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Abstract:  

Natural gas plays an important role in many European energy systems especially with regard to the 

envisioned transition towards a less carbon intensive energy supply. Being dependent on imports – 

especially from Russia – this raises questions about the future development and security of Europe’s 

gas supply. Using a numerical network model of the European gas system we assess 1) the potential 

impact of infrastructure extensions for Europe’s gas supply and 2) the role of supply security policies 

in coping with a disruption of Russian imports via the Ukraine. Our results indicate that overall the 

European gas infrastructure is sufficient for average market conditions. Due to the strong dependency 

on Russian imports, however, disruptions during the winter months could lead to load curtailment. 

Projected network extension (Southern Gas Corridor, Nord Stream 2, and new LNG terminals) or a 

strategic storage policy coordinated across Europe has the potential to reduce this shortage. The 

positive impact of an extended network, however, also depends on the capability of the global gas 

market to provide flexible gas that can be reallocated towards Europe. The majority of demand 

curtailment can already by countered by a relatively modest amount of strategic storage (20% to 30%) 

if their use during crisis situations is coordination across European countries.  
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1 Introduction 

Disruptions in natural gas deliveries are a prominent concern in Europe. As natural gas reserves are 

geographically concentrated in a few countries and since its supply is vulnerable to network 

constraints, the market is exposed to supply insecurity. Furthermore, recent geopolitical events have 

exacerbated this concern. These events notably include the disputes between Russia and Ukraine in 

2006 and 2009, as well as the political and economic sanctions imposed by the European Union (EU) 

against Moscow in response to the ongoing Ukrainian crisis. With more than 15% of the gas 

consumed by Europe transiting through Ukraine (IEA, 2015a), the relation between Eastern Europe 

and Russia is crucial for the European energy security. Moreover, from a European perspective, three 

ongoing processes and trends further stimulate the need for the study of the gas security. First, the 

European market is still subject to a restructuring process leading to a reorganization of the market. 

Second, as numerous domestic producers are exhausting their reserves, Europe is increasingly reliant 

on imports. Last, the globalization of the gas market offers more diversified supply options, notably 

through liquefied natural gas (LNG). At the same time, the increasing worldwide demand and the US 

shale gas boom are redefining international gas trade. 

Against this background, the European Union launched the Energy Security Strategy (EC, 2014a) 

seeking to achieve a twofold goal: first, ensuring short-term resilience of the natural gas network in 

cases of supply interruption and, second, reducing the dependency on unstable routes and suppliers in 

the long term. The development of the European pipeline and LNG infrastructures is one of the key 

measures to achieve a secure supply. In parallel, Moscow aims at reducing its own dependency on 

Ukraine for its exports towards Europe, thus promoting alternative infrastructure projects.  

Stress tests imposed by the European Energy Security Strategy accompany these studies. These tests 

quantify the impacts of (short-term) supply disruption of either Ukrainian routes or Russian exports in 

total for a duration of one or six months (EC, 2014b). The related report underlines the large share of 

demand which cannot be satisfied in the most severe scenarios, notably in Eastern Europe. As a 

conclusion, the Commission suggests additional measures to enhance the security of supply (SoS) 

focusing among others on network enhancement, storage optimization, and, in particular, the need for 

storage usage coordinated across member states.  

In this context, the present study seeks to address the aforementioned concerns by developing a 

numerical model of the European natural gas market. The model shall then be used for conducting 

scenario analyses of possible future developments. Specifically, we simulate projections of the 

European natural gas market in 2030 and study the impact of major infrastructure projects (additional 

pipelines, new LNG terminals, etc.). Subsequently, we test how the system can cope with a Russian 

supply disruption under different infrastructure and storage policy settings.  

The remainder of this paper is structured as follows. The next section presents a short literature 

review, while section 3 describes the underlying model and dataset. The scenario description and 

results are structured along two lines: the general long term market evolution is assessed in Section 4 

while the analysis of different supply security aspects is provided in Section 5. Section 6 concludes. 
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2 Literature 

The present work draws on an abundant literature studying energy markets, and the natural gas one in 

particular. We present thereafter a brief introduction of some of the main literature directions related to 

the paper at hand, namely natural gas system modeling, model bases gas market assessments and 

scenarios, further security of supply studies, and the linkage of storage and supply security. 

There is vast literature on modeling of energy markets (e.g. energy system models including natural 

gas as fuel) and direct natural gas systems and network models. Holz (2009) provides a detailed 

review of models applied to the natural gas market. Our model approach builds upon this literature and 

makes use of a partial equilibrium formulation. This class of model is widely used in policy analysis as 

well as in energy and environmental economic research. Several partial equilibrium models of the 

natural gas market can be found in the literature. The Global Gas Model (Egging et al., 2010; Holz et 

al., 2013), which is one of the most prominent example, is based on a Mixed Complementarity 

Problem (MCP), and adopts a detailed formulation of the natural gas supply chain. The model 

comprises technical details on the production sector, the pipeline and LNG transport as well as the 

storage ones. It further considers a disaggregated demand. The model developed by Neumann et al. 

(2009) follows a roughly similar structure, however based on non-linear optimization. It focuses on the 

European market only, and accounts for a single demand sector. Other models which can be found in 

the literature are notably the NatGas (Zwart and Mulder, 2006), which includes investment in 

production capacity and a resource constraint, or the TIGER (Lochner, 2011), a cost-minimizing 

model based on a detailed representation of the European pipeline system. Finally, Abrell and Weigt 

(2012, 2016a) develop a MCP-based model combining both the electricity and the gas sectors.  

Energy market models are applied to simulate possible future developments of the gas market or to 

address issues like the security of supply (SoS). Consequently, several studies evaluate supply security 

of energy markets and, in particular, the European natural gas market. Richter and Holz (2015), for 

instance, investigate two short and one long-term Russian export disruption scenarios using the Global 

Gas Model. Abrell and Weigt (2016b) analyze similar scenarios putting the focus on the interaction 

between the natural gas and electricity market. They highlight the importance of LNG to replace 

Russian imports, and identify important pipeline extensions to secure the European supply. 

Dieckhöner et al. (2013) use the TIGER model to evaluate different demand and infrastructure 

scenarios, in particular the Nord Stream 2 or the Nabucco pipeline. They conclude that, despite 

remaining bottlenecks in the system, the European natural gas market will be well integrated by 2019. 

Finally, Paltsev (2014) analyzes possible developments of Russian gas exports until 2050 using the 

EPPA model, a computable general equilibrium model of the world economy. Regarding exports to 

Europe, he states that the need for additional pipeline connections is only justified if Russia wants to 

diversify its export routes and reduce its dependency on Belarus and Ukraine. 

In parallel, as part of the new European Energy Security Strategy, stress tests were launched in 2014 

by the EU. These tests simulate the impact of a supply disruption of either the Ukrainian routes or of 

all Russian exports during one or six months (EC, 2014b). The report underlines the large share of 
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demand which cannot be satisfied in the most severe scenarios, notably in Eastern Europe. As a 

conclusion, the Commission suggests additional measures to enhance the SoS, focusing among others 

on network enhancement and storage optimization, and stresses the need for more cooperation 

between member states. Finally, the ENTSO-G recently published the first European Union-wide 

study on the simulation of gas supply and infrastructure disruption scenarios (ENTSO-G, 2017). Their 

study is based on a detailed technical model of the European gas system. They identified 17 risk 

scenarios for the European gas system and simulated them for three different cases of demand. Their 

results are aligned with previous ones, and underline some of the main dependencies in Europe – e.g. 

Bulgaria, Romania and Greece are highly vulnerable to disruption of the Russia-Ukraine route or 

Finland and the Baltic states to interruption of their Russian supplies. 

The literature addressing the security of European gas supply is not limited to modeling. Stern (2002) 

addresses the issue of SoS in a newly liberalized European gas sector on a conceptual level. He adopts 

a rather optimistic stance of view, and advocates a framework of security standards and obligations at 

the European level. More pessimistic conclusions are drawn by Correlje and Van der Linde (2006), 

who analyze the geopolitical factors surrounding the SoS. They conclude to an increasing likelihood 

of events affecting the European energy supply, and appeal for the development of energy security 

related policies at the EU level. Le Coq and Paltseva (2009) develop an index assessing the security of 

European oil, gas and coal imports, notably based on their diversification, the political risks of the 

exporting countries or the economic impact of a supply disruption. Finally, Costantini et al. (2007) 

compare various energy scenarios, and identify the growing import dependence of Europe as well as 

possible collusion amongst suppliers as the main threats for the EU's SoS. Future perspective of 

European natural gas security are also regularly discussed. In a recent effort, Ruble (2017) discusses 

the potential positive impact of offshore gas resources in Eastern Mediterranean on European imports. 

The paper advocates the construction of the East Med pipeline to capitalize on this potential. 

Finally, the relation between storage and SoS is also a focus of several studies. Austvik (2004) views 

the uncertainty surrounding import-dependent countries as a negative externality of the energy 

consumption, and considers flexibility as a means to mitigate it. The author advocates strategic gas 

reserves in order to limit price spikes due to supply disruptions. Using a game-theoretical framework, 

Morbee and Proost (2010) study the incentives of Gazprom to default on its European exports 

contracts. They consider the European investments into strategic storage as an alternative to the 

“unreliability”' of Russian supply. Their game yields investment into storage as a function of the 

likelihood of Russia defaulting on its export obligations. Chaton et al. (2009) develop a theoretical 

framework where precautionary storage is used to countervail a possible future supply disruption. 

Finally, Ejarque (2011), using a roughly similar setting, evaluates the impact of gas storage restrictions 

on the profitability of storage operators.  The author concludes to significant negative impacts of 

strategic reserves, notably applying the model to the Italian and Danish examples. 
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The paper at hand links and adds to those studies by developing a model approach capable of 

analyzing European natural gas system conditions and applying this within the context of a supply 

security assessment focusing on infrastructure and storage policy approaches. 

3 Model and Data 

Following existing literature on gas market modeling, we develop a numerical model representing the 

European natural gas market embedded into the global market to assess potential developments and 

evaluate its supply security. The present research effort draws on an abundant literature studying 

natural gas systems. We use a partial equilibrium framework to represent the behavior of different 

actors. The model comprises technical details of the production sector, natural gas storage, and the 

transmission system including the pipeline and LNG transport system. Furthermore, industry and 

household demand is separately modeled. In the following sections, we present the mathematical 

model structure and the underlying dataset. 

3.1 Model Formulation 

Our model is based on partial equilibrium settings that we subsequently reformulate as a welfare 

optimization problem. We notably draw on Abrell and Weigt (2012), Egging et al. (2010) and 

Neumann et al. (2009) for our model formulation.  

The model depicts the action of the various market participants along the natural gas supply chain 

representing each country as a node in the natural gas system:
1
 

 Producers extract natural gas, and sell it on the wholesale market given extraction costs and 

production capacity constraints. 

 LNG operators buy natural gas in a country which possesses liquefaction infrastructure, 

transport it overseas on a carrier and re-sell it to a country with a regasification infrastructure. 

They are constrained by the liquefaction and regasification capacities of the respective 

countries.  

 Pipeline operators transport natural gas across borders accounting for transport costs and 

capacity restrictions of pipeline. 

 Gas storage operators arbitrage between different time periods buying and selling gas from 

and on the wholesale market with capacity constraints on withdrawal, injection and the total 

amount of storage. 

 Demand for natural gas stems from residential consumers, industrial and transformation 

sectors. Residential consumption is mainly driven by heating, industrial demand by heating 

and process gas. The transformation sector uses gas for electricity generation and district 

heating. All three types of consumers are characterized by distinct demand elasticities. 

                                                      

1 According to the perfect competition premises, all actors take prices as given.  
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For the present work, we assume that all market actors are perfectly competitive allowing us to 

aggregate the overall cost and benefits into a single welfare objective: 
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Total welfare is represented by two blocks: The first term represents the gross consumer surplus, 

defined by the area below the respective demand functions. We assume a linear demand-price relation 

defined for each of the three sectors i (domestic, industry, transformation), country (or node) n and 

month t of the form: 𝐷𝑛𝑖𝑡 = 𝑎𝑛𝑖𝑡 + 𝑏𝑛𝑖𝑡 𝑃𝑛𝑡 

The remaining terms reduce this surplus by the costs of production (X), of LNG (FL) and pipeline 

transport (FP), and of storage (SO). Production costs are defined as a quadratic function. LNG costs 

are composed of liquefaction cost (c
liq

), route dependent transport cost (tc
lng

), and regasification cost 

(creg) accounting for the related losses of gas (β) needed for the process chain. Pipeline transport is 

assumed to be subject to a constant cost factor (tc
pipe

) depending on the pipeline length. Finally, 

storage is subject to a generic cost factor on the stored gas volume (csto). 

The problem is completed by a set of constraints representing the extraction capacities of producers:  

capn
x  ≥ Xnt 

The technical capacities of pipelines: 

capnñ
pipe

≥ FPnnt 

LNG regasification and liquefaction infrastructure: 

capn
reg

 ≥  ∑(1 − βreg) (1 − βñn
lng

)

N

ñ

 FLñnt 

capn
liq

 ≥  ∑FLnñt

N

ñ

 

Technical restrictions on storage use (injection capacity, withdrawal capacity, and maximal working 

gas capacity): 

capn
in  ≥ SInt 

capn
out  ≥ SOnt 

capn
sto  ≥ STOnt 

A storage balance further links the current and previous month storage levels: 

SInt − SOnt = STOnt − STOn,t−1 
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The market clearing condition for each node, i.e., country, is given as: 

Xnt + ∑(1 − βreg) (1 − βñn
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This market clearing condition represents the basic flow conservation constraint, stating that the 

quantity of gas produced, imported or taken out of the storage at a node (left hand side) has to be equal 

to the quantity that is exported, injected into the storage and directly consumed at the node (right hand 

side). The model also accounts for the gas losses occurring during LNG liquefaction (
liq

), 

regasification (
reg

) and transport (βnñ
lng

) as well as during pipeline transport (βnñ
pipe

) 

Furthermore, the model takes into account long-term contracts between producers and consumers. 

Albeit a current trend towards a reduction in their duration (see e.g. Neumann and von Hirschhausen, 

2015), these contracts still represent an important share of the European gas imports. Neumann et al. 

(2015) provide the most thorough database on long-term contracts. These contacted volumes are 

implemented as minimum total exports for the respective delivering countries as follows:  

∑∑FPnñt  ≥ expMinn
pipe

Y

t

𝑁

ñ

 

where expMinn
pipe

 represents the total yearly amount of export stipulated in all contracts of country n 

utilizing the pipeline network. As the model does not trace the origin of the transported gas, we only 

ensure that the yearly amount a country exports is at least as high as its contractual obligations. The 

same is implemented for the LNG exports:  

∑∑FLnñt  ≥ expMinn
lng

Y

t

𝑁

ñ

 

3.2 Model Data 

Our model represents the European natural gas market and its transmission system (see Figure 1). 

European countries
2
 and worldwide main producers are represented as single nodes. Non-European 

countries are aggregated to regional hubs (e.g. South America). Overall, the model covers roughly 

98% of the total world production and consumption. The model, thus, allows a focused assessment of 

the European market, while incorporating the global market dynamics and trends.  

The European cross-border pipeline infrastructure is derived from ENTSOG (2015), which provides 

the technical capacity of each pipeline. Multiple pipelines linking two countries are summed to a 

single synthetic one. The existing European pipeline infrastructure already compromises several 

reverse flow connections which are included in the respective cross-border connections. Capacities of 

                                                      

2 By European countries we mean the following ones: Austria, Belgium, Bulgaria, Croatia, Czech Republic, Denmark, 

Estonia, Finland, France, Germany, Greece, Hungary, Ireland, Italy, Latvia, Lithuania, Netherlands, Norway, Poland, 

Portugal, Romania, Slovakia,  Slovenia, Spain,  Sweden, Switzerland, Ukraine, United Kingdom 
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the future projected pipelines are derived from the respective companies' websites.
3
 Eikon (2015) 

provides comprehensive data on technical characteristics of all regasification and liquefaction plants. 

Finally, worldwide storage facilities are obtained from Gas Infrastructure Europe (2015a) and Eikon 

(2015). Cost of pipeline transport are based on OME (2002) and Egging et al. (2008). LNG transport 

cost are derived from the delivery prices on Eikon (2015). Cayrade (2004) provides liquefaction and 

regasification costs. Assumptions regarding pipeline and LNG losses are found in Neumann et al. 

(2009) and Egging et al. (2008). 

 

Figure 1: Stylized model representation of the European natural gas system 

 

 

Data on the production capacities of each country is further required for our model. Since reliable 

information is hard to come by in this domain, we approximated them based on the production 

patterns. For the countries for which the monthly production is available on Eurostat (2015) or JODI 

(2015), we assume that each month's production represents 94% of the respective monthly capacity.
4
 

For the rest of the countries, it is assumed that capacity is constant throughout the year, and that each 

country's highest monthly output represents its extraction capacity. The extraction cost function is 

derived from OME (2002), Seeliger (2006) and Egging et al. (2008).  

Yearly consumption is provided by IEA (2015b). For IEA member states, disaggregated data on 

consumption of specific sectors is used (domestic, industrial and transformation). For the domestic 

sector, we generate synthetic monthly profiles by averaging all European countries' domestic 

consumption patterns, gathered from Eikon (2015). Profiles of transformation users are obtained from 

                                                      

3 Nord Stream: http://www.gazprom.com/about/production/projects/pipelines/ built/nord-stream2/, SGC https://www.tap-

ag.com/the-pipeline & https://ec. europa.eu/energy/sites/ener/files/documents/pci_7_1_1_en.pdf 
4 This is a fairly common, yet rather arbitrary practice. As it is difficult to come across reliable data on production capacity, 

most authors assume the capacity based on past production data adding a margin on top. E.g. Egging et al. (2008) use a 10% 

margin on past data. The 6% in our model are also chosen based on the desire to obtain a close fit of production levels to 

observed market patterns 
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Eurostat (2015) and JODI (2015), while industrial profiles are calculated by subtracting domestic and 

transformation ones from the total demand. For the Non-European regional hubs a single consumption 

sector is implemented. 

The linear demand function is calibrated for each node, consumption sector and month based on 

historic data. Given a reference point – defined by the monthly demand level and the related average 

spot price – and an assumption about the demand elasticity in this point the two parameters a and b for 

the demand curve can be defined. We assume a price elasticity of demand of -0.2 for the domestic 

sector, of -0.4 for the industry and of -0.5 for the transformation one.
5
 Thus, while the reference point 

varies for each month the demand elasticity is assumed to be same in each month in this reference 

point.
6
 

As we use a linear demand function the respective elasticity is not constant across the whole demand 

range. The reference price for this elasticity estimate is based on historic spot prices from nine major 

European and international trading hubs (e.g. Henry Hub in the USA), which are obtained from Eikon 

(2015). Daily prices are averaged for each month, and each node is linked to the nearest hub.
7
 

Countries mostly reliant on LNG exports (e.g. Japan) and not linked to a pipeline trading hub are 

linked with their regional price of landed LNG, which is also obtained from Eikon (2015). Export 

countries are assumed to have prices corresponding to the opportunity cost of exporting gas to their 

main customer.
8
 

3.3 Model Limits and Calibration 

In order to test the suitability of our model for a scenario assessment of the European market, we 

compare the results of our simulations to historic market outcomes. There are important limitations 

and shortcomings of the model which need to be considered when comparing the model results with 

real world observations.  

Compared to the other existing gas models referenced in Section 2 our model approach shows the 

following similarities and differences: Like the World Gas Model (WGM) by Egging et al. (2010) and 

the TIGER model by (Lochner, 2011) our approach needs to rely on several simplifications. Our 

depiction of the gas network is similar to the level of detail of the WGM. As we aggregate cross-

border pipelines and ignore inner-country pipelines the network representation is inferior compared to 

the TIGER model. For the supply side, we simplify the formulation of the WGM while preserving its 

main specifications. We notably aggregate all players into a single representative agent. On the 

                                                      

5 
 For comparison, Egging et al. (2008) use following assumptions: 0.25 for the residential sector, 0.4 for industrial demand 

and 0.75 for power generation  
6 Given the linearity assumption the elasticity in a given point of the demand curve is defined by  

𝜀𝑖 = 𝑃𝑛𝑡 𝑏𝑛𝑖𝑡𝐷𝑛𝑡⁄ . Given the reference price Pref and the reference Demand Dref the slope b can be calculated for a given 

elasticity level and used to derive the intercept a of the function. As Pref and Dref vary for each also the slope and intercept 

will vary for each month albeit the elasticity is the same. 
7 Note that despite having the same reference price the different nodes in the model still obtain individual prices representing 

the national price level in the different scenario runs. 
8 E.g. as Algeria exports a large share of its gas towards Spain, the domestic consumer price in Algeria is assumed to be the 

one in Spain minus the transport costs to export it from Algeria to Spain.  
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demand side, we use the same formulation as the WGM thereby having a higher detail than the TIGER 

model. Finally, as we assume perfect competition we transform the equilibrium model structure into 

an equivalent optimization formulation for computational reasons. Therefore the final model outlet has 

many similarities to Neumann et al. (2009). 

The simplified inner-country structure likely leads to an overestimation of trading potential and a more 

equalized price level across European countries as only cross-border and not within-country 

constraints limit exchange. Furthermore, the assumption of perfect competition is likely to lead to a 

lower price level (and a subsequent higher demand level) compared to real market outcomes. The 

European gas market is frequently depicted as a game dominated by a few Cournot players (see e.g. 

Boots et al., 2004). To capture the impact of those potential deviations we adjust the model 

parameters. As the underlying cost structure is one of the most uncertain parameter assumptions (due 

to limited publicly available data for different production sites) the main calibration parameters are 

markups on those production costs. Within this model calibration priority was given to a match of 

quantities and global flow patterns and not on a match of model prices with market prices. 

Consequently the resulting price levels are not directly comparable to real world wholesale price levels 

and the scenario results should not be seen as market forecasts. 

Table 1: Comparison of model results with market observations 

 Market data 2013 Model results 

Production by main non-European producers (bcm) 

Algeria 81.5 107.9 

Azerbaijan 16.2 18.1 

Iran 164.0 161.5 

Libya 11.0 13.3 

Nigeria 36.2 47.9 

Russia 742.6 746.3 

European demand & production (bcm) 

Total demand 594.8 635.0 

Domestic prod. 307.7 322.0 

European shares 

LNG 7.4% 2.1% 

Domestic prod. 45.1% 50.7% 

Russian pipe. 35.5% 36.3% 

Others 11.9% 10.9% 

 

Table 1 displays some of the European market's key values alongside to the corresponding model 

results. The achieved calibration is far from perfect. Some results are close to reality, for instance for 

producing countries like Russia, Iran or Libya, while others like Algeria or Nigeria extract more than 

in reality. One further notices that the LNG share in Europe is significantly underestimated. Overall, 

our model tends to overestimate demand and supply levels. The European demand exceeds its real 

value by approximately 7%, while the domestic production is overestimated by roughly 5%. While 

interpreting the results of our upcoming scenario analyses, one must bear in mind these calibration 

results. Therefore, the focus of the scenario analysis should be put on the obtained general dynamics 

and interdependencies and less on absolute values. 
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4 Long-term Market Evolutions  

As a first application of our model, we develop projections of the European natural gas market in 

2030. The focus is on the impact of infrastructure extensions as we sketch different pathways for the 

evolution of European gas infrastructure and evaluate their effect on the market. 

We conduct a ceteris paribus approach with respect to underlying cost and price levels and alter 

production, demand and infrastructure assumptions (i.e., we project the calibrated model with the base 

year 2013 into the year 2030). The demand and production data are updated based on the New Policies 

scenario of the World Energy Outlook (IEA, 2015c). Infrastructure assumptions are specified for each 

pathway. Aside from the relevant projects, we do not assume any further network extension. As we 

use the 2013 price and cost assumptions for all scenarios the obtained results show the impact of 

altered infrastructure changes on the resulting market dynamics. 

We investigate the following three infrastructure pathways: 

1. As-is 2030: assuming that the current infrastructure remains unaltered 

2. Main Projects: the infrastructure is completed by some of the currently discussed 

infrastructure projects: 

o The Southern Gas Corridor (SGC): a three-part project consisting of the South 

Caucasus Pipeline (SCP), the Trans-Anatolian Pipeline (TANAP) and the Trans-

Adriatic Pipeline (TAP) connecting Azerbaijan to Italy through Turkey and Greece. 

Some portions of the SGC have already been built. 

o The Reverse Flow project: opening of a South-North route from Italy to Germany and 

Belgium thanks to transformation of the existing pipelines. 

o Several additional LNG regasification terminals planned in Europe, notably in 

Croatia, France, Spain or Sweden. 

o Currently projected developments of the storage infrastructure (e.g. in Germany, 

France or Italy). 

3. Nord Stream 2: same as Main Projects with the addition of the Nord Stream extension, a 

project which shall double the capacity of Russian exports towards Germany. First agreements 

for the construction have recently been reached by the commercial partners. It is, however, 

heavily debated, and Eastern European countries like Poland have engaged in a political and 

legal battle to fight the project. 

4.1 As-is 2030 

This first pathway can be interpreted as a benchmark to identify the impact of changes in demand and 

supply on the market, without any change in the infrastructure. Compared to the 2013's levels, the IEA 

foresees a slightly growing demand level in Europe (a 1% increase). On a global scale however, both 

the worldwide demand and production levels are believed to be expanding by more than 30%, mainly 

owing to the surging demand in Asia and Africa. On the supply side, many European producers are 

slowly exhausting their gas reserves. Their production is thus forecasted to shrink: -12% for Norway 
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and up to -38% for the United Kingdom or Germany. In reaction to this, on the one hand the share of 

LNG imports in European consumption increases (amounting to roughly 10% of the total demand 

compared to 2% previously). On the other hand, the share of Russian gas is also rising and takes a 

value of 40%. 

The increasing importance of LNG can also be noticed in the seasonal structure. The impact of gas 

demand in heating leads to a large difference of consumption between summer and winter months. 

Currently, this seasonal flexibility is predominantly supplied by storage, while some European 

producers (mainly Netherlands) and Russia provide complementary supply. The results of the As-is 

2030 simulation indicate the rise of LNG as a flexible supplier, allowing to compensate for the 

declining production of European suppliers and to reduce the Russian imports (see Table 2). 

Due both to the diminishing domestic production and due to increasing global demand, the average 

price level in continental Europe slightly increases by 6%. On the contrary, the price spread between 

summer and winter declines. This seasonal price pattern is explained by the fact that, in both, summer 

and winter, the marginal supply determining the market price is provided by LNG imports in 2030. 

Table 2: Contribution to seasonal demand spread 

 Baseline 2013 As-is 2030 

Own extraction 22.8% 15.0% 

Storage 57.1% 54.5% 

Russia 20.1% 11.3% 

LNG 0.0% 19.3% 
The results are in relation to the total demand of all modeled European countries. 

4.2 Main Projects 

The infrastructure projects that we consider in the Main Projects pathway have the overall effect to 

enhance import and transport capacity of the European natural gas market. Due to more supply 

possibilities prices decrease inducing a demand increase of roughly 1% compared to the As-is 2030 

level. Moreover, the SGC pipelines undermine the prevalence of Russian exports (37% market share), 

as Azerbaijan enhances its supply to Turkey or to Greece. Surprisingly, the simulation results do not 

indicate growing LNG imports, although several regasification terminals are added to the European 

infrastructure. This is primarily explained by the cost disadvantage of LNG compared to the additional 

import alternatives comprised in Main Projects.  

The SGC further leads to a partial reallocation of the Russian flows towards Western Europe, owing to 

the rising independence of the Southern-Eastern parts of Europe. Overall, a more abundant and 

cheaper gas supply in Europe results from the new infrastructures. Hence, the average price is slightly 

reduced compared to As-is 2030. It is further to be noted that, in the simulation, the last branch of the 

SGC linking Greece to Italy and the Reverse Flow project (from Italy towards Germany and Belgium) 

are both strongly underused. This highlights the fact that, in the simulation's results, there seems to be 

sufficient transport and export capacities to supply Western Europe at cheaper costs than through this 

additional route. 
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4.3 Nord Stream 2 

The extension of the Nord Stream pipeline enhances the availability of cheap Russian gas in Western 

Europe, thus resulting in a 2% increase in demand with respect to As-is 2030. The added export 

capacity permits Russia to increase its market share in Europe, accounting for approximatively 40% of 

the demand. Hence, the Nord Stream 2 project countervails the negative impacts of the SGC for 

Russia. Germany further adopts a pivotal position on the European market by re-dispatching Russian 

gas towards the rest of the continent. Finally, Nord Stream 2 causes a reduction of the usage of the 

route over Ukraine (-21% of shipped quantity), thereby depriving the transit countries (e.g. Slovakia, 

Hungary or Austria) of substantial transit fees. Furthermore, the LNG share in Europe is decreasing, as 

it is replaced by the more economical alternative of Russian gas. 

The price effect of Nord Stream 2 case is stronger than in the Main Projects. The average price 

reduction compared to the As-is 2030 case amounts to -6%. The price level returns to its Baseline 2013 

level. 

4.4 Comparison 

Comparing our three different pathways with the 2013 simulated results and corresponding market 

observations, we note the strong reduction of domestic European supply in 2030 (Table 3). How this 

reduction will be compensated for notably depends on the gas infrastructure. In all pathways, we 

observe an increase in the LNG share. However, compared to the market results of 2013 this raise may 

be overestimated in our simulations as we obtain significantly lower LNG shares in our baseline 

calibration. Nevertheless, LNG is likely to remain an important supplier for Europe, especially for 

southern countries.  

Russian imports remain important for Europe’s natural gas market in all scenarios. In the Main 

Projects case, where the Russian market share is the lowest of all scenarios, it remains at a level which 

is comparable to today’s market. The question of how to cope with this dependency is therefore likely 

to remain an important element of Europe’s energy policy in the next decade. 

Table 3: Supply Shares 

 Market  

data 2013 

Baseline 

2013 

As-is  

2030 

Main 

Projects 

Nord Stream 

2 

Own Extraction 45.1% 50.7% 37.6% 37.2% 36.8% 

Russia 35.5% 36.3% 40.2% 37.4% 40.2% 

Other pipes 11.9% 10.9% 12.9% 16.3% 16.1% 

LNG 7.4% 2.1% 9.3% 9.0% 6.9% 
The results are in relation to the total demand of all modeled European countries. 

 

Even though our model yields very rough price calibration and significantly underestimates prices (see 

Table 4), the development of the price levels in the various pathways still allows us to obtain insights 

on potential market dynamics. Overall, we observe a tendency towards price increase in the future 

which can be explained by the reduced domestic supply and higher dependence on imported gas.  
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Against this fact, the additional infrastructure projects result in greater availability of gas on the 

market, and thus in lower prices; Nord Stream 2 has the largest price impact of all pathways due to the 

assumed low-cost level of Russian supplies. The reduction in the seasonal price spread is mainly 

explained by the fact that the same suppliers set the prices in summer and winter, as Europe is more 

dependent on foreign supplies throughout the year. 

Table 4: Market Prices 

 Market data 

2013 

Baseline 

2013 

As-is  

2030 

Main 

Projects 

Nord 

Stream 2 

Av. Euro. price [€/mcm] 0.218 0.154 0.163 0.160 0.154 

Max price [% of average] 116% 121% 117% 115% 115% 
The results refer to the average of all modeled European countries. 

 

As a summary, one can conclude that the forecasted reduction of domestic natural gas production in 

Europe implies a diversification of the supply sources. The role of Russia will remain central, but in 

addition to LNG, the projected pipeline projects in Southern-Eastern Europe might help Europe on its 

ways towards a higher diversification of supply sources. Overall, the gas infrastructure seems to be 

sufficient to satisfy Europe’s gas needs under average market conditions even without further 

additions. We do not observe significant price differences within Europe beyond transport costs 

differentials.  

 

5 Evaluation of Supply Security  

A key feature of the European gas market today and in the future is its dependency on Russian 

imports. Whether this dependency represents a threat to the security of gas supply depends on the 

(im)possibility to compensate a shortage of Russian supplies by other imports. To provide an 

assessment of this threat, we extend our model with a shock scenario structure: we induce a complete 

shutdown of the Russian-Ukrainian pipeline, one of the most prominent import routes for Russian gas.  

The timing of the crisis is chosen to represent a worst-case scenario, so that the transit is disrupted 

during the four winter months (December to March). To grasp and measure European market's short-

term resilience, we use the average market conditions (as presented in Section 4) as reference by 

fixing the demand in the crisis conditions to this ‘normal’ market demand; in other words, we assume 

a totally inflexible demand during the crisis simulation. This transfers the model into a cost 

minimization version (𝐷𝑛𝑖𝑡 becomes a parameter). To ensure a feasible model solution even in cases 

when supply is insufficient, we introduce a ‘lost load’ variable with prohibitive costs that allows us to 

identify and locate supply shortages in Europe.  

In addition, we countervail the perfect foresight assumption that is necessarily part of an optimization 

model by fixing all variables of the time periods before the crisis to their respective values of the 

normal market case. The formulation therefore translates into an unforeseen market shock in which 

consumers must consume their pre-defined quantity of gas, since they have no alternative for short 

term switching or other demand reduction measures. To cope with the shortage of gas supply, the 
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model can resort to alternative imports and transport routes to ensure stable gas supply if they are 

available. This fixed demand assumption is likely to overestimate the effect of a supply shock as in 

reality, one might expect consumer to adapt their consumption to the crisis, at least partially.
 
 

In the next section, we will first present the basic results of a supply interruption under different 

market conditions. Subsequently, we will assess the impact of specific policy approaches to improve 

supply security. 

5.1 Impact of a Russian Supply Disruption 

In order to obtain insights on the impact of different market conditions and infrastructure projects on 

the supply security level in Europe, we apply the aforementioned scenario of disruption to our three 

market pathways and to the base case calibrated model (Baseline 2013).  

Baseline 2013 represents the supply disruption under current market conditions. Due to the crucial 

importance of the Ukrainian route, an interruption of the Russian supply has far reaching 

consequences for the whole of Europe. Several countries strongly reliant on the Ukrainian transit 

endure lost load due to insufficient gas supply, among others Ukraine, Bulgaria, Croatia, Italy, Greece 

or Turkey (Table 5). Roughly 13% of the European demand during the four crisis months cannot be 

satisfied. However, also Russia's yearly output is significantly reduced (by 20%) owing to the lack of 

available alternative export routes. Hence, one observes a bilateral dependency between Russia and 

Europe. 

With the forecasted levels of production and consumption in the As-is 2030 case, Europe seems less 

vulnerable to supply disruptions (Table 5). The overall lost load amounts to 9%, which represents a 

reduction of -28% in terms of missing supply compared to the Baseline 2013. At a first glance, this 

might seem counterintuitive as both European and worldwide gas demand are increasing and import 

infrastructure stays constant. The As-is 2030 scenario does, nonetheless, introduce large global 

production capacity extensions, notably for Middle-Eastern countries. These growing LNG import 

potentials provide Europe with additional flexibility, which represents an essential asset in overcoming 

such a crisis. Europe is able to import 16 bcm of additional LNG, whereas in the Baseline 2013 almost 

no supplementary LNG import was possible as the global production capacities were already fully 

utilized. 

The projected infrastructure investments of the Main Projects case result in growing availability of 

import alternatives to replace the missing Russian gas. Thereby, the overall level of lost load is further 

reduced (Table 5). The two main beneficiaries of the new infrastructures are Turkey and Greece, who 

directly profit from the SGC and no longer suffer missing supply. Thanks to the SGC, Italy benefits 

from increasing export via Greece. In addition, newly implemented LNG import capacities help 

Croatia and Sweden to improve their supply situation. 

The extension of the Nord Stream generates growing Russian exports towards Germany, that supplies 

part of the missing gas from Ukraine by re-exporting to Poland, Czech Republic and Austria. As a 
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result, the pipeline significantly impacts the European security of supply. Ukraine and Romania are the 

sole countries enduring supply disruption (Table 5).
9
 

Table 5: Lost Load in the different market scenarios during crisis 

 Baseline 

2013 

As-is  

2030 

Main 

Projects 

Nord Stream 

2 

Bulgaria 54% 11%   

Croatia 65% 58% 15%  

Greece 78% 21%   

Italy 19% 8% 9%  

Romania    22% 

Slovakia 69% 44%   

Slovenia 38% 100%   

Sweden  38% 7%  

Turkey 24% 13%   

Ukraine 66% 62% 59% 60% 

Average Europe 13% 9% 7% 6% 
The results are given as percentage of the respective demand during the four crisis months. Countries not listed have 

no lost load. 

 

Examining the change in flow patterns during the crisis (Figure 2), it becomes visible that the 

interruption of the Russian-Ukraine pipeline tends to lead to shortages along two main routes. The first 

one runs though Ukraine-Slovakia-Austria-Czech Republic to Italy; the second from Ukraine-

Romania-Bulgaria to Greece and Turkey. To cope with the missing gas, several alternatives are 

exploited. 

In all cases, one notices ‘reverse’ flows patterns (gas flowing from Western towards Eastern Europe). 

The main source for these flows is increasing Norwegian exports channeled through Germany. In 

some cases, additional supply from Northern Africa can be obtained, either towards Italy
10

 or as LNG 

exports to Spain. In Main Projects and Nord Stream 2, new infrastructures are used to import 

additional Russian gas via Turkey that is re-directed towards West. This is especially helpful for the 

Balkan countries which have sparse alternatives of supply.  

Throughout the scenarios, two general trends can be observed. First, the increase in the availability of 

production capacity forecasted by the IEA, notably in the Middle-East, results in enhanced gas 

security in Europe. Second, infrastructure projects further have a strong positive impact on the 

European short-term SoS.
11

  

                                                      

9 Nord Stream 2 causes higher lost load than Main Projects for Ukraine and Romania due to feedback effects from the 

pipeline extension. The crisis assessment is based on an uninterrupted market simulation providing the respective load levels. 

The extension of the Nord Stream connection reduces the natural gas flow over the Russian-Ukrainian route, increases the 

availability of transport capacity, and thus yields shrinking prices for several Eastern European countries under normal 

market conditions. Furthermore, Romania and Ukraine display a less pronounced price spread between winter and summer, 

which reduces their incentive to store gas. The overall higher demand level and reduced storage levels following the 

introduction of the Nord Stream 2, mean they are more prone to supply disruptions. Therefore, there exists a 

counterproductive effect of an increased supply for the energy security of some regions. 
10 Nonetheless, as the shock occurs at the peak time of gas consumption in Europe, spare production capacity is a scarce 

resource. The growing pipeline flows from Algeria and Libya towards Italy in the Baseline 2013 case are only made possible 

thanks to a reduction of their LNG exports. 
11 The extension of Nord Stream can also create a trade-off for the current transit countries of other Russian pipelines (e.g. 

Poland), between the loss of transport fees and an enhanced European security of supply. 
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Figure 2: Flow reallocation during the four crisis months 

 

 

5.2 Impact of Supply Security Policies 

As shown by the above assessments, the average European market conditions do not show significant 

supply constraints or extensive congestion problems. However, the overall dependency on Russian gas 

is seen critical and can be a source of trouble in case of delivery interruptions. The currently discussed 

extension of the European gas infrastructure might help to weaken, at least to partially counter this 

threat. On the contrary, Nord Stream 2 is often seen as enlarging the dependency and potentially 

increasing the threat for East Europe in case of supply disruptions, albeit our results indicate that this 

is not necessarily the case. Nonetheless, given the fact that the main challenge consists rather in 

managing specific extreme conditions than in structural problems of the market, one may think about 

alternative approaches that could provide additional supply security without the need for costly 

infrastructure investments. 

Against this background, we extend our assessment by simulating the impact of specific policies 

targeting a more secure supply; namely: 

1. Strategic Storage: Imposing an obligation to maintain a specific storage level for 

emergency situations. 
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2. European Storage Coordination: As not all countries can rely on own or sufficient 

storage capacities, coordination among countries during the crisis is key. This policy 

seeks to tackle this question by assessing the difference between cases where countries 

can or cannot share their strategic storage with each other. 

3. Long-Term Contracts: As a significant share of international gas trade is conducted via 

bilateral long-term agreements those contracts could in principal entail a supply guarantee 

priority during emergencies. Based on the exiting long-term contract structure we 

evaluate the impact if those would include a priority supply for the contract holders. 

Following, we present these different policies and simulate their impact using the same model 

framework as for the Russian supply disruption assessment. 

5.2.1 Impact of Strategic Storage 

Storage is a prominent flexibility provider, both to cover fluctuations of seasonal demand and in case 

of supply disruptions. Recognizing its importance, several European countries have put in place a 

strategic storage policy. For instance, Italy imposes a minimum storage level of 4.6 bcm of gas. In 

Hungary, gas suppliers are required to store 10% of the total demand. A detailed overview of the 

national policies can be found in EC (2015). 

Our first policy assessment simulates the implementation of a strategic reserve obligation at the 

European level. We define the obligation as a fixed percentage of each country's storage capacity. The 

storage obligation must be held throughout the year and can only be used in case of a crisis. If the 

strategic reserves have been used to overcome a crisis, they must be refilled at the latest five months 

after the end of the crisis. To evaluate the policy's impact on SoS, we implement the Russian crisis 

scenario for different level of storage obligation.  

Table 6: Impact of the storage obligation policy on Europe (Baseline 2013) 

Storage 

obligation 

Avg. 

Storage 

Level 

Withdr. 

base 

[bcm] 

Withdr. 

crisis 

[bcm] 

Lost 

Load 

[bcm] 

LL / 

Demand 

Increase 

Cons. 

Exp. 

Increase 

Prod. 

Profit 

0% 66% 66.4 68.2 39.4 12.90% - - 

10% 71% 64.1 76.7 29.1 9.60% 1.3% 2.3% 

20% 76% 60.7 86.6 16.5 5.50% 2.9% 6.5% 

30% 79% 54.2 85.5 11.4 3.80% 5.8% 16.1% 

40% 83% 47.1 85.5 7.5 2.60% 9.2% 28.4% 

50% 88% 41.1 83.5 4 1.40% 12.1% 37.1% 

60% 91% 35.6 81.9 0.5 0.20% 14.9% 47.0% 

70% 96% 30.8 78.9   17.9% 58.0% 

80% 98% 25.7 69.3   21.2% 70.6% 

90% 100% 14.2 58.8   26.3% 89.2% 
Average storage level in % of maximum storage capacity at beginning of winter period; Total sum of withdrawals 

(withdr.) from storage (in bcm) in the base and in the crisis case during a year; Total sum of lost load (LL) during the 

crisis months (in bcm) and the ratio of lost load over demand during the crisis months (in %); Increase in consumer 

expenses compared to the no-obligation case; increase in producer profit compared to the no-obligation case. 

 

Strategic storage obligations have two major effects. On the one hand, this policy augments the 

possibility to recourse to storage gas in case of a crisis. The impact on the European market should, 
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thus, be positive. On the other hand, the obligation reduces the available capacity for commercial 

storage, and might, therefore, hinder seasonal arbitrage. Hence, the direction of the overall impact is 

unsure. 

Using the Baseline 2013 as starting point, Fehler! Verweisquelle konnte nicht gefunden werden. 

highlights the basic dynamics of the storage obligation: more stringent storage obligations lead to 

higher level of storage and, thus, to more available alternatives to cope with the missing Russian 

exports. The stored gas is used for both, national demand and shared with neighboring countries. For 

storage obligation above 40%, Europe is capable to cope with a four months disruption of Ukrainian 

transit with only marginal lost load. The crisis is overcome without any supply disruption at levels of 

mandatory reserves above 70%. 

However, this increase in security comes at a price. There exists a crowding out effect which occurs 

when imposing a more stringent policy: the larger the storage obligation, the smaller the remaining 

storage capacity available for seasonal arbitrage. This effect is highlighted in the second column of 

Fehler! Verweisquelle konnte nicht gefunden werden., where one notes the decreasing trend of 

storage withdrawals during winter season in the base case. The radical formulation of the policy, in 

which storage operators are forced to maintain a minimum level throughout the year that can only be 

released in a crisis situation, leads to significant limitation of the storage usage.
12

 

In addition to reduced withdrawals in winter, the strategic storage needs to be filled with an additional 

amount of gas purchased on the market beforehand. We assume a constant minimum storage level 

throughout the year. Therefore, the storage is only filled once the policy is introduced or after a crisis 

led to refill the strategic storage.
13

 A more limited storage requirement – i.e. only during the winter 

months – could lead to a different operation pattern causing operators to buy more gas on the market 

during the filling season to fulfil their winter obligation leading to regularly reoccurring price 

alterations. Both effects lead to higher average gas prices on the European market in the non-crisis 

conditions. Increasing prices can be seen before the winter season (need to fulfil the winter storage 

requirement) and will be seen in the peak winter time (the diminishing withdrawals must be 

compensated elsewhere). These price increases lead to higher expenses for consumers and higher 

profits for producers (see last two columns from Fehler! Verweisquelle konnte nicht gefunden 

werden.). 

Overall, the effect of strategic reserve policy can be summed up as follow: on the one hand, it brings 

along substantial benefits in terms of energy security. The strategic storage is used as a buffer, which 

helps to cope with unforeseen circumstances and severe crises. On the other hand, however, the policy 

induces certain costs. First, the cost of filling up the strategic storage must be paid. As this would 

represent a regulatory measure, the associated costs are likely to be passed on to consumers. Second, 

                                                      

12 This negative effect could be reduced if the strategic storage is allowed to be gradually released over the winter time if no 

crisis occurs. 
13 Within the model we include several months of lead time, starting in spring of the year before to allow the strategic storage 

to be filled. 



 20 

the strategic reserve restrains the commercial usage of storage, thus foregoing potential seasonal 

arbitrage. Third, stringent filling obligation lead to market-wide reactions: growing overall demand for 

gas due to the higher storage needs, higher prices, and larger price spreads on the market. This 

negatively impacts the consumers. The question is then on the value attached to the supply security. 

Looking at Fehler! Verweisquelle konnte nicht gefunden werden., one notices that a level of 

storage obligation of 20% already halves the missing supply, while causing an increase of 3% of 

consumer expenses. Depending on the valuation of supply security, this might be considered an 

acceptable compromise. 

Turning to the three infrastructure pathways–As-is 2030, Main Projects, and Nord Stream 2–the basic 

insights remain valid. The storage obligation leads in all cases to enhanced security of supply in terms 

of a reduction of the lost load (Table 7). Each infrastructure setting yields a more flexible gas supply, 

which translates into smaller impact of the pipeline shutdown. Nonetheless, the strategic storage 

policy helps to overcome the supply disruptions in a similar way as it did for the Baseline 2013. 

Table 7: Impact of storage obligation in 2030 cases on Europe 

Storage 

obligation 

Lost Load Increase in Consumer Expenses 

As-is 2030 Main 

Projects 

Nord 

Stream 2 

As-is 2030 Main 

Projects 

Nord 

Stream 2 

0% 9% 7% 6% 0% 0% 0% 

10% 6% 4% 5% 1% 1% 0% 

20% 5% 3% 4% 2% 2% 1% 

30% 4% 3% 3% 4% 3% 1% 

40% 3% 2% 2% 6% 5% 2% 

50% 1% 1% 1% 8% 8% 3% 

60%    9% 10% 3% 

70%    11% 12% 6% 

80%    14% 14% 9% 

90%    17% 16% 11% 
Ratio of lost load over demand during the crisis months (in %); Increase in consumer expenses compared to the no-

obligation case (in %).  

 

One of the main drawbacks of the strategic reserve policy is that it prevents the flexible use of storage 

and, therefore, leads to higher prices preventing inter-seasonal arbitrage. As the infrastructure 

scenarios result in additional flexibility of supply on the European market, this effect is less 

pronounced than in the Baseline 2013 case (Fehler! Verweisquelle konnte nicht gefunden werden. 

and Table 7). However, since the level of lost load is also lower than in the Main Projects and Nord 

Stream 2 cases, the question remains open whether the additional benefit in terms of better supply 

during crisis conditions is worth the additional cost.  

Our results also lead to the additional question of whether a storage policy is a more cost-efficient 

solution than investments in infrastructure to address Europe’s supply security concerns. The overall 

benefit of the two infrastructure cases is a decrease in the lost load level of about 2 to 3 percentage 

points. The same improvement can be obtained by imposing a 10 or 20% storage obligation which 
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leads to about 1 to 2% higher consumer prices (Table 7).
14

 Naturally, further factors play into the 

investment decision, yet from a pure supply security perspective, investment in new infrastructure may 

not represent the most cost-efficient solution. 

As a final remark, one must note that our results depend on the underlying assumptions. In the 

Appendix, we provide a set of different sensitivities addressing the way how we model the costs of 

storage and how we define the strategic storage rules. The assumptions do change the obtained 

numerical values but do not fundamentally alter the benefits of the policy or the general conclusions. 

As increases in strategic storage obligations always lead to an increase in supply security the question 

is, how stringent the policy should be formulated, and hence, how large the disadvantages of the 

policy on the consumers’ wallets will be. A more flexible implementation (i.e. gradually freeing up 

strategic storage over winter months) is likely to lead to smaller negative impacts. 

5.2.2 Impact of European Coordination 

In the previous analysis, we assumed that all European countries jointly participate in the policy and 

exchange their strategic gas reserve in an optimal way for the European welfare. Yet, one notes strong 

divergence among storage capacities of European countries (Table 8). While Austria can 

approximately cover its entire annual consumption with a full storage, Germany, France or Italy have 

capacity for around one quarter of their annual demand in storage. And countries like Greece and 

Switzerland have no domestic storage and would depend on the provision by neighboring countries. In 

a crisis case, countries with limited storage capacity rapidly exhaust their entire stored gas and 

subsequently have to rely on additional supply by their neighbors. Hence, cooperation between the 

European players seems a key feature of a strategic storage policy. 

Table 8: Storage capacity as percentage of annual (2013) consumption for selected countries 

AUT 97% ESP 14% HUN 68% 

BEL 4% FRA 27% ITA 24% 

CZE 41% GBR 6% NLD 28% 

DNK 26% GER 28% UKR 65% 

 

To assess the impact of this cooperation, we compare two different cases: a cooperative and a non-

cooperative one. In the latter, gas in strategic storage may only be used to cover a country’s own 

needs, whereas in the former, the strategic reserve might be shared with neighbors. 

To implement this approach in our model, we need to limit the usage of gas to a country’s own lost 

load in the non-cooperative case even if there is more gas in the storage than there is demand shortage. 

To achieve such a restriction, we use an additional model run for reference that entirely forbids the use 

of strategic storage reserves. This allows us to identify the amount of lost load a country has to cope 

                                                      

14 However, a direct comparison of those price increases with the needed investment costs (i.e. for the Southern Gas Corridor 

a total investment volume of US$40 billion is assumed, https://www.tap-ag.com/the-pipeline/the-big-picture/southern-gas-

corridor, for Nord Stream 2 cost in a similar range like Nord Stream 1 of €40 billion can be expected, https://www.nord-

stream.com/download/file/documents/pdf/en/2013/11/nord-stream-by-the-numbers_177_20131128.pdf) is complicated as 

non supply security related aspects of the investments need to be taken into account.  

https://www.tap-ag.com/the-pipeline/the-big-picture/southern-gas-corridor
https://www.tap-ag.com/the-pipeline/the-big-picture/southern-gas-corridor
https://www.nord-stream.com/download/file/documents/pdf/en/2013/11/nord-stream-by-the-numbers_177_20131128.pdf
https://www.nord-stream.com/download/file/documents/pdf/en/2013/11/nord-stream-by-the-numbers_177_20131128.pdf
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with on its own. This value can then be set in relation to a country’s strategic storage reserves.
15

 If a 

country’s strategic reserve is short, it has to rely on increased imports or suffers lost load. Contrary, if 

a country has surplus storage capacity, it will use its storage to compensate the demand shortage but 

not provide surplus stored gas for neighboring countries. It is to be noted, that for all runs, the 

commercial storage (i.e. the non-strategic storage) can be freely used and shared. 

The general importance of cooperation for an efficient crisis management is highlighted in Figure 3 by 

comparing the welfare effects of the different settings for the Baseline 2013 case. One notices the 

large differences between the two crisis cases. The non-cooperation can cause a reduction in total 

welfare of up to 28%. Since strategic reserves cannot be shared, their potential is not fully used. 

Several regions suffer lost load, although their neighboring countries might have remaining stored gas.  

Figure 3: Impact of strategic storage and cooperation on system welfare (billions USD2013) 

 

Total system welfare for Europe. The absolute value of the crisis case is strongly impacted by the assumed costs of lost 

load (10’000 $/bcm)  

 

The differences between the two cases first increase until the 20% storage level (peaking at a 

difference of 28%), shrink afterwards until 60% and 70% (going as low as 5% difference), and 

increase again for the 80% and 90% case (to ca. 10% difference). To explain this pattern, one must 

consider the trade-off caused by the policy. A larger strategic reserve leads to enhanced availability of 

gas to cope with the crisis, while it also reduces the quantity of commercially stored gas. In the context 

of this scenario analysis, this trade-off is even more important, as a distinction between commercial 

and strategic storage is made. Hence, the impact of this trade-off is different in the cooperative and the 

                                                      

15 Technically the approach is implemented as a three-step model: First, the base case market results are obtained with the 

respective storage obligation in place. Second, a crisis run is carried out without the possibility to use the strategically stored 

gas. This run defines the levels of lost load for each country. This lost load is then compared to the strategic storage volume 

and a netted demand position is defined (i.e. if the storage volume is bigger than the lost load, the demand is fully reduced by 

the lost load value; if the volume is smaller than the lost load the demand is only reduced by the storage volume) as well as 

the remaining strategic storage volume is identified. In a third run, the crisis case with adjusted demand level is simulated. 

Depending on the case either with free exchange of the remaining strategic storage volume (cooperation case) or exclusion of 

the remaining volume (non-cooperation case). 
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non-cooperative settings. In the cooperative case, only the increased availability of stored gas is 

relevant, since both, strategic and commercial storage can be freely used and shared. On the contrary 

in the non-cooperative case, only commercial reserves might be distributed among neighbors.  

Therefore, increasing strategic storage has a twofold effect on the supply security in the non-

cooperative case; positive on the one hand (more gas in storage for one's own needs) and negative on 

the other hand (less commercial storage to be shared). The direction of the overall impact depends 

notably on the storage occupancy before the policy implementation. Provided a country has already a 

rather filled storage, the strategic storage obligation will mainly result in a crowding out of the private 

reserves. Hence, a more stringent reserve obligation could make the neighbors worse off. On the 

contrary, if the storage of a country is fairly empty, the policy will increase its total reserve level. This 

is in turn directly beneficial for the country's supply security. Although the strategic reserves cannot be 

shared in the “non-cooperative” case, it might still have a positive indirect effect on the neighbors, as 

it reduces the demand for gas in case of crisis.  

Figure 4: Total commercial storage availability in November by storage obligation 

 

 

To visualize this interaction Figure 4 shows the impact of the storage obligation on the free available 

storage volume in Europe. The crowding out effect starts rather slowly, thus the positive impact of the 

policy dominates. Each increase of the storage requirement yields a larger pool of reserves to be 

shared in the cooperative case; however, in the non-cooperative one, this pool is diminishing. Hence, 

the difference between the two cases is growing. From 30% onwards we observe a decreasing growth 

in the total pool of storage (i.e. a reduced growth in the overall benefits of the policy). This leads to the 

decrease in the difference between the two cases. For high storage obligations, the available 

commercial storage is plunging (for instance because Germany reaches its storage capacity). Hence, 

the sharing of the reserves is drastically reduced. Each country must then be self-sufficient, and the 

nation with insufficient storage capacities might endure lost load again. This explains why the 

difference is growing for very high obligations. 
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Lastly, looking into country specific effect we can identify which countries benefit most from a 

cooperative policy (Table 9). Since Greece does not hold gas storage capacity, it suffers severe supply 

disruption in the non-cooperative set-up; whereas in the cooperative case, the country can fully satisfy 

its demand at high level of storage obligation. The same observation is valid for Croatia or Italy, who 

both possess significant storage capacities, yet covering only a limited part of their yearly demand 

(roughly 20% in both cases). For a country with a relatively large storage like Ukraine, one notices 

that the impact of the cooperation is more restricted, yet still positive. Other countries with little 

storage capacities, like Switzerland, are less impacted as they rely less on gas from Russia. 

 

Table 9: Lost load over demand during the crisis for selected countries in the non-cooperative 

and the cooperative cases 

Storage 

obligation 

Cooperative Case Non-Cooperative Case 

CRO GRC ITA UKR CRO GRC ITA UKR 

0% 65% 78% 19% 66% 65% 78% 19% 66% 

10%  78% 9% 68% 66% 78% 19% 68% 

20%  35%  43% 64% 78% 17% 53% 

30%  17%  34% 67% 60% 14% 47% 

40%  33%  21% 70% 63% 6% 33% 

50%  48%  23% 74% 68% 3% 17% 

60%  26%   77% 50% 1% 7% 

70%     82% 50%   

80%     86% 50%   

90%     91% 36%   

 

Summarizing the findings, we can conclude that European coordination is a highly valuable aspect of 

a security of supply policy. Without proper exchange and coordination on measurers during supply 

shortages the needed countermeasures need to be scaled up significantly to achieve a similar effect, 

with some countries not being able to achieve a comparable effect at all.  

5.2.3 Impact of Long-term Contracts 

In addition to infrastructure investments and storage operation, bilateral supply contracts can further 

represent a form of supply insurance in case of an overall market shortage. As stated in Section 3.1, 

we use the database of Neumann et al. (2015) of long-term contracts in Europe. These contracts were 

historically prominent for the European gas market covering the vast majority of gas imports in many 

countries. Nowadays, their relevance is challenged by the rising importance of sport markets. Despite 

these changes, they remain a significant part of gas importers’ portfolio, especially when speaking 

about the security of supply. One can consider long-term contract as a more ‘secure’ source of supply 

as it ensures the quantities of gas delivered as long as parties stick with the terms of contract.  

Given this reasoning and the fact that long-term contracts still cover a large share of European 

consumption, we investigate the impact of these contracts on the European security of supply. To that 

extent, we compare two different cases. In the first one, countries do not have to stick with contracts 

during a crisis (disruption of the Russian-Ukrainian pipeline). Hence, they do not face any 
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consequences if they fail to deliver the promised gas. On the contrary, in the second one, exporters 

have to stick with the contract and pay a financial penalty in case of failing to deliver. To simulate 

this, we introduce a differentiated cost of lost load for the share of demand covered by long-term 

contracts. Defaulting on these consumers will thus be more expensive than on other ones. 

Table 10 displays the resulting average lost load in percent of demand for the European countries 

which must endure missing supply during the crisis. Comparing the case with and without penalty, one 

notes the clear impact of the long-term contracts on security of supply. The introduced financial 

incentive dissuades exports to default on their long-term commitments. Thereby, the countries which 

had a high share of contracts are better off than others. Greece, Italy, Portugal, and Turkey are all freed 

from their lost load problems, while even the Ukraine can reduce its missing gas share.  

On the other side, countries which do not possess long-term contracts are penalized by the new 

situation. From a system point-of-view, it is now optimal for exporters to default on these countries, 

rather than on those holding long-term contracts. Thus, the missing supply problem is shifted toward 

Eastern European countries like Bulgaria, Croatia, Slovakia or Slovenia. Even Romania suffers lost-

load despite a share of 16% of long-term contract. On the Western end, Great-Britain and Ireland also 

both see enhanced problems supply security which is mostly due to a reallocation of Norwegian gas 

and LNG for countries with long-term contracts. Some countries are, in turn, unaffected by the policy, 

as they do not face shortages in supply in any of the cases. This is for example the case of Switzerland.  

Table 10: Impact of long-term contracts on lost load 

Country 

Long-term contracts 

share 

Lost Load 

without contracts 

Lost Load 

with contracts 

Bulgaria  40% 100% 

Croatia  42% 60% 

Great Britain   13% 

Greece 63% 9%  

Hungary   5% 

Ireland   87% 

Italy 62% 14%  

Portugal 58% 37%  

Romania 16%  69% 

Slovakia   100% 

Slovenia  23% 100% 

Spain 27% 9% 5% 

Sweden   49% 

Turkey 54% 20%  

Ukraine 39% 62% 52% 
Ratio of lost load over demand during the crisis months (in %) 

Summing up, one notices that a financial penalty for breach of contract, discouraging exporters to 

default on their long-term contract, might be a powerful tool to enhance countries’ security of supply. 

The question of whether the parties in a long-term contract will accept such a clause and of whether, in 

the absence of such a penalty, the exporters will favor its long-term clients over others remains to be 

answered. 
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6 Conclusion 

The recurring political tensions between Moscow and Kiev, the debate about Nord Stream 2, and the 

ongoing liberalization process of the European gas market raised concerns about energy security. 

Numerous research efforts have been devoted to tackle this issue, yielding heterogeneous insights. In 

this context, the present study draws on existing literature on the modeling of energy to formulate an 

optimization model of the European natural gas market to provide an assessment of the supply security 

under different system developments and policy settings. The results indicate a general sufficient 

European gas infrastructure under normal market conditions. The existing pipeline and LNG 

infrastructure in Europe and the expected increase in global gas production are sufficient to 

compensate the reduction in indigenous European gas extraction. However, the strong dependency on 

Russia leads to subsequent threats on supply security. Based on these general system characteristics 

the different supply security assessments allow three main conclusions. 

First, the projected extension in terms of LNG terminals and the Southern Gas corridor might help to 

improve the security of supply, yet are not sufficient to completely eliminate the threat of demand 

curtailments in case of Russian-Ukrainian transit disruptions. North Stream 2, on the other hand, 

reduces the importance of the Ukrainian route, on the expense of increasing the reliance on Russian 

gas. Equally important to Europe’s infrastructure is the capability of the global gas market to provide 

flexible gas that can be reallocated towards Europe. The expected increase in global production 

capacities is likely to improve this situation. However, if the market cannot react, additional import 

capacity may not provide any benefit for critical situation. In this context, the role of reverse flows is 

even more important, as they allow gas imports to be reallocated and to reach those regions with 

supply shortages. 

First, the projected extension in terms of LNG terminals and the Southern Gas corridor might help to 

improve the security of supply, yet are not sufficient to completely eliminate the threat of demand 

curtailments in case of Russian-Ukrainian transit disruptions. North Stream 2, on the other hand, 

reduces the importance of the Ukrainian route, on the expense of increasing the reliance on Russian 

gas. Equally important to Europe’s infrastructure is the capability of the global gas market to provide 

flexible gas that can be reallocated towards Europe. The expected increase in global production 

capacities is likely to improve this situation. However, if the market cannot react, additional import 

capacity may not provide any benefit for critical situation. In this context, the role of reverse flows is 

even more important, as they allow gas imports to be reallocated and to reach those regions with 

supply shortages. 

Second, policies tackling the management of storage seem a cost-efficient method to meliorate supply 

security. A relatively modest amount of strategic storage of 20% to 30% already allows to cover the 

majority of demand curtailment for a four-month Russian supply shortage. Assuming further short-

term flexibility options that cannot be represented with the model approach, like demand management 

and bi-fuel consumers, this is likely to suffice for most of the crisis situations. At the same time the 

costs of this policy are rather modest as the reduced capability for seasonal arbitrage is not yet 
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significantly reduced at this obligation level. Furthermore, gradually freeing up the strategic storage 

over the winter months will further reduce the negative market impacts. 

Third, to achieve an efficient crisis management, coordination across European countries is essential. 

Purely national approaches will lead to suboptimal decisions and require a higher effort to achieve 

similar outcomes as a coordinated approach. Consequently, if introducing security storage obligations, 

one must set clear rules on their operation during a crisis situation. As the storage capacity in relation 

to the demand varies greatly across European countries, it seems crucial to ensure collaboration among 

neighbors and coordination in crisis management. The assessment of the role of long-term contracts 

points in a similar direction. While they provide higher supply security for the signing party, they can 

negatively impact other European countries. An optimal European policy approach therefore is likely 

to trigger trade-offs and may potentially require compensations to incentivize all countries to 

participate 

Given the main findings of the paper we conclude that the overall assessment for Europe’s supply 

situation is relatively positive, as the region already possesses most of the needed structures to address 

longer shortages. 

 

These various insights on the European security of supply pave the way for further research. Albeit a 

prominent concept, energy security is difficult to measure. Through shock scenarios, as in the present 

work, one obtains an appreciation of the short-term resilience. One could then combine various shock 

scenarios into a single indicator, measuring the short-term energy security. This metrics should then be 

compared to other indicators of supply security, for instance related to long-term aspects of the 

concept, to obtain a truly global assessment of the security of supply. A first conceptualization of such 

an indicator is provided in Abrell et al. (2019). 
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Appendix 

In the following we provide an overview on sensitivities on the underlying assumtions of the stratetgic 

storage assessment presented in Section 5.2.1; namely the costs of storage the definition of the 

strategic storage rules. 

 

Cost of storage 

For this sensitivity analysis, we run the model with a modified formulation of the storage cost 

function, where the holding of one unit of gas in storage induces a cost at each time period. For this, 

we multiply the storage level with a cost factor. In order to keep the results comparable, we assume 

that injection and withdrawal do not create additional costs and divide the so far assumed cost factor 

by five (thus assuming that average number of storage cycle per year is slightly greater than one). 

Looking at Table 11 one notices that both the lost load ratio and the increase in consumer expenses are 

rather close to their respective value with the former cost formulation. The missing supply resulting 

from the crisis is slightly larger than the former one, explained notably by the light drop in storage 

fullness that derives from the new cost structure. On the other hand, the growth in consumer expenses 

stay slightly below the former values. Overall, one does not notices significant differences in the main 

results with the alternative cost formulation. 

Table 11: Results for cost sensitivity  

Sto. oblig. Av. fullness LL / demand. Cons. exp. 

0% 65% 13.7% - 

10% 70% 9.7% 0.8% 

20% 76% 5.5% 2.4% 

30% 80% 3.7% 4.9% 

40% 82% 2.4% 8.1% 

50% 86% 1.5% 11.1% 

60% 91% 0.5% 13.8% 

70% 96% - 16.7% 

80% 97% - 19.9% 

90% 100% - 24.8% 
Average fullness of storage in relation to maximal storage capacity, ratio of lost load over demand during the crisis 

months, increase in consumer expense under normal market conditions induced by the storage obligation. 

 

Storage holding obligation 

We further test two different formulations of the policy. In the first one, the storage obligation is 

formulated on the aggregated level. Instead of each country having to hold a certain percentage of 

their storage capacity, we assume that a certain percentage of the yearly total European consumption 

must be held in storage somewhere in Europe, regardless in which country. This naturally leads to a 

higher amount of stored gas, as now also demand from countries without storage factors into the 

obligation.
16

 

                                                      

16 Assuming an European storage obligation defined on the overall storage capacity – and therefore equivalent to the country 

specific obligation approach – should lead by definition to at least the same, likely better results, as the model will have more 
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One can gather from Table 12 how the first few iterations of this alternative formulation only have a 

modest impact on the average storage fullness. The policy's impact only kicks in at approximately 

15%, while it induces full storage at roughly 20% already. The level of storage required for the policy 

to be effective in terms of security of supply, e.g. 20%, induces larger rise in consumer expenses than 

with the former formulation. Hence, an aggregated approach seems less efficient than the previous 

one. 

Table 12: Results for aggregated storage obligation 

Sto. oblig. Av. filling LL / demand. Cons. exp. 

0% 72% 11.2% - 

2.5% 73% 9.3% 0.8% 

5% 73% 7.9% 3.5% 

7.5% 73% 5.6% 6.6% 

10% 70% 4.9% 9.8% 

12.5% 73% 4.1% 12.7% 

15% 78% 3.2% 15.6% 

17.5% 86% 1.6% 19.8% 

20% 97% 0.2% 24.2% 

22.5% 99% - 29.2% 
Average filling of storage in relation to maximal storage capacity, ratio of lost load over demand during the crisis 

months, Increase in consumer expense under normal market conditions induced by the storage obligation. 

 

As a second step, we test an alternative formulation which relaxes the year-round obligation of storage 

holding and introduces additional flexibility The policy is formulated as follow: each country 

possessing gas storage must hold at the beginning of the winter (November) a certain percentage of its 

domestic winter demand or, if this exceeds its capacity, the same percentage of its storage capacity. 

Contrarily to the normal formulation, countries are hereby allowed to use their strategic reserves 

during the winter, bearing in mind they must have their storage refilled by the beginning of the next 

winter. 

Looking at the benefits of the policy, although the first few iterations deliver insignificant changes, 

one notices that roughly starting from a 40% limit, the welfare reduction amounts to similar values as 

with the regular formulation. On the other hand, the induced increase in consumer expenses is 

significantly smaller. For example, a level of 50% results in a 5% increase in consumer expenses, 

whereas the same level induces a 12% rise for the previous formulation, while both lost load ratios are 

at comparable level. Hence, for a similar benefit, this alternative formulation seems to create smaller 

negative welfare impacts. This is to be explained by the flexibility provided to the countries which 

must not hold the strategic reserve unused, but might actually withdraw it during the winter season and 

feed it back to the market. 

                                                                                                                                                                      

flexibility to distribute the same amount of stored gas. The main challenge for a joint approach therefore lies in the definition 

of a appropriate target value. 
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A likely similar result could be obtained by gradually freeing up the strategic storage over the winter 

months when no crisis occurs (i.e. allowing 25% of the stored gas to be used after December, antoher 

25% after January and so on). 

Table 13: Results for demand related storage obligation 

Sto. oblig. Av. filling LL / demand. Cons. exp. 

0% 71.5% 10.9% - 

10% 73.3% 10.9% - 

20% 74.0% 10.9% - 

30% 75.5% 8.5% 0.8% 

40% 80.1% 4.0% 3.3% 

50% 83.1% 2.2% 4.2% 

60% 85.7% 0.6% 4.9% 

70% 87.3% - 5.5% 

80% 88.5% - 5.9% 

90% 89.0% - 6.0% 
Average filling of storage in relation to maximal storage capacity, ratio of lost load over demand during the crisis 

months, increase in consumer expense under normal market conditions induced by the storage obligation. 
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