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Abstract 

This deliverable aims to specify vulnerability methodologies that can be applied to seismic 
risk analysis gas and oil networks, which are the subject of Deliverable 6.5 to which this 
deliverable is complementary.  
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1. Natural Gas and Oil Systems  

1.1 GENERAL DESCRIPTION 

Oil and gas are considered among the world’s most important resources. Petroleum itself is 
used for numerous products, in addition to serving as the world’s primary fuel source. The 
processes and systems involved are highly complex and capital-intensive. Once a company 
identifies where oil and gas is located, plans begin to drill an exploratory drill well. For on 
shore development of oil and gas production facilities, the wells are grouped to form a 
gathering system. The gathering system is connected to the production and processing 
facility, through a network of carbon steel tubes. In the production and the processing facility, 
the oil and the gas are treated through a chemical and a heating process. After the 
separation from water and sediments, oil and gas are placed in storage areas. From there 
the resources can be pumped through pipelines to the loading terminals where the fuels are 
ready to be transported. In offshore development, field platforms or floating vessels are used 
for the production and extraction process. 

The Natural Gas and Oil systems can be subdivided essentially into two major parts: 

• Production/Processing 

• Transmission/Distribution 

 

Production and Processing 

Raw natural gas comes from three types of wells: oil wells, gas wells, and condensate wells. 
The natural gas that comes from oil wells is typically referred to as 'associated gas'. The 
‘associate gas’ can exist separate from oil (free gas), or dissolved in the crude oil (dissolved 
gas). The natural gas that comes from gas and condensate wells, where there is little or no 
crude oil, is termed 'non-associated gas'. Gas wells typically produce raw natural gas, while 
condensate wells produce free natural gas along with a semi-liquid hydrocarbon condensate.  

The natural gas must be purified before it can be transported. Therefore, after its extraction, 
the natural gas is processed in order to obtain 'pipeline quality gas', namely dry natural gas. 
The dry natural gas is obtained by eliminating different hydrocarbons and fluids normally 
contained in the pure natural gas, mainly ethane, propane, butane, and pentanes. Similarly 
the oil is sent to a refiner after the extraction process and from there the to a tanker terminal 
or to a transmission pipeline system. In the refinery plant, the crude oil is converted into 
high-octane motor fuel (gasoline/petrol), diesel oil, liquefied petroleum gases (LPG), jet 
aircraft fuel, kerosene, heating fuel oils, lubricating oils, asphalt and petroleum coke. 

Transmission/Distribution 

The purpose of the natural gas gathering and transmission pipelines is similar to the one of 
crude oil gathering line and crude oil trunk lines; however, the operating conditions and 
equipment for natural gas and oil gathering and transmission pipeline are quite different.  
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The gas transmission pipelines use compressors to force the gas through the pipe instead of 
pumps; when the natural gas leaves the processing plant, it enters into the compressor 
station where it is pressurized for the transmission. Before reaching a major metropolitan 
area, the natural gas is diverted through an intermediate station where the pressure is 
reduced, measured, and sold to the local gas company. The natural gas company distributes 
the natural gas through an underground network of smaller pipelines called "mains." Smaller 
lines called "services" connect the mains to the end-users. Natural gas is often treated in 
scrubbers or filters to ensure that it is dry prior to the distribution. 

Crude oil must undergo refining before it can be used as a product. Once oil is refined, 
product pipelines transport the product to a storage and distribution terminal. Different 
modes of transportation are used to move the oil from the production site to the refineries 
and from the refineries to the consumers. Crude oil and refined products are transported 
across the water in barges and tankers. On land crude oil and products are moved using 
pipelines, trucks, and trains. The pressure in the trunk lines is initiated and maintained by 
pumps to overcome friction, changes in elevation, or other pressure-decreasing factors. 

As explained in the deliverable D2.4 “Definition of system components and the formulation of 
system functions to evaluate the performance of gas and oil pipeline” (Esposito et al, 2011) 
natural gas and oil systems consist essentially of Production and gathering facilities, 
Treatment/Refineries plants, Storage facilities, Intermediate stations, 
transmission/distribution pipelines and SCADA system.  

Note that methodologies illustrated in this deliverable focus on the systems components that 
belong to the transmission and distribution part. As explained in the deliverable D2.1 
“General methodology for systemic seismic vulnerability assessment” (Franchin et al, 2011), 
components may be classified essentially in “point-like” components (critical facilities) or 
“line-like” (network) components respect to the geometric point of view and the approaches 
used for the characterization and definition of the vulnerability. According to this 
classification production and treatment plants may be considered as “critically facility”, i.e. 
single site-facilities whose importance for the functionality of the system (or generally more 
systems if they are interconnected with other networks) makes them critical, justifying a 
detailed description and analysis. Therefore stations, storage facilities and pipelines are 
considered “line-like” components, and the vulnerability methodology explained below will be 
referred to those components. 
 

Table (1) shows the networks components that are considered for the vulnerability analysis 
and the approach level used. 

Tab. 1 Oil and Gas Systems Components 

NATURAL GAS SYSTEM (GAS) 

Element Code Component Approach level 

GAS01 Production Critical facility 

GAS02 Treatment plant Critical facility 

GAS03 Storage tanks Network 

GAS04 Stations Network 

GAS05 Pipes Network 
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GAS06 SCADA Network 

OIL SYSTEM (OIL) 

Element Code Component Approach level 

OIL01 Production Critical facility 

OIL02 Treatment Plant Critical facility 

OIL03 Storage Tanks Network 

OIL04 Pumping Network 

OIL05 Pipes Network 

OIL06 SCADA Network 

 

1.2 NATURAL GAS SYSTEM COMPONENTS 

GAS01-Production and gathering facility  

Production facilities consist of onshore facilities (production field) or offshore (marine-water) 
platforms. The former is an area encompassing a group of oil and gas pools and wells (oil, 
gas and condensate wells). The production facility is complemented by a gathering facility, 
which is a flow-line network (surface pipeline) and by process facilities that transport and 
control the flow of oil or gas from the wells to the main storage facility, the processing plant 
or the shipping point. There are two types of gathering systems, radial and trunk line. The 
radial type brings all the flow-lines to a central header, while the trunk-line type uses several 
remote headers to collect fluid. The latter is mainly used in large fields. The gathering line 
consists of low pressure, low diameter pipelines that transport raw natural gas from the 
wellhead to the processing plant. 

 

GAS02-Treatment plant  

The gas is treated to remove any contaminants, water, and dust or petroleum liquids. The 
processing can be done at the wellhead and at centralized processing plants. The actual 
practice of processing natural gas to obtain pipeline dry gas quality levels usually involves 
four main processes: 

1. Oil and condensate removal (Separator) 

2. Water Removal (Separator, Absorption towers, Adsorption towers) 

3. Separation of Natural Gas Liquids: generally in a centralized processing plant, 
including two basic steps, namely NGL extraction (Absorption Towers, Cryogenic 
Expansion Process with expansion turbine) and NGL Fractionation(Deethanizer, 
Depropanizer, Debutanizer, Butane Splitter or Deisobutanizer) 

4. Sulphur and Carbon Dioxide Removal(Amine Absorption Process) 

 

o Equipment: 
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- Amine process: Absorber, Regenerator and accessory equipment (Reboiler, Pumps, 
Condenser, Valve, Reflux drum etc) 

- NGL Fractionation: Fractionating column and accessory equipment (Reboiler, Reflux 
drum, Condenser etc) 

- Water removal: Regenerator, Contactor and accessory equipment (Absorption); 
Adsorption Towers. 

 

GAS03-Storage tank farm 

Storage facilities are used for demand floating, commercial purposes, and as buffer between 
transportation and distribution network. There are two types of storage facilities: 1) 
underground storage facilities (depleted gas reservoirs, aquifers, salt caverns); and 2) 
Storage Tanks for Liquefied Natural Gas (LNG) that includes pipes and electric components. 

 

GAS04-Stations 

o Compression Stations 

The natural gas enters into the compressor station, where it is compressed by a turbine, a 
motor, or an engine to ensure that the flowing of the natural gas, through any pipeline, 
remains pressurized. The turbine operates a centrifugal compressor that, using a fan, 
compresses and pumps the natural gas through the pipeline. Natural gas engines are also 
used to power some compressor stations. Compressor stations usually contain scrubbers 
and filters that capture any undesirable particles or liquids that might be still contained in the 
natural gas flowing through the pipeline. 

o Metering /Pressure Reduction Stations  

Metering/Pressure Regulator Stations contain metering equipments for monitoring and 
managing the natural gas in their pipes, including the reduction of the gas pressure before its 
distribution into the pipe system. 

o Regulator Stations 

At regulator stations gas pressure is reduced as required for the gas to arrive to the end-
user. 

o Metering Stations  

Metering stations are only measurement points. 

 

GAS05-Pipelines 

There are three major types of pipelines used in three different systems:  

o Gathering system: connects the wellhead to the treatment plant and it is 
characterized by low pressure and diameter pipelines. 
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o Transportation system: transports gas from the treatment plant to the distribution 
systems, often across long distances; it is characterized by high pressure and large 
diameter pipelines. 

o  Distribution system: connects regulator stations to the city, communities and it is 
characterized by low pressure and small-diameter pipelines.  

Individual pipes (buried and unburied) connect residential buildings and businesses to the 
distribution system. However the description and vulnerability analysis of these pipeline 
systems is out of the scope of the Syner-G project. 

Pipeline systems may include a great number of valves along their entire distributed 
network. These valves work like gateways: they are open to allow the flow of the natural gas; 
they can be closed to stop the gas flow along a certain section of pipe.  

 

GAS06-Scada 

Control and communication systems are critical for the safe and continuous conveyance of 
both gas and liquid fuels, and are vital to guarantee an effective and timely emergency 
response. In particular, Supervisory Control and Data Acquisition, SCADA, which stands for 
are sophisticated communications systems that take measurements and collect data along 
the pipeline network (usually in a metering or compressor stations and valves) and transmit 
them to centralized control stations. This enables a quick reaction to equipment 
malfunctions, leaks, or any other unusual activity along the pipeline. Some SCADA systems 
incorporate the ability to remotely operate certain equipment along the pipeline, including 
compressor stations, allowing engineers in a centralized control centre to immediately and 
easily adjust flow rates in the pipeline. 

1.3 OIL PIPELINE SYSTEM COMPONENTS 

OIL01-Production and gathering facility 

Oil is found in reservoirs deep underground or beneath the ocean floor and it is extracted 
vertically through high-pressure tubing. The process extracts oil, water and mixed gases 
from the rock formations. Once at the surface, the production stream runs through a control 
wellhead into horizontal flow lines that carry the three phases into a separator vessel. In 
particular the gas from the top of the vessel may be injected again into the reservoir, flared 
or refined and marked, separating all the various hydrocarbons and fluids from the pure 
natural gas, to produce the ‘pipeline quality’ dry natural gas. The oil is sent to a pipeline for 
delivery to a refinery, tanker terminal or transmission pipeline system.  

 

OIL02-Refineries 

In the refineries the crude oil is converted into high-octane motor fuel (gasoline/petrol), diesel 
oil, liquefied petroleum gases (LPG), jet aircraft fuel, kerosene, heating fuel oils, lubricating 
oils, asphalt and petroleum coke.  

o Equipment: 

Centrifuges, Compressors, Cooling towers, Crushers, Crystallizers, Distillation towers and 
pressure vessels, electric power generators, transformers and electric motors, electrolysis 
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cell, evaporators, filters, fumaces, gas flares, mixers and blenders, monitoring and control 
systems, piping and valves, pumps, steam generators, steam turbines and gas turbines, 
storage tankers, wastewater treatment. 

OIL03-Storage tank farms 

There are four basic types of tanks used to store petroleum products: 

o Floating Roof Tank used for crude oil, gasoline, and naphtha. 

o Fixed Roof Tank used for diesel, kerosene, catalytic cracker feedstock, and residual    
fuel oil. 

o Bullet Tank used for normal butane, propane, and propylene. 

o Spherical Tank used for isobutene and normal butane. 

 

OIL04-Pumping plants 

Pumping plant allows maintaining the flow of the oil in the pipelines. Pumping plants usually 
use two or more pumps. Pumps can be of either centrifugal or reciprocating type. However, 
no differentiation is made between these two types of pumps in the analysis of oil systems. 

 

OIL05-Pipelines 

Pipelines are used to move crude oil from the wellhead to gathering and processing facilities 
and from there to refineries and tanker loading facilities. Product pipelines ship gasoline, jet 
fuel, and diesel fuel from the refinery to local distribution facilities. After crude oil is converted 
into refined products such as gasoline, pipelines are used to transport the products to 
terminals for movement to gasoline stations. In addition to gasoline, products pipelines are 
used to ship diesel fuel, home heating fuel, kerosene, and jet fuel. 

 

OIL06-Scada 

See section 1.2.



Systemic vulnerability methodology 

 17 

 

2 Systemic vulnerability methodology 

Vulnerability assessment of the gas/oil network can be measured generally in four 
perspectives:  
 

o structural component reliability where the main goal is related to the 
performance of a single component of the network (e.g. it could involve the 
number of breaks/km for the pipeline system); 
 

o connectivity reliability between node pairs where the main goal is related to 
determine the probability of the existence of a path connecting the source and 
the demand node when the links and the nodes are subjected to random 
failure events or in terms of serviceability defined by the aggregate 
functionality of facilities (nodes) composing the system, i.e. the number of 
distribution nodes which remain accessible from at least one supply node 
following the earthquake; in this case individual failures of each component 
do not influence other components vulnerability but change the topology of 
the network; 

 

o flow-performance reliability includes consideration of the network capacity, 
e.g. maintaining minimum head pressure related to leakages from two 
particular points of the network or related to a demand node or determining 
flow discharge of the network that quantifies the undelivered flow related to i -
th distribution demand node related to leakages.  
 

o inter-dependent reliability when the failure of one element is dependent on the 
failure of elements in the other networks.  This regards inter-dependent 
networks such as gas and electricity network that are interconnected through 
the gas fired power plants that need fuel from gas pipeline systems to 
generate electricity. 

2.1 SYSTEM COMPONENTS VULNERABILITY  

Within the seismic vulnerability analysis of a gas/oil supply system, pipelines, storage tanks 
and stations are considered vulnerable components. Fragility functions for each of these 
components are provided in the deliverable D3.4 “Fragility functions for gas and oil systems” 
(Gehl et al, 2011).   



Systemic vulnerability methodology 

 18 

 

2.2 CONNECTIVITY ANALYSIS 

2.2.1 Functional modelling 

Gas and oil systems are networks that can be modeled as a graph composed by the set of 
nodes connected by edge links amongst each other. The way these connections are formed 
dictates how the vulnerability of each element influences the vulnerability of the network as a 
whole.  

A graph G = (X, A) is a collection of points or vertices (node) x1, x2 … xn (denoted by the set 
X) and a collection of lines (edge/branch) a1, a2 … an (denoted by the set A) joining all or 
some of these points. Graph can be divided into directed graph and undirected graph. If the 
lines in A have direction – which is usually shown by an arrow – they are called arcs and the 
resulting graph is called a directed graph (Christofides, 1975). Moreover a graph is said to 
be strongly connected if for any two vertices xi and xj, there is at least one path going to 
vertices xi and xj. For a strongly connected graph, vertex xj is reachable from vertex xi and 
vice versa for any xi and xj, the strong component containing a given vertex xi is unique and 
xi will appear in the set of vertices of one and only one strong component.  Considering a 
gas piping network. This system is strongly connected if the gas flows in one direction 
between every two positions. The network is weakly connected if the gas flows in both 
directions between every two positions. The network is disconnected if there is no possible 
way for the gas to flow from one point to another. 

These systems can be classified in two different types namely tree or loop. The tree type 
pipeline system happens where the pipeline system is not in the loop condition. While for the 
loop type system, the pipeline system contains loops. It is much easier to solve the 
calculations for the tree type system compare to the loop type pipeline system. This is due to 
the looped nature, flow and direction of each pipe cannot easily be calculated. Usually the 
tree type is used for the distribution level of the network since it has the task of reaching as 
close as possible to the end user. 

Different graph theory algorithms and numerical methods exists, each of them solve different 
problems. Dijkstra’s algorithm solves the shortest path problem for a directed graph with non 
negative edge weights. For example, if the vertices of the graph represent gas wells and 
edge weights represent distances between pairs of wells connected by a pipeline, this 
algorithm can be used to find the shortest route between two gas wells. The Depth First 
Search algorithm instead is used to determine which nodes are reachable from a given 
node. More details on graph theory algorithms can be found in Christofides (1975). 

Graph theory is very useful to represent the network computation of any topology and to 
check the connectivity of the gas/oil network systems. 

2.2.2 Connectivity evaluation 

In the seismic vulnerability assessment the general aim of a connectivity analysis is to 
determine if after the seismic event a demand node is accessible from at least on supply 
node (D2.4 “Definition of system components and the formulation of system functions to 
evaluate the performance of gas and oil pipeline”). To this aim nodes should be 
distinguished considering their functionality. The nodes are generally treatment plant, 
storage tanks, stations and end user demand node. Moreover for the underground pipeline 
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network construction, T-junction, and joints represent other nodes since in that place the 
failure probability is fairly high. The deliver line between the structures is the side of graph.  

In order to compute performance indicators it is important to designate which nodes in the 
network are sources and which are demand node. All the nodes that do not belong to either 
of these two classifications are considered transmission nodes. Directions of the flows are 
presumably from sources to demand node. In the case of gas transportation/distribution 
network the source node is represented by the gas treatment plant; moreover if it is possible 
to determine the intermediate response to the shortage of the gas in the system, the storage 
tanks must also be considered as source nodes in the graph representation. Nodes that are 
connected directly with customers are considered demand nodes.  

It is important to note that if only the transportation (or distribution) part of the gas supply 
network is of concern, node functionality changes. In particular considering only the 
distribution network, regulator stations becomes source nodes. 

2.3 FLOW ANALYSIS 

In a flow-based analysis the network performance is measured evaluating the satisfied 
customer demand after the earthquake event respect to that before the earthquake.  

In the case of gas network, for the purpose of calculating pipe flows and nodal pressure, 
Newton Nodal method in steady state condition and flow equations may be used respect to 
different pressure levels. A network is in a steady state when the values of the quantities 
characterizing the flow of gas in the system are independent of time and the system is 
described by a set of nonlinear algebraic equations (Osiadacz, 1987). In steady state 
analysis, the pressure of the nodes and the flow rate in the pipes must satisfy the flow 
equations and the value of load node and source node must fulfill the two Kirchhoff’s laws, 
which are the Kirchhoff’s first law and Kirchhoff’s second law.  

Common flow equation can be expressed in a general form (Osiadacz, 1987). For any pipe 
k, the pipe flow equation from node i to node j can be expressed as: 

  

( ) ( )1m
n k nk k

Q K Qφ ⎡ ⎤ =⎣ ⎦   (1.1) 

 
where ( )n kQφ ⎡ ⎤⎣ ⎦ is the flow function for the pipe k, kK is the pipe constant, ( )n kQ is the flow 
in the pipe k and m1 is the flow exponent. 
 
The low pressure version of the equation is 
 

( ) ( )2
n k n i jk k

Q K Q p pφ ⎡ ⎤ = = −⎣ ⎦  (1.2) 

 
where pi is the pipeline inlet pressure and pj is the pipeline outlet pressure 
 
 
The medium and high pressure version of the equation is 

( ) ( )1 2 2m
n k n i jk k

Q K Q p pφ ⎡ ⎤ = = −⎣ ⎦
 

(1.3) 
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Where m1 is equal to 1.848 for medium pressure pipes and 1.854 for high pressure pipes. 
 

Note that taking account of the fact that a change of the flow direction of the gas stream 
may take place in the network equations 1.2 and 1.3 should be rearranged respectively 
as: 

( ) ( ) 0.5

ij i j
n ijk

k

S p p
Q S

K

⎛ ⎞−
⎜ ⎟=
⎜ ⎟
⎝ ⎠

  (1.4) 

( ) ( ) 11 m

ij i j
n ijk

k

S p p
Q S

K

⎛ ⎞−
⎜ ⎟=
⎜ ⎟
⎝ ⎠  

(1.5) 

 

where 1ijS =  if i jp p> and 1ijS = −  if i jp p< . 

Details on Newton Nodal method and selection of flow equations will be given in the 
deliverable D6.5 “Application and validation study to a gas network”. 

2.4 INTER-DEPENDENCIES  

Interdependencies that are likely to exist in service lifelines can be classified as physical, 
geographical, logical and cyber (Rinaldi et al, 2011).  

From those only the physical dependencies considered as direct effects will be studied in 
SYNER-G at least at the minimum level. Physical dependencies between two systems exist 
if the state of each is dependent on the material output(s) of the other. 

For example gas transport network depends on electricity because of compressor station 
backup system but not the distribution network stations which are self-provided with energy. 
At the same time power network depends on gas system for fuel production. Moreover gas 
networks failure may affect the HCS (Health Care System) and HBR (Harbour) functionality. 
The possible physical inter-dependencies for gas and oil systems with other networks are 
shown in Table (2). 

Therefore functionality of a gas/oil network following an earthquake is determined by not only 
the physical damage to the system itself but also the serviceability of other systems to which 
it is connected such as the electric systems. To evaluate the probability of lost functionality 
of a component whose serviceability depends on the behavior of another network, a fault 
tree analysis may be used. A fault tree model in fact illustrates how the functionality of the 
primary and supporting systems are integrated (Adachi and Ellingwood, 2008). 

More recently Hernandez-Fajardo and Dueas-Osorio (2011) have introduced an 
interdependence definition that allows a clear characterization of coupling links between 
interdependent systems; in particular interdependent failure propagation and evolution are 
modeled to include cascading effects from network interactions into fragility assessment. 
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Tab. 2 Interdependencies between systems included in Syner-g 

Impacts  BDG  EPN  WSN  WWN  GAS  OIL  RDN  HBR  HCS  FFS  SHM  HIM 

Buildings BDG              

Electric 
power 
network EPN 

    
x x 

      

Potable 
water 
network WSN 

            

Waste-
water 
network WWN 

            

Gas 
network GAS  x x 

     
x x  x  

Oil 
network OIL   x      x     

Road 
network RDN 

            

Harbour HBR              

Health-
care 
system HCS 

            

Fire-
fighting 
system FFS 

    
x x 

      

Shelter 
model SHM 

    
x  

      

Health 
impact 
model HIM 
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3 Software implementation 

Following the taxonomy presented in the deliverable D2.1 “General methodology for 
systemic seismic vulnerability assessment”, gas (oil) transportation/distribution systems 
belong to the Network class. The modelling of physical behaviour respect to the general 
methodology and prototype software presented in the deliverable D2.1 consist of the 
identification of attributes and methods to implement for the vulnerability assessment. 

This section provides an overview on the modelling of physical behaviour of the gas 
distribution system.  

3.1 GAS DISTRIBUTION SYSTEM CLASS 

The gas distribution system class, illustrated in Figure (1) is the composition of GASnode 
and GASlink abstract classes, of which the first is the generalization of Pipe class, while the 
second is the generalization of FinalNode, GasSource and Stations classes. In particular the 
FinalNode class is the generalization of IDU class that represents the node directly 
connected with customers (demand node) and Joint class that represents nodes used to 
reproduce the geometry of the system but characterized by a demand equal to zero. The 
Station class is represented by regulator stations while the Source class is represented by 
Metering/pressure Reduction stations (M/R) that are used to connect the distribution 
medium-pressure network to the high-pressure transmission lines. 

  

 
Fig. 1 Class diagram for the distribution network 

 

Each class is characterized by attributes and methods. 
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Attributes refer to properties that describe the whole system and each component. For 
example for the gas distribution system class, possible attributes may be related to the 
number of links and nodes presented in the system, the list of vulnerable sites and the 
corresponding intensity measures, the connectivity and adjacency matrix used for the 
evaluation state by state of connectivity performance measures. Possible attributes for link 
and nodes instead may be related to geographical coordinates, typology of node, site class, 
material and other data necessary as input to compute fragility and system component 
performance measure.  

Methods, instead, may be related for example to the computation of flow in all pipes and 
nodes or accessibility of demand nodes or fragility of links and nodes if they are considered 
vulnerable. 

This is only an overview of the possible modelling of physical behaviour of the gas 
distribution system. More details will be given in the deliverable D6.5 
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