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Abstract

:

Natural gas covers more than 20% of Europe’s primary energy demand. A potential disruption could lead to supply shortages with severe consequences for the European economy and society. History shows that such a vast and complex network system is prone to exogenous and endogenous disruptions. A dedicated large-scale dataset of the European natural gas network from publicly available information sources is assembled first. The spatial coverage, completeness and resolution allows analyzing the behavior of this geospatial infrastructure network (including consumption) and its components under likely disruptive events, such as earthquakes, and/or technical failures. Using the developed system state simulation engine, the disruption impact is mapped. The results show that storage facilities cannot in all cases compensate for a pipeline disruption. Moreover, critical pipelines, such as the Transitgas pipeline crossing the Alps and the Trans-Mediterranean pipeline bringing natural gas from Northern Africa, are identified. To analyze the pipelines with high impact on the system performance, a detailed scenario analysis using a Monte Carlo simulation resulting in supply grade mapping is conducted and presented for the case of Italy. Overall, it can be concluded that locations with a dead-end, sole supply, and without storage facility nearby, are remarkably exposed to natural gas supply losses.
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1. Introduction


Pipelines throughout Europe transport large volumes of natural gas, covering more than 20% of Europe’s primary energy demand [1]. Uninterrupted gas supply is essential for use in private households and industries, as well as for electricity generation [2]. The current, complex natural gas supply system grew organically over the past few decades to an impressive intercontinental network following political and economic developments. Planning and large investments are made with long-term contracts locking investors’ capital for decades, leading to a rather static supply system [3].



Despite the importance of the resource, the well-developed infrastructure and the large investments, history shows that unforeseen events can damage the system and lead to supply shortages [4]. One of the most recent examples is the accident that happened at a key European natural gas hub in Baumgarten, Austria, in December 2017. The accident caused, besides more than 21 injuries, a disruption leading to the declaration of a state of emergency by Italy, because of threats to its natural gas supplies [5]. In this context, decision problems in operation and planning of natural gas transmission networks rely on large scale models [6]. In the past, however, critical infrastructure networks were developed to minimize local rather than global failures. Consequently, the impact of local optimization on the European natural gas network’s robustness and security of supply on a global scale was analyzed [6,7,8]. Although network flows were estimated [6], the focus was mainly on the network’s topology rather than on the network’s overall performance.



Since zero risk does not exist, meaning that disruptions could occur [9], the resilience of a system is an important factor to take into account [10]. Although, there is no general consensus on a definition of resilience pertinent to a complex system [11], an agreement on considering a disruption phase (draw-down) and a recovery phase (draw-up) of the system performance over time emerged [12,13,14,15]. Disruptions can be exogenous (e.g., natural hazards, terrorism, criminal activities, etc.) or endogenous (e.g., technical failures of components, erroneous human actions and systemic failures) [10,16]. Assessing exogenous events, such as natural hazards at a particular location is a complex matter, because of the diversity of impacts, intensities and consequences [17]. Research with focus on natural hazard induced vulnerabilities (e.g., fragility/vulnerability functions) of infrastructure components was conducted and catalogued in the past [18,19,20,21]. Furthermore, endogenous events such as events caused by technical failures or erroneous human actions require an adequate and consistent analysis. For this purpose, the Energy-related Severe Accident Database (ENSAD) developed by the Paul Scherrer Institute (PSI) provides a comprehensive information source with consistent, global coverage [22,23].



A challenge in assessing the disruption performance of infrastructure systems is the fact that many of them are networks (often represented by graphs), as for example the European natural gas network, with nodes (vertices, points) and links (edges, vectors, connections) [24]. Indeed, the performance of a network is, in most cases, more complex than the sum of the performance of its components [25,26]. Therefore, several studies proposed methodological frameworks that incorporate the highly complex thermal–hydraulic computation [6,27,28,29,30] coupled with stochastic processes to estimate the component states of the network requiring very detailed information of the network’s technical specifications and component conditions [29,30,31,32,33,34]. To take uncertainties of the demand and supply into account, simulations involving economic models [28,30,34,35,36] and flow allocation strategies have been used [3,30]. Concerning methodological developments, many studies rely on the same fictitious dataset, “assuming reasonable and coherent information and data of the pipeline network, including pipeline parameters, customer demands, gas source capacities and compressor station parameters” [30,31,32,33]. This dataset represents a relatively small network compared to the European natural gas network. Table 1 gives a systematic overview of the discussed studies.



Some disruption aspects of the European natural gas network were analyzed before using commercial data [3,6,7,27]. There is, however, no publicly available dataset to extend the analysis towards the real European natural gas network, which, for example, could involve not only endogenous threats, but also natural hazards going beyond the conducted studies [3,6,7,27]. Such a dataset would also allow the connection of socioeconomic demands with physical material and resource supplies on different spatial and temporal scales. Assembling such a model has been very difficult as a combination of confidentiality issues and competitive industry interests often preempted such efforts [37].



Therefore, the first objective of this study is to illustrate how to collect geographic information on natural gas network infrastructure using geographic information system (GIS) tools for the assembly of the natural gas network model for Europe as an example. This follows the spirit of a more open source, transparent and reproducible data employment of research analyzing the energy sector [38], ultimately aiming to provide a realistic representation of the European natural gas network. The second objective is to conduct a disruption impact analysis of a single pipeline failure using complex networks approaches and two scenarios (with and without storage facilities). This leads not only to the identification of potential bottle-necks of the infrastructure network, but also considers aspects of exposure and component failure. Therefore, the exposure of the network to seismic hazards and technical failures is analyzed and combined with the potential maximum flow losses leading to the characterization of the system’s performance loss (disruption impact), which is a measure of its resilience capability. Seismic hazards and technical failures were chosen because the insurance industry emphasizes that the natural gas network is especially prone to such events [39,40]. The analysis proposed in this study involves the disruption frequency, intensity and exposure estimation of the network under investigation and the incorporation of fragility/vulnerability curves. As third objective, the performance of the network and the related supply grade (the percentage of the sink’s consumption that can be covered in case of a pipeline failure) in a disruption scenario (single pipeline failure) is computed, explored and visualized. For this, the focus is on Italy using the developed geospatial European natural gas network model. A Monte Carlo simulation (including the effect of available storage facilities) is performed to take the variation of potential outcomes into account.



This article is organized as follows. Section 2.1 gives a detailed description of the data and how it was collected. Section 2.2 explains the methodological framework developed and applied, including aspects of geographic consumption allocation, complex networks theory, and exposure and disruption assessment for selected scenarios. In Section 3, impact simulation results for the considered system and the disruption scenarios are presented and discussed, including possible implications on the decision-making processes. Finally, Section 4 provides the main conclusions and recommendations of this study.




2. Materials and Methods


2.1. System and Data


The focus of this study is on the European natural gas infrastructure network, which consists of a number of interconnected components. Such a large-scale and complex infrastructure network is exposed to a variety of potential hazards, which can cause disruptions and result in loss of supply on a regional level [3]. In this study, a network perspective is employed to account for the complexity of the system. This includes geographic information (e.g., capacity of each pipeline segment, locations of infrastructure elements) required to model the system’s services. The next sections describe the various types of data collected and subsequently used in the analysis.



2.1.1. Infrastructure Network Data


A natural gas network consists of different components, such as pipelines, compressor stations, storage facilities, Liquefied Natural Gas (LNG) terminals to mention just a few [41]. The European Network of Transmission System Operators for Gas (ENTSOG) provides some essential information on the transmission network and its infrastructure. Table 2 gives an overview about the data and information used to develop the infrastructure network model developed in this study.



The geographic information of the European natural gas network was extracted from the ENTSOG’s transparency platform [42]. The three pipeline layers available (“medium and large pipelines” (>24 inch), “large pipelines” (>36 inch) and “all pipelines” (all pipelines recorded on the ENTSOG transparency platform)) were downloaded in form of 1024 high-resolution images (raster grid) for each layer as displayed in Figure 1.



Since the ENTSOG maps are in an unknown coordinate system, the maps have to be georeferenced. The information processing is similar to Jensen and Pinson 2017 [37] and illustrated in Figure 2. First, 78 georeferenced points evenly distributed throughout Europe (see Figure 2, (i) georeferencing) were chosen according to identified “Landmark” points of the network. The georeferencing transformation type “Thin Plate Spline” was applied to georeference the ENTSOG maps. The resulting georeferenced images, were then reclassified to achieve binary cell values (0 or 1, see Figure 2, (ii) reclassification of raster cells). This is done because the ArcScan tool requires a binary raster grid. Finally, to vectorize the raster grid, the ArcScan function provided by ArcGIS was used [2]. The default vectorization settings were applied, as they provide a satisfactory vectorization. To result in the different pipeline diameters provided by ENTSOG (in Figure 1), the three georeferenced vector files were combined.



This processing resulted in a dataset with information on geography and pipeline diameter. The required flow capacity was estimated for the three pipeline diameter bins defined in Table 3, using the average pipeline capacity for the European natural gas network [6]. Table 3 gives an overview of the pipeline categorization according to the diameter and capacity. The scales of the model and the data preciseness determine what phenomena can be examined. Although the pipeline capacity is roughly assigned according to three capacity bins because of the limited information provided by ENTSOG 2016 [42], the annual flows of the fully operational network can cover the allocated annual natural gas consumption. The rough allocation of pipeline capacities, due to the given pipeline diameter bins, however, does not allow to develop a detailed model of pipeline packing (the process of adding flow capacities due to short-term operational pressure increase of natural gas pipelines). The assigned pipeline capacities, however, could also represent the potential short-term capacity increase as they are roughly assigned with an upper limit.



The geographic information about natural gas storage facilities were extracted using the ENTSOG’s Application Programming Interface (API) to access the transparency platform [42]. To identify the natural gas sources the “Transmission Capacity Map 2015” of ENTSOG was used [42].



The flow in the network is facilitated by compressor stations. The compressor stations create a pressure gradient needed for an efficient natural gas transmission. Hence, compressor stations have to be considered for a meaningful disruption performance assessment of a natural gas network. However, no data on compressor station locations is available from ENTSOG. This gap was filled by assuming an uniform distribution of compressor stations along each pipeline, because a significant transport cost reduction can be achieved by an efficient compressor station arrangement [43]. In the case of technical failures, the compressor station failures are involved in the accident statistics and can be assigned according to the pipeline length. In the case of seismic hazards an exposure analysis of the corresponding pipelines (including compressor stations) is required. The location of a compressor station is estimated using an average distance between compressor stations along the pipelines. According to the reviewed literature, the compressor station distances range between 64 km and 424 km, as illustrated in Figure 3.



The compressor station distances, however, are very sensitive to the seismic failure rate as shown in SI Section S1: Seismic failure rate. Therefore, the smallest compressor station average distance found in the literature (64 km) [43,44,45,46,47,48,49] is conservatively taken for further analysis (Supplementary Materials).



The assembled infrastructure information is displayed in Figure 4. The data is imported to GIS (i.e., QGIS [50]) to provide a graphical representation of the European natural gas network.



A very important aspect is the information and accuracy of the location of the natural gas sources and natural gas storage facilities. The offshore sources and the sources resulting from LNG terminals, and import pipelines are given by the ENTSOG transparency map and trade statistics [51], respectively. The storage facility information is collected from the ENTSOG transparency platform. The storage facilities have a dual role in the natural gas system as they can consume natural gas (storage filling) or supply natural gas (storage withdrawal). Depending on the location in the network, a storage facility can support up to the total natural gas flow loss in case of a pipeline failure [41]. For this reason, the effects of the storage facilities are in particular examined.




2.1.2. Data to Allocate the Natural Gas Consumption


To allocate the natural gas consumption throughout the network, the location and consumption of the natural gas power plants and the spatial distribution of the population is considered.



The employed datasets are listed in Table 4. The overall consumption on the national level is used and further allocated to power plants and other consumers (e.g., private households, industrial facilities, commercial facilities). There is no official database recording the European power plants [37]. Therefore, the open-source Enipedia database [52] was chosen, because it connects to several other databases, such as the Global Energy Observatory database [53] and the European Pollutant Release and Transfer Register (E-PRTR) [54]. To estimate the natural gas consumption of each power plant recorded in the Enipedia database [52], the carbon dioxide emissions were considered (see also Section 2.2.1).




2.1.3. Natural Hazard and Technical Failure Data


In this analysis, seismic hazards and technical failures are considered. The seismic hazard map for Europe [57] is used to analyze the exposure of the infrastructure to earthquakes. The data is provided as a raster grid on a ~11 km resolution for a 10% probability of exceedance in 50 years of a certain peak ground acceleration (PGA). The given parameters are inputs currently required by almost all National Annexes of the Eurocode 8, a standard for the design of structures for earthquake resistance [58]. An average lifetime of natural gas infrastructure system components is used to assess the total seismic hazard exposure and the mean annual seismic failure rate of that component and the network.



The Energy-related Severe Accident Database (ENSAD) [22,23,59] is used for the estimation of technical failure frequencies of natural gas accidents. ENSAD is part of a long-term research activity on comparative risk assessment at the Paul Scherrer Institute (PSI). It contains ~24,000 unique energy-related accident records worldwide, with more recent years under verification. The database is continuously updated using a full-chain approach, recording accident information (e.g., date, location, infrastructure type, accident type, energy chain and stage, fatalities, injuries, economic loss, etc.). The database is one of the most authoritative sources for consistent and worldwide information on accidents in the energy sector [59,60] and it is currently transformed into an interactive, GIS- and cloud-based, responsive web application [23,61]. For this study, the records reporting natural gas accidents involving the natural gas network of Europe are considered.





2.2. Methods


To conduct a resilience assessment in the field of engineered system sciences (e.g., infrastructure), besides the hazard exposure and frequency analysis, the performance or functionality of components and the system throughout a disruptive event has to be modeled [15,62]. This involves the disruption phase (draw-down), including the simulation of the disrupted state of the system, and a recovery phase (draw-up) represented by the system performance over time [62,63]. The focus of this study is on the disruption phase, whereas in another study, in which two of the authors were involved, a simulation of the recovery phase was carried out [64]. Figure 5 provides a schematic overview of the applied models and analysis methods to map the disruption impact and the resulting natural gas supply grade for selected scenarios.



In the following sections, an overview of the models and the applied analysis methods is given. The models are assembled using the collected geospatial information (see Section 2.1). The consumption is allocated to the infrastructure components (Section 2.2.1) and an infrastructure network model is built (Section 2.2.2). The component failure rates caused by seismic hazards (FRS) and technical failures (FRT) are estimated (Section 2.2.3). The network performance in case of a component failure is then computed using a system state simulation engine (Section 2.2.4). Finally, the disruption impact mapping (DIM), which is essential to assess the system’s disruption performance, and a scenario-based supply grade mapping (with focus on Italy) are described in Section 2.2.4.



2.2.1. Consumption Allocation


The European natural gas network has the purpose to deliver natural gas to consumers throughout Europe. The service is represented by the maximum flow, because this is the amount of natural gas delivered to consumers. The consumers and the natural gas volumes consumed have to be geographically allocated to the network to account for the spatial distribution of the natural gas consumption. The consumers can be divided in two groups: natural gas power plants and other consumers (OC), such as private households, public bodies and private companies. A total of 23% of the natural gas is electrified by the natural gas power plants in Europe [65]. Since the large natural gas volumes consumed on a power plant level are concentrated at specific locations, the power plants need to be treated separately in the consumption mapping process. The remaining 77% of natural gas is consumed by OC, which use natural gas directly for heating and cooking and/or for industrial activities. The consumption is allocated according to the approach shown in the flow chart in Figure 6 [41].



The allocation process can be split in two steps. The first step (Figure 6, Step 1) involves the mapping of the natural gas consumption throughout Europe according to the population distribution and the power plant locations.



The Enipedia database [52] provides information on the natural gas power plant locations and associated carbon dioxide emissions. Hence, the natural gas consumption can be derived from the carbon dioxide emissions mCO2,PP [66,67] representing the effective production of the power plants in kg on an annual basis. The annual consumed natural gas volume CPP was estimated according to the combustion reaction of natural gas given in Equation (1) [66]:


  0.9696   CH  4  + 0.0137  C 2   H 6  + 0.0167  residues  → 0.9833   CO  2  + residues ,  



(1)







Only gas components with a molar fraction over 1% are considered. The molar number of CO2 atoms nCO2,comb built by the combustion of one mole of natural gas atoms nNatural gas,comb is given in Equation (2):


     n  N a t u r a l   g a s , c o m b        n  C O 2 , c o m b     =  1  0.9696 + 2 · 0.0137   = 1.003  



(2)




.



This mole fraction results from a C atom conversion of the natural gas combustion reaction. CPP is calculated by applying the ideal gas law under standard conditions (T0 = 288.15 K, patm = 101325 Pa, R = 8.314 J/(mol K), Equation (3):


   C  P P   =    m  C O 2 , P P     M  W  C O 2     ·    n  N a t u r a l   g a s ,   c o m b      n  C O 2 , c o m b     ·   R ·  T 0     p  a t m     ,  



(3)




where MWCO2 is the molar weight of carbon dioxide (44.01 g/mol) [67]. The total amount of natural gas consumed in a country by natural gas power plants CPP,country is found by summing up the CPP of all power plants j within the country boundaries (Equation (4)):


   C  P P , c o u n t r y   =   ∑   j ∈ c o u n t r y    C  p p , j   .  



(4)







The estimated power plant consumption (Cpp,country) was compared to the European natural gas consumption of power plants by country [68]. With the presented method, roughly 60% of the natural gas consumed by power plants according to Eurostat 2018 [68] could be allocated to specific power plants in Europe.



The OC group consumption is the consumption of each country without the power plant consumption as given in Equation (5).


   C  O C , c o u n t r y   =  C  t o t , c o u n t r y   −  C  P P , c o u n t r y   ,  



(5)




where Ctot,country is the natural gas consumption by country provided by the International Energy Agency (IEA) [1]. The natural gas power plant consumption by country (CPP,country) is estimated in Equation (4) and COC,country is the natural gas consumption of the OC by country. To allocate the COC,country to the population density, a scaling factor fscale,country is estimated according to Equation (6):


   f  s c a l e ,   c o u n t r y   =    C  O C , c o u n t r y      P  c o u n t r y     ,  



(6)




where Pcountry is the population by country estimated from the European population GIS raster [55]. A linear relationship between the OC and the population distribution is assumed to downscale the natural gas consumption. Therefore, the natural gas consumption for each raster cell i can be estimated according to Equation (7):


   C i  =  f  s c a l e ,   c o u n t r y   ·  P i  ,  



(7)




where Pi is the population of each raster cell and is provided by the European population GIS raster [55] with the resolution of 30 arc-seconds (−1 km). The OC consumption map is displayed in Figure 7. The colour of cell i represents the annually consumed volume of natural gas (Ci) within this particular raster cell.



The second step (Figure 6, Step 2) involves the building of the consumption areas, i.e., a division of the land area according to the identified sinks of the network. Sinks are all the network points (e.g., junctions) on land, which are not identified as sources (e.g., consumer vertices). It is assumed that the natural gas consumption can be allocated to the closest natural gas sink of the network. This assumption is similar to previous studies, where the number of people connected to the network instead of the consumption volumes have been considered [7,8]. The assumption, however, allows applying a Voronoi algorithm (also called Thiessen algorithm). The algorithm cuts the nearest neighbor connection lines of the sinks rectangular into half and therefore creates subareas, containing one single sink each [69]. The consumption of each sink is found by summing up the mapped OC and the power plant consumption for the corresponding area. The consumption year is set to 2015 because the population density is also provided for the year 2015. However, the natural gas power plant consumption from the Enipedia database [52] stems partially from a previous project, which was recording carbon emissions from 2012. In this context, as a first approximation, these emissions have been allocated to 2015, since the natural gas consumption for the thermal power stations is on the same level [68]. Finally, seasonal consumption differences throughout a year are neglected as the pipeline flow capacity was based on an annual average.




2.2.2. Infrastructure Network Model


Complex networks approaches are employed to capture the non-trivial topological features of the European natural gas network (e.g., the natural gas sources and sinks are interconnected and distributed in space). The approaches are proved to address the study objectives, because the infrastructure network can be simplified while important features such as the network topology are retained [41,70]. The geographic information of the European natural gas network is transformed into a connected and undirected weighted graph G(V,E,c) with no loops [3]. The vertices V can be identified as sinks (e.g., consumer vertices), sources (e.g., natural gas production platforms, LNG import terminals, and import pipelines) or nonfunctional junctions as for instance junctions in the sea (see also Section 2.2.1). The edges E(u,v) represent the pipelines connecting between Vu and Vv. Furthermore, c(u,v) represents the assigned flow capacity for each edge, while f(u,v) indicates the computed flow in the network.



To estimate the flow in the graph, a maximum flow estimation (Equation (8)) using the Ford–Fulkerson algorithm is applied as it is considered to represent the operators’ behavior in case of a crisis [33]. The Ford–Fulkerson algorithm is a meaningful algorithm to investigate the European natural gas supply through its network, as it considers the distance of the source to the sink. The algorithm does not consider political aspects or detailed natural gas market developments, but it considers the transportation cost in the sense that the sinks closest to the source will be served first. For all these reasons, the algorithm is popular and often applied [30,33]. The algorithm estimates the largest possible flow from a single source s to a single sink t [71]. The basic idea of the Ford–Fulkerson algorithm is to find paths p(s,t) from s to t with unexploited capacities, while the capacity constraint (Equation (9)), the flow conservation (Equation (10)) and the skew symmetry (Equation (11)) must be fulfilled.


   F  m a x   =   ∑  u ∈ t    f  (  u ,  s ∗   )  =   ∑  u ∈ V    f  (   t ∗  , u  )  ,  



(8)






  ≤ f  (  u , v  )  ≤ c  (  u , v  )  ,  



(9)






    ∑  u ∈ V : u ≠ s   a n d   u ≠ t    f  (  u , v  )  = 0 ,  



(10)






  f  (  u , v  )  = − f  (  v , u  )  ,  



(11)







The search is repeated until no additional flow can be added. For the search the Boykov–Kolmogorov algorithm is applied, because it is the fastest algorithm available to conduct this kind of analysis [72]. The European natural gas network, as well as the resulting graph G, has multiple sources and sinks. To convert the multiple source/sink problem to a single source/sink problem, a super source s* and a super sink t* are introduced. Figure 8 illustrates conceptually this transformation. The estimated consumption volumes (see Section 2.2.1) of each sink can be allocated to the network as capacities of the connection to the super sink t*. For the flow simulation of the network, MATLAB [73] and and/or Python’s igraph library [74] and corresponding packages were used.




2.2.3. Component Failure Rate


Natural gas networks are exposed to many potential disruptive events, of which seismic hazards and technical failures were identified to cause medium to high risks [39]. Therefore, in this section, the estimation of the component failure rate caused by seismic hazards (FRS) and the technical failure rate (FRT) is introduced.



To estimate the component failure rate caused by seismic hazards (FRS), the seismic hazard exposure of each component is assessed and combined with the corresponding fragility curve. The exposure of the natural gas network components to seismic hazards is estimated using the seismic hazard map displayed in Figure 9.



The map provides values of Peak Ground Acceleration (PGA) with a 10% probability of exceedance in a 50-year period. The specific PGA value is given for each pixel cell on a geospatial resolution of approximately 11 km.



The exposure analysis involves the PGA of a likely earthquake at the geographic location of each component. The PGA of the closest raster cells for each component are averaged using a buffer zone around the corresponding component. The width of the buffer region is defined as the diagonal of a raster cell. This ensures that at least one earthquake hazard map raster cell center point is present in the buffer region. Figure 10 illustrates the seismic hazard analysis, including the applied buffer zone.



The seismic fragility for infrastructure components is measured by fragility curves, which relate to the probability of reaching at least a particular damage state for a given excitation level. The fragility curves were computed following the HAZUS 2003 [19] framework. Thus, the specific failure probabilities of the pipelines PPipelines (Sd,L) and the compressor station PCompressor (Sd,ds = 3) can be estimated.



To estimate the fragility curves of natural gas pipelines, the PGA (for compressor station fragility) and the Peak Ground Velocity (PGV) (for the pipeline fragility) values are required. Therefore, a given PGA is converted to PGV using a relationship between PGA and PGV, called Peak Ground Motion (PGM) parameters and the ground motion intensity (INT) in terms of modified Mercalli intensity, as presented in Caprio et al., 2015 [75]. It is important to note that this is an approximation, since a linear relationship between PGA and PGV is assumed. However, the presented relationships were chosen because they apply for all European countries and because the INT–PGM relations are statistically robust. Caprio et al., 2015 [75] provides global regression relationships of INT and the peak ground motion (PGM), given in Equations (12) and (13).


   I N T =  α 1  +  β 1  l o  g  10    (  P G M  )     i f   l o  g  10    (  P G M  )  ≤  t  P G M   ,   



(12)






   I N T =  α 2  +  β 2  l o  g  10    (  P G M  )     i f   l o  g  10    (  P G M  )  >  t  P G M   ,   



(13)




where PGM can either be PGA [cm/s2] or PGV [cm/s]. Table 5 provides the regression coefficients (α and β) as well as the threshold tPGM, used in the conversion equations. The PGV can be calculated from the PGA, combining both equations. First, Equations (12) or (13) is used to estimate the INT using the PGA from the exposure analysis and the parameters for PGA from Table 5. Then the Equations (12) and (13) are transformed to Equations (14) and (15).


   P G V =   10     I N T −  ∝ 1     β 1         i f   I N T ≤ 4.9 ,   



(14)






   P G V =   10     I N T −  ∝ 2     β 2         i f   I N T > 4.9 ,   



(15)







Using Equations (14) and (15) with the estimated INT for the PGA and the corresponding parameters for PGV from Table 5, the PGV can be estimated.



The fragility curves for the natural gas pipelines are modelled using an empirical relation of the expected repair rate (RR) due to a certain excitation given in PGV. The definition of the repair rate can be found in Equation (16):


  R = k · 0.0001 · P G  V  2.25   .  



(16)







RR depends on the pipeline material represented by k. Old welded steel pipelines are classified as brittle pipelines (k = 1), while pipelines with submerged arc welded joints are called ductile pipelines (k = 0.3). To be on the conservative side brittle conditions (k = 1) are assumed as done in other studies [7,8]. In Equation (16) both damage states “leaks” and “breaks” are taken into account. When a pipeline is damaged due to seismic wave propagation (governed by PGV), the type of damage is likely to be a leak. In HAZUS 2003 [19], it is assumed that damage due to seismic waves will consist of 80% leaks and 20% breaks. The resulting RR can then be used to estimate the pipeline fragility curve as given in Equation (17):


   P  p i p e l i n e    (  D S >   d s  | S  =  S d   )  = 1 − exp  (  − R R · L  )  .  



(17)







According to HAZUS 2003 [19], each compressor station fragility curve for a given damage state ds (e.g., slight, moderate, extensive, complete) is characterized by the median peak ground acceleration μ and peak ground acceleration dispersion β. The probability of reaching at least the damage state ds for a given excitation Sd, in terms of peak ground acceleration (PGA), is given in Equation (18):


   P  c o m p r e s s o r   ( D S > d s   | S =  S d  ) = Φ  (   1 β  l n  (     S d   μ   )   )  ,  



(18)




where Φ is the standard normal cumulative distribution function given in Equation (19):


  Φ  ( x )  =  1 2  +  1 2  erf  (   x   2     )  .  



(19)







A moderate damage state ds3 and unanchored compressor conditions are assumed as the lowest damage state where a shutdown of the compressor station can be expected. Namely, this compressor damage state is described in HAZUS 2003 [19] as: “considerable damage to mechanical or electrical equipment or building”, with µ = 0.24 and β = 0.6.



Using the developed infrastructure model, the compressor stations are uniformly distributed along the pipelines (see Section 2.1), and allocated to the pipelines according to Equation (20):


  n = L / Δ L ,  



(20)







The pipeline length and the average distances of the compressor stations are represented by L and ΔL, respectively (see also Section 2.1.1). The overall pipeline failure probability Ptot(Sd, L) can be estimated as given in Equation (21). Hence, the analysis of single pipeline failures considers compressor stations.


   P  t o t    (   S d  ,   L  )  = 1 −  (   (  1 −  P  P i p e l i n e    (   S d  ,   L  )   )  ·    (  1 −  P  C o m p r e s s o r    (   S d  ,    d s  = 3  )   )   n   )   



(21)







The mean annual seismic failure rate FRS of a network component for a seismic excitation Sd, given by the hazard map, is defined in Equation (22):


  F  R S   (  1 / y r  )  =  1  50   y r   · 0.1 ·  P  t o t    (   S d  ,   L  )  ,  



(22)




where 50 years and the factor 0.1 are resulting from the given information of the seismic hazard map (10% exceedance probability in a 50-year period) [57].



The estimation of the mean annual technical failure rate (FRT) is a result of the exposure of the infrastructure combined with the historical number of accidents recorded in ENSAD. The exposure of a pipeline to technical failures is defined as its length Ltot multiplied by the exposed time according to Equation (23):


  Exposure    [  k m · y r  ]  =   ∫   t = 1990   t = 2013    L  t o t    ( t )    d t .  



(23)







The temporal change of Ltot is not known for the system under investigation. Therefore, the reported temporal change in the total length of the European gas transmission system of the European Gas pipeline Incident data Group (EGIG) is used as a proxy because it represents seventeen major gas transmission system operators in Europe [76]. The change of the total pipeline length over time Ltot is modeled, assuming that Ltot grows with the same growth rate as the total length of the EGIG pipeline network throughout the defined time window. Equation (24) shows the time dependent Ltot of the pipeline network.


   L  t o t    ( t )  = A · t + B ,  



(24)







The gradient A is calculated from the linear fit of the EGIG pipeline growth. The offset B is found by inserting the total pipeline length of the network under investigation for the reference year.



All the available historical accident information on the pipelines and compressor stations in ENSAD from 1990 to 2013 were used (107 recorded pipeline accidents). This time window was chosen because the temporal change of the natural gas network reported by EGIG 2015 [76] experienced significant step changes around the 1990, corresponding to new members joining EGIG. The technical failure rate FRT’ is estimated according to Equation (25).


  F   R T  ′   [   1  k m · y r    ]  =    N  A c c i d e n t     E x p o s u r e   ,  



(25)







The accident number NAccident is aggregated at the European level because no significant differences in FRT’ are expected as the natural gas transportation is regulated and standardized on a supranational level. The role of ENTSOG, for example, is to set out the rules for system operation covering subjects such as operational security (e.g., inspection and maintenance practices) [42]. The resulting FRT’ is in the same magnitude as reported by other databases [70]. The pipeline specific FRT is finally estimated according to Equation (26) with L representing the pipeline length:


  F  R T   (  1 / y r  )  = F   R T  ′  · L ,  



(26)








2.2.4. System State Simulation Engine


As pipeline networks can compensate single pipeline failures due to capacity redundancies or storage facilities, an assessment of a single pipeline disruption results in a non-trivial topological complex network problem [77]. To characterize a disruption resulting from a particular location of the network, the combination of the failure rate FRX, representing either the FRS or FRT of the corresponding pipeline, and the severity of the impact is applied. The impact represents the loss of the system performance caused by flow capacity loss of a single pipeline failure. The failure rate FR is computed considering the different natural gas network infrastructure components (see Section 2.2.3). The flow loss in case of a failure of pipeline i, is estimated according to Equation (27).


  Δ  F  m a x , i      [ % ]  =    F  m a x   −  F  m a x , i      F  m a x     · 100 % ,  



(27)




where ΔFmax,i. represents the system performance loss in percent, while Fmax stands for the maximum flow in the fully operational network (see Section 2.2.2), which is in fact the total consumption of the region under investigation. Fmax,i is the maximum possible flow without the pipeline i. Hence, the estimation takes alternative natural gas flow routes of the network into account to meet the natural gas consumption.




2.2.5. Disruption Impact and Supply Grade Mapping


A disruption impact mapping (DIM) as well as a supply grade mapping are carried out.



The disruption impact DIM is computed using Equation (28).


  D I M    (  % / y r  )  = F  R X  · Δ  F  m a x , i   ,  



(28)







A smaller DIM value means lower impact on the supply service of natural gas. The resulting DIM for each pipeline i can be assigned to the corresponding pipeline and gives an indication of potential bottlenecks, taking storage facilities into account. The consideration of the failure rate provides further information about the expected frequency with respect to seismic hazards and technical failures.



Storage facilities can act as source (withdrawal of natural gas) or as sinks (filling of natural gas). As storage facilities, can be operated as sources or sinks, a scenario analysis is carried out twice to investigate the potential effect of such facilities to reduce the DIM in case of a single pipeline failure.



The supply grade mapping is carried out for selected pipeline failure scenarios once with and once without the storage facilities. The analysis is presented as graphical representations of natural gas supply grade. The supply grade (SGM) is the percentage of the sink’s consumption that can be covered in case of a pipeline failure. It is calculated for each supply area as shown in Equation (29).


  S G M    ( % )  =    S C     A c    · 100 % ,  



(29)




where SC stands for the average sink’s natural gas flow. The estimated natural gas consumption of the corresponding consumption area is represented by AC. The Ford–Fulkerson algorithm allocates the natural gas flow on the geospatial network component level differently for each computation. Therefore, a Monte Carlo simulation is performed with 10’000 simulation steps computing the overall average flow for each supply area (Voronoi polygon). The maxflow algorithm of Python’s igraph package [74] based on the Ford–Fulkerson algorithm is used. The computationally intense simulation is performed using computing clusters (docker [78]) and multiprocessing. The supply change is below 1% after about 3500 simulation steps for all the computed average natural gas flows (see also SI Section S3: Monte Carlo simulation supply grade mapping) (Supplementary Materials). The goal of the simulation is not to conduct a precise quantification of the supply grade for a specific sink, but rather to give an overall insight to bottlenecks of regions.






3. Results and Discussion


In Section 3.1 the potential disruption with and without storage facilities is discussed taking seismic hazards and technical failures separately into account. The seismic and technical failure rates are compared in Section 3.1.3. Finally, selected scenarios to illustrate the computation of a possible supply loss on geospatial basis is given in Section 3.2.



3.1. Disruption Impact Mapping


The DIM facing a single pipeline failure is discussed in this section for six pipelines (labeled 1 to 6) with a system performance loss (ΔFmax,i, see Equation (27)) higher than 1% (∼4.5 109 m3/year). The six pipelines are given in Table 6. The system performance loss is computed without the corresponding component using the system state simulation engine. For the discussion, not only the system performance, but also the exposure and the estimated failure rate is taken into account. The failure rates for each pipeline are estimated separately for seismic hazards and technical failures considering the exposure and the intensity.



These six pipelines are discussed in more detail with respect to seismic hazards and technical failures. Whereas the Index 1 represents the pipeline with the highest system performance loss, but not necessarily the highest overall DIM. The given pipeline index numbering is consistently applied for this discussion.



3.1.1. Seismic Disruption Impact Mapping


Figure 11 shows the disruption impact related to seismic hazards on the European level. In general, the pipelines in seismic active regions have relatively high disruption impacts due to the higher exposure. Pipelines with disruption impacts between 5 × 10−4 %/yr and 10 × 10−4 %/yr can be found all over Turkey, in the Swiss Alps and in the upper German Rhine rift region as well as in Southern Italy. Pipelines with disruption impacts between 1 × 10−4 %/yr and 5 × 10−4 %/yr are located from Southern and Northern Italy, along the alpine orogenic belt from Northwest Italy over Switzerland and Austria along the Dinarides (in Slovenia, Croatia, Serbia, Bosnia, Macedonia, Bulgaria and Greece), as well as in Romania and Spain. Figure 11b shows the disruption impact when storage facilities are considered to overcome potential supply shortages. Comparing Figure 11a,b shows that in general, storage facilities can compensate potential pipeline disruptions. The overall disruption impact can be reduced by 21% (only pipelines with DIM > 0 are considered).



The Swiss Alps and the upper German Rhine rift region are regions with low to moderate seismic hazard exposure [79]. The pipeline crossing the Swiss Alps (Figure 11, Index 1), however, results in a high DIM. The Transitgas pipeline and its southern extensions have the highest impact on the maximum flow in case of a failure. The pipelines connect Northern Italy via Gries Pass through Switzerland with the German and French natural gas networks [80]. The high maximum flow loss results from the fact that this pipeline is the only one crossing the central Alps providing a North/South connection. The seismic exposure and the corresponding seismic failure rate, on the other hand, is rather low (between 0.0 and 0.4 × 10−3/yr). Therefore, the high DIM is mainly driven by the system performance loss (ΔFmax,i). The withdrawal of natural gas from storage facilities located in Northern Italy can reduce the seismic DIM from 9.3 × 10−4 %/yr to 2.8 × 10−4 %/yr (Figure 11b, Index 1). As storage facilities cannot reduce the DIM to zero, this pipeline is investigated in Section 3.2.



The pipelines connecting Sicily and Calabria (Figure 11, Index 2) have the second highest impact on the maximum flow in case of a failure. The reason is that those pipelines are a part of the Trans-Mediterranean pipeline system [81] and the Green-Stream project [82] connecting Algeria, Tunisia and Libya with Continental Europe. These pipelines provide a major share of the natural gas consumed in Europe [6]. The pipeline was also identified by ENTSOG in corporation with the Gas Coordination Group as one of the emergency supply corridors [83]. The pipeline, however, is exposed to seismic active zones in Southern Italy [79]. A potential disruption of this important route by such a hazard can only be partially compensated with storage facilities. Moreover, a similar scenario analysis (disruption of natural gas from Algeria) conducted by ENTSOG [83], results also in supply shortages for Italy, Slovenia and Croatia. The withdrawal of natural gas from storage facilities located in Northern Italy can reduce the seismic DIM from 9.0 × 10−4 %/yr to 2.3 × 10−4 %/yr (Figure 11b, Index 2).



All pipelines with disruption impact higher than 10 × 10−4 %/yr are located in southeastern Turkey. The maximum DIM caused by seismic hazards amounts to 34.5 × 10−4 %/yr, which is the pipeline with Index 3 in Figure 11. The Turkish pipeline between the cities Silvas and Malatya connects the southeastern part of Turkey with the Trans-Anatolian pipeline. The Trans-Anatolian pipeline transports natural gas from Georgia and Iran towards the West, as for example to Ankara and beyond [84]. The high DIM results from the fact that on the one hand, the whole natural gas consumption of Southeast Turkey is provided solely by this pipeline (dead-end pipeline). On the other hand, the DIM is a result of the seismic highly active Eastern Anatolian fault zone. Since there is no storage facility, according to ENTSOG 2016 [42], in this region, the DIM cannot be compensated by storage facilities (see Figure 11b, Index 3).



The other high flow pipelines (Indices 4 to 6) are not exposed to seismic hazards according to the exposure analysis. Hence, the pipelines result in no seismic DIM and are not indicated in Figure 11.




3.1.2. Technical Failure Disruption Impact Mapping


The disruption impact related to technical failures is shown in Figure 12. Pipelines with high disruption impact are occurring throughout Europe. Such pipelines are found for instance in the Norwegian and Mediterranean Sea as well as at the border with Russia. Because the FRT is pipeline length dependent, a high disruption impact is also rather related to long pipelines. As in the case of seismic hazards, comparing Figure 12a,b shows that the storage facilities can reduce the disruption impact.



High DIM values related to technical failures are computed for the natural gas pipeline crossing the Alps and the Trans-Mediterranean pipeline system [81] connecting Algeria, Tunisia and Libya with Continental Europe (see Figure 12, Index 1,2). Similar to the seismic DIM, this result is driven by the high system performance loss in case of a failure. The absolute DIM value for this pipeline, however, is ~10 times higher in case of technical failures compared to the seismic failures (see also Section 3.1.2). In case of an outage, the flow in the affected pipelines cannot be fully compensated by storage facilities (see Figure 12a,b Index 1,2), and therefore are further investigated in Section 3.2.



The highest technical DIM amounts to 118.4·10−4 %/yr. The corresponding pipeline is a dead-end pipeline providing natural gas to a large part of the South-Eastern part of Turkey (see Figure 12, Index 3). As it is a dead-end pipeline with no storage facilities in its supply region, a potential outage caused by a technical failure cannot be compensated.



Two pipelines in the Region of London cause a high system performance loss (see Figure 12, Index 4). The high impact of the southeastern pipeline results from the fact that it is the only high capacity pipeline delivering natural gas to London and surrounding area. The high system performance loss of the northwestern pipeline can be explained as it is the only high capacity pipeline, delivering natural gas to the administrative region of southwest England. Moreover, both pipelines are modelled as dead-end pipelines without any storage facilities in the supply area. Therefore, a potential outage caused by a technical failure cannot be compensated.



The pipeline near Venice (see Figure 12, Index 5) connects the LNG port Cavarzere Porto Levante with the Italian mainland [85]. The high system performance loss leads to the conclusion that the Cavarzere Porto Levante constitutes a strategical important natural gas source to cover the European natural gas demand. The system performance loss combined with the length of the pipeline, causing a rather high FRT, leads to the high DIM. Using storage facilities (see Figure 12b, Index 5), however, could compensate a potential failure of this pipeline.



The pipeline connecting the European mainland with the Danish Islands Funen and Zealand results in a high system performance loss (see Figure 12, Index 6). The pipeline ends at Copenhagen, from where one single pipeline heads to Sweden. The high system performance loss results because it is the only pipeline supplying Copenhagen and Southern Sweden with natural gas. The supply losses can be compensated by storage facilities. The related infrastructure components were also identified by ENTSOG [83] as a critical natural gas supply scenario.




3.1.3. Comparison of Seismic and Technical Failure Rates


The comparison of mean annual seismic and technical failure rates (FRS and FRT) and the corresponding disruption impact is listed in Table 7. The failure rates are estimated separately, i.e., there is no combining of seismic and technical hazards. The analysis shows that the failure rate caused by technical hazards are higher than the ones caused by seismic hazards (due to the event frequency and exposure). The highest mean annual technical failure rates occur throughout Europe, while high mean annual seismic failure rates can be found in the seismic active zone in southeastern Europe. The estimated failure rates plotted against the estimated system performance losses for each pipeline can be found in SI, Section S2: Comparison of mean annual seismic and technical failure rates (Supplementary Materials). Moreover, comparing the estimated mean annual seismic and technical failure rates to [86] shows that it is in the same magnitude.





3.2. Supply Grade Mapping


Out of the six pipelines discussed in detail in Section 3.1, two pipelines are further investigated with the supply grade mapping. The two pipelines (Index 1: Trans-Swiss Pipeline and Index 2: Trans-Med Pipeline) are tested with and without storage facilities as the information completeness of storage facilities remains unclear. Those pipelines are neither dead-end pipelines nor existing storage facilities can compensate the related potential outage. This pipeline selection leads, in fact, to a deep dive into the natural gas supply of Italy.



Italy receives natural gas supply from different directions, for example, from the south through Sicily, the Trans-Mediterranean pipeline, or the north through the Passo Gries and the Tarvisio station, besides the numerous LNG terminals [87]. According to the developed model and available information [42], a potential failure of one or both of these pipelines (Index 1: Trans-Swiss Pipeline and Index 2: Trans-Mediterranean pipeline) cannot be fully compensated by the regional available storage facilities. Figure 13a shows the potential failure of the Transitgas pipeline. This outage could cause natural gas shortages spreading over almost all Italian Alpine regions from Liguria along the Alpine chain to Istria in Croatia. While areas of supply shortages decline the more South they are located. The areas with the supply shortages are reduced by consuming from the available natural gas storage facilities (Figure 13), especially in the eastern Alpine region and in Southern Italy.



The potential failure of the pipeline connecting Sicily–Calabria (Trans-Mediterranean pipeline, Figure 13b) could result, in this example, in shortages in southern Italy. The areas with supply shortage are mainly located in Calabria, Basilicata, Puglia, and some parts of Campania. Consuming from natural gas storage facilities (Figure 13d) reduces the areas with supply shortages to the very southwest of Calabria.



Overall, the outcomes of the two potential pipeline failures are mainly driven by the applied flow allocation algorithm that allocates the natural gas flow to the network starting with the closest pipeline and sink (see Section 2.2.2). As the algorithm’s flow allocation is not unique a Monte Carlo simulation was performed. Although a result change below 1% is achieved in all cases with 3500 simulation, 10,000 runs were performed (see SI Section S3: Monte Carlo simulation supply grade mapping) (Supplementary Materials).



It must be noted that the model developed in this study does not consider details of potential packing of pipelines (increase of flow capacities during emergency scenarios). The analysis, however, illustrates that storage facilities can reduce the potential supply loss. Moreover, it also emerges that the storage volumes would need to be able to cover the consumption during the pipeline shutdown.





4. Conclusions


This study illustrates the construction of a complex regional natural gas network model from open-source data and the analysis of potential pipeline disruptions considering seismic and technical hazards. The collection of open-source data to assemble the geospatial European natural gas network is achieved and illustrated. The extensive data collection and processing include information on the natural gas infrastructure components as well as the geographic consumption. A geospatial natural gas infrastructure network model was developed involving pipelines (location and flow capacities), the location of natural gas sources (LNG ports, production platforms and cross-border interconnection points) and the location of natural gas storage facilities.



It is shown that the maximum mean annual technical failure rate of the European natural gas network is up to more than 30 times higher than the mean annual seismic failure rate. The European natural gas network is mainly exposed to seismic hazards in southern and southeastern Europe due to the seismic activities in this region. A common thread of the disruption impact analysis shows that dead-end, sole supply, without storage nearby pipelines are resulting in higher DIM. An exception of this is the high technical and seismic DIM found for the Transitgas pipeline and Trans-Mediterranean pipeline bringing natural gas from the north, respectively from the south to Italy. The results clearly show that storage facilities can reduce the overall disruption impact, e.g., storage facilities can compensate potential flow capacity losses.



For the two mentioned cases (Transitgas pipeline and Trans-Mediterranean pipeline), however, available storage facilities and pipelines cannot fully compensate for a potential failure. Therefore, a supply grade mapping for those two pipelines is conducted and regions in Italy with potential supply shortages are identified making use of a Monte Carlo simulation. The results provide an initial impression and general insights for further analysis, for example, using seasonal variability of natural gas consumption.



Overall, the disruption impact mapping could lead to cost–benefit analysis to support risk-based decision making. It could involve potential fortification of pipelines or installation of storage volumes (pre-event). This is in line with the calls of the United Nations’ Sendai Framework for Disaster Risk Reduction to prevent and reduce the exposure and vulnerability to disasters, increase preparedness for response and recovery and thus strengthen our society [88]. The presented methods could also support future infrastructure planning as resulting from infrastructure projects (e.g., “One Belt One Road” Initiative (一带一路) with the ultimate goal to promote cooperation in the connectivity of energy infrastructure [39].



Since disruptions do happen regardless of the preparation and mitigation strategies, increased attention is given worldwide to the resilience of infrastructure systems. The presented methods could be a possible starting point for a resilience assessment of the European natural gas network with respect to natural (e.g., seismic) and technical hazards. Such an assessment, however, would require not only the disruption analysis, but also extensive and complex simulations of recovery processes to result in a comprehensive resilience assessment.
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Figure 1. Downloaded European Network of Transmission System Operators for Gas (ENTSOG) pipeline maps. Each map consists of 1024 tile maps (raster grid). 
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Figure 2. Image and data processing from the tile maps (high resolution images) to the pipeline shapefile. 
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Figure 3. Average distance ΔL between compressor stations with corresponding source and country. 
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Figure 4. Graphical representation of the natural gas infrastructure network. Displayed are the pipelines, identified sources and the storage facilities. 
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Figure 5. Schematic overview of the natural gas network analysis. The component failure rate can be represented by the mean annual seismic failure rate seismic hazard failure rate (FRs) or the mean annual technical failure rate technical failure rate (FRT). 
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Figure 6. Flow chart to illustrate the allocation of natural gas consumption to the identified sinks. The allocation is done in two steps. In Step 1 (left side), the natural gas consumption is geographically mapped. In Step 2 (right side), the consumption is assigned to the natural gas network. 
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Figure 7. Spatial distribution of other consumers (OC) of natural gas. 
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Figure 8. Conceptual illustration of the transformation of a multiple source/sink problem to a single source/sink problem. 
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Figure 9. European seismic hazard map for peak ground acceleration (PGA) values with a 10% probability of exceedance in a 50 years period in units of standard gravity (g) [57]. 
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Figure 10. Seismic hazard analysis for natural gas pipelines with the infrastructure data and the seismic hazard map [57]. 
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Figure 11. Disruption impact (DIM) of seismic hazards without storage facilities for Europe (a) and with storage facilities for Europe (b) using an average compressor stations distance of 64 km. The labels 1–3 represent the pipelines with the highest system performance loss (ΔFmax,i) combined with seismic hazard exposure. 
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Figure 12. Disruption impact related to technical hazards without storage facilities for Europe (a) and with storage facilities for Europe (b). The index 1–6 is representing the six pipelines with the highest system performance loss (ΔFmax,i). 
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Figure 13. Monte Carlo Simulation (10,000 runs) mapping of the average supply grade coverage for a potential failure of the Transitgas pipeline (Passo Gries, Index 1) without storage facilities (a) and with storage facilities (c). Mapping of the supply grade coverage for a potential failure of the Trans-Mediterranean pipeline (Sicily–Calabria pipeline, Index 2) without storage facilities (b) and with storage facilities (d). The yellow circle indicates the pipeline taken out for the simulation. 
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Table 1. Overview of natural gas network disruption analysis literature.
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Study

	
Methodologies

	
Case Study




	

	
Topological Analysis

	
Thermal-Hydraulic Flow Computation

	
Economic Models

	
Stochastic Failure Estimation

	
Europe

	
Great Britain

	
Germany

	
“Fictitious” Real World Network






	
Carvalho et al., 2009 [6]

	
X

	
X

	

	

	
X

	

	

	




	
Carvalho et al., 2014 [3]
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X

	

	

	




	
Gjorgiev et al., 2019 [29]
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X

	

	




	
Hauser et al., 2017 [35]
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Hauser et al., 2019 [36]
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Kopustinskas and Praks 2015 [32]
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Poljansek et al., 2012 [7]
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X

	
X

	

	

	




	
Praks et al., 2017 [31]

	

	

	

	
X

	

	

	

	
X




	
Praks et al., 2015 [33]

	

	

	

	
X

	

	

	

	
X




	
Sacco et al., 2019 [34]
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X

	

	
X

	

	




	
Su et al., 2018 [30]
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X

	
X

	

	

	

	
X




	
Voropai et al., 2012 [27]

	

	
X

	

	

	
X

	

	

	




	
Yu et al., 2018 [28]

	

	
X

	
X

	

	

	

	

	
X
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Table 2. Geospatial infrastructure data collected, processed and employed for the present analysis.
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	Dataset
	Type
	Source
	Description





	Natural gas pipelines
	Shapefile

(Polyline)
	ENTSOG 2016 [42]
	European natural gas pipelines categorized in three diameter classes (8157 pipelines, 197,612 km)



	Natural gas storage facilities
	Shapefile

(Points)
	ENTSOG 2016 [42]
	European natural gas storage facilities with location, facility name and storage volume (152 entries)



	Natural gas sources
	Shapefile

(Points)
	ENTSOG 2016 [42]
	European natural gas sources (LNG ports, production platforms and cross-border interconnection points)
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Table 3. Categorized pipelines according to the diameter and related average flow capacity from Carvalho et al., 2009 [6]. The upper limit was used for model development.
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	Pipeline Diameter Category
	Diameter d (inch)
	Capacity C (109 m3/yr)





	Small pipelines
	d ≤ 24
	C < 3.942



	Medium pipelines
	24 < d ≤ 36
	3.942 ≤ C < 8.76



	Large pipelines
	36 < d
	8.76 ≤ C < 87.6
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Table 4. Data for the geographic natural gas consumption allocation.
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	Dataset
	Type
	Source
	Description





	Population count
	Geotiff, Raster (30 arc-seconds)
	Center for International Earth Science Information Network -CIESIN-Columbia University 2017 [55]
	The population count per pixel from UN WPP-Adjusted Population Count, v4.10 (2015)



	Country boundaries
	Shapefile (Polygon)
	GADM 2017 [56]
	Worldwide country boundaries (administrative level 0)



	Natural gas power plants
	Shapefile

(Points)
	Enipedia [52]
	European natural gas power plants with associated annual carbon dioxide emissions (565 with complete information)



	National natural gas consumption
	Table
	IEA 2017 [1]
	Annual natural gas production, imports and exports on country level (reference year 2015)
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Table 5. Parameters for the ground motion to intensity conversion in Equation Equations (12) and (13) [75].
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	PGM
	α1
	α2
	β1
	β2
	tPGM





	PGA
	2.270
	−1.361
	1.647
	3.822
	1.6



	PGV
	4.424
	4.018
	1.589
	2.671
	0.3
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Table 6. Estimated system performance losses ΔFmax,i, without storage facilities for the six pipelines (labeled 1 to 6).
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	Pipeline Index
	ΔFmax,i (%)





	1
	4.6



	2
	3.5



	3
	1.8



	4
	1.8



	5
	1.8



	6
	1.1
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Table 7. Comparison of seismic and technical failures and disruption impact (without storage facilities).
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Seismic

	
Technical




	
min

	
max

	
mean

	
std

	
min

	
max

	
mean

	
std






	
Maximum pipeline failure rate (10–3/year)

	
0

	
2

	
0.1

	
0.25

	
0

	
77

	
0.94

	
1.69




	
Maximum disruption impact (10–4%/year)

	
0

	
34.5

	
0.07

	
0.69

	
0

	
118

	
0.44

	
3.26
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