selected countries in 2015 

Table 48: Comparison of modeled and historical gas imports and exports in 2015 

[in TWh] From Inflow   To Outflow   

Country   Simulat-
ed 

Actu-
al 

  Simulat-
ed 

Actu-
al 

Austria Germany 37 72 Germany 52 16 
 

Slovak Republic 202 377 Italy 88 324 
 

Czech Republic 0 0 Slovenia 10 20 
 

Hungary 0 0 Switzerland 0 1 
 

Italy 0 1 Hungary 0 30 

        Slovak Republic 0 0 

Belgium Netherlands 262 208 France 174 191 
 

Norway 64 153 Luxembourg 7 6 
 

United Kingdom 21 84 Germany 0 41 
 

Germany 0 13 Netherlands 0 48 
 

France 0 0 United Kingdom 0 1 

  Liquefied Natural 
Gas 

0 26       

Czech Repub-
lic 

Germany 51 386 Germany 3 187 

 
Slovak Republic 32 0 Austria 0 0 

 
Poland 0 0 Poland 0 0 

        Slovak Republic 0 118 

France Belgium 174 191 Spain 64 29 
 

Germany 176 66 Belgium 0 0 
 

Norway 127 186 Switzerland 0 32 
 

Switzerland 0 4 
   

 
Spain 0 0 

   

  Liquefied Natural 
Gas 

0 61       

Germany Austria 52 16 Austria 37 72 
 

Czech Republic 3 187 Switzerland 100 116 
 

Netherlands 158 362 Czech Republic 51 386 
 

Norway 225 346 Denmark 14 1 
 

Poland 230 309 France 176 66 
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[in TWh] From Inflow   To Outflow   
 

Russia 553 390 Luxembourg 8 4 
 

Belgium 0 41 Belgium 0 13 
 

Denmark 0 10 Netherlands 0 155 

        Poland 0 8 

Netherlands Norway 55 237 Belgium 262 208 
 

Belgium 0 48 Germany 158 362 
 

Germany 0 155 Norway 0 32 
 

Denmark 0 5 United Kingdom 0 42 
 

Liquefied Natural 
Gas 

0 11 
   

  United Kingdom 0 19       

Spain Algeria 97 73 Portugal 11 34 
 

France 64 29 France 0 0 
 

Morocco 131 96 
   

 
Liquefied Natural 
Gas 

24 136 
   

  Portugal 0 0       

Portugal Spain 11 34 Spain 0 0 

  Liquefied Natural 
Gas 

34 16       

United King-
dom 

Norway 450 293 Belgium 21 84 

 
Belgium 0 1 Ireland 43 46 

 
Liquefied Natural 
Gas 

0 148 Liquefied Natural 
Gas 

0 0 

 
Netherlands 0 42 Netherlands 0 19 

    
Norway 0 0 

Ireland United Kingdom 43 46       

Italy Austria 88 324 Austria 0 1 
 

Switzerland 69 114 Switzerland 0 1 
 

Libya 98 77 Slovenia 0 1 
 

Tunisia 395 78 
   

 
Croatia 0 3 

   

 
Liquefied Natural 
Gas 

0 65 
   

  Slovenia 0 0       
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E.2 RESULTS ON GAMAMOD-EU 
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Figure 66: Comparison of pipeline investments in the stochastic optimization solution (RCP) 
and the deterministic solution of each single scenario (WSP) in the National LNG Diversification 
Policy strategy 
Source: Own illustration. 
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Figure 67: Comparison of pipeline investments in the stochastic optimization solution (RCP) 
and the deterministic solution of each single scenario (WSP) in the EU Diversification Policy 
strategy 
Source: Own illustration. 
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Figure 68: Comparison of LNG import terminal investments in the stochastic optimization 
solution (RCP) and the deterministic solution of each single scenario (WSP) in the No Diversifi-
cation Policy strategy 
Source: Own illustration. 
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Figure 69: Comparison of LNG import terminal investments in the stochastic optimization 
solution (RCP) and the deterministic solution of each single scenario (WSP) in the National 
LNG Diversification Policy strategy 
Source: Own illustration. 
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Figure 70: Comparison of LNG import terminal investments in the stochastic optimization 
solution (RCP) and the deterministic solution of each single scenario (WSP) in the EU Diversifi-
cation Policy strategy 
Source: Own illustration. 
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Figure 71: Comparison of storage investments in the stochastic optimization solution (RCP) 
and the deterministic solution of each single scenario (WSP) in the No Diversification Policy 
strategy 
Source: Own illustration. 
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Figure 72: Comparison of storage investments in the stochastic optimization solution (RCP) 
and the deterministic solution of each single scenario (WSP) in the National LNG Diversification 
Policy strategy 
Source: Own illustration. 
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Figure 73: Comparison of storage investments in the stochastic optimization solution (RCP) 
and the deterministic solution of each single scenario (WSP) in the EU Diversification Policy 
strategy 
Source: Own illustration. 
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Figure 74: Russian gas exports to EU-28 considering National LNG Diversification Policy strat-
egy in difference to No Diversification Policy strategy. Supplies are shown separately for 2030 
(first bar) and 2045 (second bar) in all twelve scenarios. 
Source: Own illustration. 

 

 

Figure 75: Annual gas supplies in scenario Sc01 for the No Diversification Policy strategy 
Source: Own illustration. 
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Figure 76: LNG imports to all model regions considering the EU Diversification Policy in dif-
ference to the No Diversification Policy strategy. LNG imports are shown for scenarios Sc01-
Sc12, while for each scenario LNG imports for 2030 (first bar) and 2045 (second bar) are de-
picted separately. 
Source: Own illustration. 
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F  

DATA ASSUMPTIONS ON 

GAMAMOD-DE 
In this Section, data assumption on cross border gas prices (cf. Table 49) and production 

flexibilities (cf. Table 27) are presented. Cross-border gas prices determine costs for import-

ing gas. Furthermore, the assumed price pattern impacts on storage operation. Therefore, the 

question arise what kind of gas prices should be assumed in the mode. Basically, the model 

covers the European spot market and neglect long-term contracts. However, in the current 

European gas market regime, gas prices are still influenced by long-term contracts. These 

price components are covered by the historical price series of BAFA, as the reported month-

ly cross-border gas prices include both, long-term contracted gas, and spot market gas. The 

BAFA price series are calculated ex post and might be misleading for modelling storage 

operation in GAMAMOD-DE. For that reason, GAMAMOD-DE uses the historical NCG 

quarter gas price future as this series also reflects the expectation on future gas prices.  

Production flexibility can be derivate from historical production data and provides fur-

ther flexibility in the model (cf. Lochner, 2011). Indeed, the production flexibility differs 

among import countries. For example, while Germany has only a low flexibility (+14%), the 

Netherlands can increase their production in the short-term up to 72%. 

Table 49: Monthly cross border price assumptions for natural gas imports to Germany 

Month Cross-border price in EUR/GWh 
 BAFA 2012 BAFA 2008 BAFA 2009 NCG quarter 

future 2012 
January 22,953.60 17,107.99 29,394.57 22,400.00 
February 21,445.20 18,110.95 28,397.25 22,400.00 
March 22,597.20 18,165.90 26,307.45 22,400.00 
April 21,592.80 18,701.73 21,817.74 25,350.00 
May 21,121.20 19,454.64 20,108.55 25,350.00 
June 20,592.00 20,366.92 19,157.04 25,350.00 
July 20,590.20 21,364.38 17,123.63 24,050.00 
August 21,049.20 21,927.68 16,489.29 24,050.00 
September 19,515.60 22,144.76 16,531.58 24,050.00 
October 19,076.40 23,521.42 17,028.48 26,430.00 
November 19,017.80 24,038.02 17,557.10 26,430.00 
December 18,316.80 22,963.61 17,955.32 26,430.00 

Source: Bundesamt für Wirtschaft und Ausfuhrkontrolle (2018), Datastream International (2019). 
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G  

IMPLEMENTATION AND RESULTS OF 

GAMAMOD-DE 
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G.1 GAMS CODE GAMAMOD-DE 

This Sections shows the model code as it is implemented in GAMS. Furthermore, the model 

is available on GitHub with open access: https://github.com/PhilippHauser/GAMAMOD. 

 

 

https://github.com/PhilippHauser/GAMAMOD
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G.2 SENSITIVITY ON ASSUMED CROSS-BORDER GAS PRICES IN 

GAMAMOD-DE 

In this section, the impact of different assumed gas price trends is investigated. Gas storages 

use price differences to inject natural gas when gas prices are low and use the stored gas in 

seasons with high gas prices. The model considers perfect foresight, thus, the expected gas 

price in the model determines storage operations. According to the historical BAFA cross-

border gas prices, two price scenarios are analyzed in this sensitivity analysis, to investigate 

the impact of rising and falling gas prices in combination with perfect foresight on model 

results (cf. Appendix F, Table 49). The price trend in 2008 has shown an increasing progress 

(cf. Figure 77, b), while the historical price trend from 2009 has shown a decreasing price 

pattern (cf. Figure 77, d). 
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c) Yearly gas balance w/ decreasing price trend d) decreasing price trend 

Figure 77: Sensitivity on an increasing (b) and decreasing (d) cross-border gas price trend and 
the resulting yearly gas balances (a, c) 
Source: Own illustration. 

In GAMAMOD-DE, at the beginning of the year, storages are almost filled with gas 

(up to more than 90% of storage capacity). Additionally, it holds the restriction that the gas 

storage in the last period has to equal the initial gas storage level (cf. Equation (8.9(8.9) - 

(8.12)). Hence, a decreasing price trend provides incentives for the model to use more stored 

gas at the beginning of the year, compared to the scenario of an increasing gas price. The 

model strategy here is to reduce costs for importing natural gas. To sum up, the model tends 

to prefer storage operation, when a decreasing price trend is expected. 
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G.3 MODEL RESULTS ON GAS STORAGE UTILIZATION 
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Figure 78: Total storage withdrawal 
Source: Own illustration, based on model results. 
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Figure 79: Total storage injection 
Source: Own illustration, based on model results. 
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Figure 80: Total storage level 
Source: Own illustration, based on model results. 

G.4 SENSITIVITY ANALYSIS ON START CONDITIONS FOR STORAGE LEVELS  

The initial time frame in GAMAMOD-DE considers the year 2012 starting at the 1st of Janu-

ary and ends on the 31st of December 2012. Table 50 shows the re-organisation of data for 

creating a synthetic model period. 

Table 50: Re-organisation of data for creating a synthetic model period 

Year Month Original  Alternative Synthetic 
2012 January Jan 12   
 February Feb 12   
 March Mar 12   
 April Apr 12   
 May May 12 May 12 May 12 
 June Jun 12 Jun 12 Jun 12 
 July Jul 12 Jul 12 Jul 12 
 August Aug 12 Aug 12 Aug 12 
 September Sep 12 Sep 12 Sep 12 
 October Oct 12 Oct 12 Oct 12 
 November Nov 12 Nov 12 Nov 12 
 December Dec 12 Dec 12 Dec 12 
2013 January  Jan 13 Jan 12 
 February  Feb 13 Feb 12 
 March  Mar 13 Mar 12 
 April  Apr 12 Apr 12 

Source: Own compilation. 

For the initial storage level, historical levels for the 1st of January are assumed. Fur-

thermore, the condition holds that storage levels at the end of the year have to equal storage 

levels at the beginning of the year. In January 2012, historical storage levels are already on a 

high level (>90%) and the variable STORAGE_IN has a limited degree of freedom to inject 

further gas, due to gas storage capacities. For that reason, a sensitivity analysis was done to 

simulate a synthetic time frame from May 2012 to April 2013, where lower historical storage 

levels are assumed for the 1st of May 2012 (rd. 40%). Unfortunately, most data for parame-

ters in the model are available only for the year 2012. For that reason, the new time frame 

was partly synthetically prepared. Table 50 shows that the initial model run covers the period 
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from January 2012 to December 2012 (Original). The new period for the sensitivity analysis 

is described in the next column (Alternative). The period May 2012 to December 2012 was 

modelled with original data of 2012, while the period from January 2013 to April 2013 is 

based on the original data of January 2012 to April 2012, i.e., temperature demand (cf. last 

column in Table 50).After running GAMAMOD-DE using the synthetic time period, the 

results were decompose, in order to compare storage levels between the initial (Original, 

blue line) and synthetic (Alternative, red line) scenario, as can be seen in Figure 81. Hence, 

the blue and red diamonds mark the respective start and end points of each model run. 
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Figure 81: Comparison of total storage level in the original model with start in January (blue) 
and in the alternative case with start in May (red) 
Source: Own illustration based on model results. 

The model run using the synthetic time period (Alternative, red line) starts in May (red 

diamond) with relative low storage levels (only 40% of total storage capacities). From May 

to June, high gas withdrawals lead to a situation where storage level reach a similar level as 

in the initial model run (Original, blue line). The injection of gas during October to Decem-

ber is almost the same in both cases. To keep the storage balance between start and end time 

date, the gas withdrawal during January and February in the alternative case is lower than in 

the original case. This sensitivity shows that the starting point of the modelled year is crucial 

for storage activities, mainly because of the strong constraint that start and end level of stor-

ages have to be equal. However, the sensitivity has also shown that up to the end of the year 

2012 storage operations converge. 

G.5 SENSITIVITY ANALYSIS ON THE IMPACT OF GAS STORAGES FOR 

SECURITY OF SUPPLY 

The analysis on storage utilization (Section 8.4.4) has shown the low utilization of storages 

compared to their technical available capacities. This might lead to the assumption that in 

2012 gas import infrastructure is sufficient in the German gas market and no gas storages are 

needed. To proof this thesis, an additional model run is done, where storage injection and 

storage withdrawal was fixed to zero. 
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Figure 82 shows the yearly gas balance in a model run without storages. There are on-

ly slightly difference to the initial run of 2012 (cf. Figure 55). The results suggest that import 

capacities are sufficient to meet the gas demand in 2012. However, results show also that 

system costs increase in a scenario without storages by 0.33% compared to a scenario with 

storages. The reason for that is that the gas system has to pay the cross-border gas price at 

each time and cannot inject gas into storages when gas prices are low and used the stored gas 

when gas prices are high. Additionally, from the above discussed sensitivity it can be ex-

pected that gas storages are used more intensively when a decreasing gas price is expected 

and that the advantage of available gas storage capacities can be even larger than in this sen-

sitivity analysis. 
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Figure 82: Daily (left) and aggregated (right) German natural gas balance in 2012 
Source: Own illustration, based on model results. 
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Kurzzusammenfassung 

Die Dissertationsschrift thematisiert die Frage nach den Kosten und Nutzen einer 

Diversifikationsstrategie im europäischen Erdgasmarkt und gliedert sich in neun Kapitel. In 

einer Vorbetrachtung beschreiben die Kapitel eins bis vier die Ausganglage mit Blick auf 

Angebots- und Nachfragestrukturen sowie der Gasinfrastruktur. Unsicherheiten in Bezug auf 

die Entwicklung der Nachfrage, Importverfügbarkeit und Preisniveaus werden diskutiert. In 

einem analytischen Rahmen wird das Thema Diversifikation in den Kontext der 

Energiesicherheit eingeordnet. Die Kapitel fünf bis sieben befassen sich mit der Beschreibung 

und der Analyse des europäischen Gasmarkts. Dafür wird ein lineares Modell, GAMAMOD-

EU, entwickelt, welches als stochastische Optimierung den Ausbau der Erdgasinfrastruktur 

unter Einbezug von drei Unsicherheitsdimensionen in den Jahren 2030 und 2045 abbildet. 

Zusätzlich werden drei Diversifikationsstrategien in Hinblick auf Infrastrukturentwicklung und 

Versorgungssicherheit analysiert. In einer Erweiterung wird der Import Grüner Gase in die 

Betrachtung einbezogen. Kapitel acht stellt das deutsche Gasnetzmodell GAMAMOD-DE mit 

einer Fallstudie vor, die die Versorgungslage im kalten Winter 2012 nachmodelliert. Im 

abschließenden Kapitel neun werden die zu Beginn aufgeworfenen Forschungsfragen 

beantwortet, Handlungsempfehlungen gegeben und der weitere Forschungsbedarf skizziert. 

  

  

  

  

  

   

   

Autor 

Philipp Hauser studierte von 2008 bis 2014 Wirtschaftsingenieurwesen im Bachelor- und 

Masterstudium an der Technischen Universität Dresden. Seine Schwerpunkte lagen in den 

Bereichen Elektroenergietechnik, Energiewirtschaft und Accounting and Finance. Von 2014 

bis 2020 war er als wissenschaftlicher Mitarbeiter am Lehrstuhl für Energiewirtschaft der 

Technischen Universität Dresden in nationale und internationale Forschungsprojekte 

eingebunden. Seit 2021 ist Herr Hauser Referent für wissenschaftliche Studien im Bereich 

Grüne Gase der VNG AG in Leipzig. 


	Einfügen aus "Vorwort Formartiert.pdf"
	Foreword

	Einfügen aus "Danksagung_Formartiert.pdf"
	Danksagung

	Einfügen aus "Publikation_Thesis_all_v99.pdf"
	Table of Contents
	List of Figures
	List of Tables
	Abbreviations
	Country Codes
	Nomenclature: GAMAMOD-EU
	Nomenclature: GAMAMOD-DE
	1 Introduction and Overview
	2 Uncertainties in Gas Markets
	2.1 Characteristics of Natural Gas Markets
	2.1.1 Definition of Natural Gas and Demarcation of Other Gas Terms
	2.1.2 Technological Characteristics of Natural Gas
	2.1.3 Economic Characteristics of Natural Gas
	2.1.4 Characteristics of Natural Gas Markets
	2.1.5 Assumptions and Restrictions of Natural Gas for the Thesis

	2.2 Decision Making Under Uncertainty in Natural Gas Markets
	2.2.1 Normative Decision Theory
	2.2.2 Structuring Uncertainties in the European Natural Gas Markets
	2.2.2.1 Supply Uncertainty
	2.2.2.2 Demand Uncertainty
	2.2.2.3 Structural Uncertainties


	2.3 Interim Summary on Gas Market Uncertainties

	3 Diversification in Gas Markets to Ensure Security of Supply
	3.1 Diversification in the Context of Energy Security
	3.1.1 Framework of Energy Security and Security of Supply
	3.1.2 Measurement Concepts of Energy Security and Security of Supply
	3.1.3 ACER Health Metrics
	3.1.4 Other Indices for measuring security of supply

	3.2 Measures to Ensure Security of Supply and Diversification
	3.2.1 Supply Diversification as Key Measure for the EU-28
	3.2.2 Long-term Supply Arrangements in Liberalized Markets
	3.2.3 European Commission - Security of Supply Measures
	3.2.4 IEA - Proposed Emergency Response Measures
	3.2.5 ACER – Recommendations of the Gas Target Model
	3.2.6 Conclusion on Measures for Providing Energy Security

	3.3 European Diversification Policy
	3.3.1 Stakeholders and Political Positions in the European Gas Market
	3.3.2 The Position of the European Union
	3.3.3 The Position of the Eastern EU-28 Countries
	3.3.4 The Position of the West European Countries
	3.3.5 The Position of Russia
	3.3.6 The Position of the United States
	3.3.7 The Position of other countries and stakeholders

	3.4 Interim Summary on Diversification in Gas Markets

	4 Natural Gas Infrastructure
	4.1 Infrastructure Need for Connecting Gas Supply and Demand
	4.1.1 Classification of Gas Infrastructure and EU-28’s Initial Situation in 2015
	4.1.2 Natural Gas Demand in EU-28
	4.1.3 Natural Gas Production in EU-28
	4.1.3.1 Natural Gas Reserves Worldwide
	4.1.3.2 Conventional Gas Production
	4.1.3.3 Unconventional Gas Production
	4.1.3.4 Alternatives to (Un-) Conventional Gas Production


	4.2 Pipeline Infrastructure
	4.2.1 Import Pipeline Capacities from Major Suppliers for the EU-28
	4.2.1.1 The Southern Gas Corridor and the Caspian Region
	4.2.1.2 New Pipelines from Russia: Turk Stream and Nord Stream 2
	4.2.1.3 Pipelines from North Africa
	4.2.1.4 East Mediterranean Gas Corridor

	4.2.2 Transmission Pipelines in Europe and Important German Pipelines
	4.2.3 Projects of Common Interests in the European Gas Market
	4.2.4 Technological and Environmental Aspects of Gas Pipelines
	4.2.5 Capital and Operating Expenditure of Pipelines

	4.3 Liquefied Natural Gas Infrastructure
	4.3.1 Liquefaction, Regasification and Shipping Capacities in the EU-28
	4.3.2 Capital and Operating Expenditure of LNG Shipping

	4.4 Storage Infrastructure
	4.5 Ownership of Natural Gas Infrastructure
	4.6 Interim Summary and Discussion on Natural Gas Infrastructure

	5 The European Natural Gas Market Model (GAMAMOD-EU)
	5.1 Literature Review on Natural Gas Market Modelling
	5.1.1 Linear Programming Approaches
	5.1.2 Nonlinear Optimization, Simulation and Heuristic
	5.1.3 Stochastic Programming Approaches
	5.1.4 Classification of GAMAMOD-EU and GAMAMOD-DE

	5.2 GAMAMOD-EU – the Deterministic Model Approach
	5.2.1 Overview of GAMAMOD-EU
	5.2.2 Objective Function and Energy Balance
	5.2.3 Capacity Restrictions
	5.2.4 Model Statistics of GAMAMOD-EU

	5.3 Data and Validation of GAMAMOD-EU
	5.3.1 Data Preparation and Numerical Assumptions
	5.3.2 Validation of GAMAMOD-EU for 2015

	5.4 GAMAMOD-EU.sto - Stochastic Programming Approach
	5.4.1 Overview of GAMAMOD-EU.sto
	5.4.2 Implementation of the Stochastic Programming Approach
	5.4.3 Implementation of Constraints for Modelling Diversification Strategies

	5.5 Critical Reflection of the Modelling Approach

	6 Results on Security of Supply in the European Gas Market
	6.1 Study Design Regarding Uncertainties and Diversification
	6.1.1 Assumptions on Gas Infrastructure Investments
	6.1.2 Assumptions on Gas Market Uncertainties and Constructing Scenarios
	6.1.3 Scenario Tree Structure
	6.1.4 Design of Diversification Strategies and Resulting Scenario Matrix

	6.2 Stochastic Optimization Results Considering Diversification
	6.2.1 The Value of Perfect Information and the Value of Stochastic Solution
	6.2.2 System Costs and Investments
	6.2.3 Russia’s Export Routes and the Importance of Ukrainian Gas Transits
	6.2.4 LNG Options for Reducing Dependence on Russian Gas Supplies
	6.2.5 Gas Storages Increase Flexibility When Diversification is Needed

	6.3 Diversification Strategies Mitigate Supply Shocks
	6.4 Interim Summary and Discussion

	7 Impact of Green Gas Imports on Infrastructure Investments
	7.1 Overview
	7.2 Study Design Focusing Green Gases
	7.2.1 Assumptions on Locations and Design of Green Gas Production Facilities
	7.2.2 Economic Assumptions on Green Gas Production Facilities
	7.2.3 Capacity Assumptions Green Gas Production Facilities
	7.2.4 Green Gas Supply Curves
	7.2.5 Limitations of the Green Gas Study Design

	7.3 Implementation of Green Gas Investment Options
	7.4 Stochastic Optimization Results Considering Green Gases
	7.4.1 Impact of CO2 Price on Investments in Green Gas Production Facilities
	7.4.2 Pipeline Investments Taking Green Gas Production into Account

	7.5 Interim Summary and Discussion

	8 The German Natural Gas Market Model (GAMAMOD-DE)
	8.1 Preliminary Considerations on GAMAMOD-DE
	8.2 GAMAMOD-DE – Model Description and Data Preparation
	8.2.1 Overview
	8.2.2 Objective Function and Constraints of GAMAMOD-DE
	8.2.3 Model Statistics of GAMAMOD-DE

	8.3 Model Application and Validation
	8.3.1 Data Preparation
	8.3.2 Characterization of the Year 2012

	8.4 Case Study: Simulating the Year 2012
	8.4.1 German Natural Gas Balance Simulation for 2012
	8.4.2 Production and Imports
	8.4.3 Load Shedding
	8.4.4 Storage Utilization
	8.4.5 Pipeline Flows and Congestion on a Cold Winter Day

	8.5 Interim Summary and Discussion on GAMAMOD-DE

	9 Conclusion and Outlook
	9.1 Summary and Answers to the Research Questions
	9.1.1 Research Questions to Preliminary Conditions
	9.1.2 Research Questions to the Developed Models
	9.1.3 Research Questions to Model Applications

	9.2 Assessment of the Contribution of this Thesis
	9.2.1 Methodological Contribution
	9.2.2 Contribution regarding the European Natural Gas Market
	9.2.3 Contribution about the German Gas Transmission Network

	9.3 Recommendations for Policy Makers and System Operators
	9.4 Outlook for Further Research

	Laws and Communication Papers
	References
	Appendix
	A Literature Review
	B Simplification of Technical Gas Flow Into Energy Flow
	C  Data Assumptions GAMAMOD-EU
	C.1 Assumption on Production Costs, Capacities and Demand
	C.2 Assumptions on Import Capacities and Pipeline Connections
	C.3 Assumption on OPEX for Operation Gas Pipelines
	C.4 Assumptions on LNG Shipping Routes and Capacities
	C.5 Assumptions on OPEX for LNG shipping
	C.6 Assumptions on Gas Storages
	C.7 Assumptions and Preliminary Conditions on Green Gases

	D  GAMS Implementation of GAMAMOD-EU
	D.1 GAMS Code GAMAMOD-EU - Overview
	D.2 Masterfile (GAMAMOD-EU.sto)
	D.3 Settings
	D.4 Data import
	D.5 Model
	D.6 Solve Statement (RCP, WSP, EEV)
	D.7 Solve Statement (Green Gas Sensitivity)
	D.8 Solve Statement (Shock Scenario)

	E  Results GAMAMOD-EU
	E.1 Calibration GAMAMOD-EU 2015
	E.2 Results on GAMAMOD-EU

	F  Data Assumptions on GAMAMOD-DE
	G  Implementation and Results of GAMAMOD-DE
	G.1 GAMS Code GAMAMOD-DE
	G.2 Sensitivity on Assumed Cross-Border Gas Prices in GAMAMOD-DE
	G.3 Model Results on Gas Storage Utilization
	G.4 Sensitivity Analysis on Start Conditions for Storage Levels
	G.5 Sensitivity Analysis on the Impact of Gas Storages for Security of Supply




