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Abstract 

The report is composed of three parts. An introduction reporting for reference the EPN 
taxonomy developed within work package 3 (details on the survey of the technical literature 
on EPN fragility models are included in report D3.3). A description of the classes specifically 
designed for electric power networks and their components within the general object-
oriented model (see report D2.1) adopted in the methodology and implemented in the 
prototype software. A case study, the power network of Sicily, Italy, with the description of 
the main methodological choices, system topology and seismic hazard, the considered 
performance indicators, and the results of simulation analyses. 

Since the island has not been affected by significant earthquakes in recent times, the 
application within this report is intended to be more a real scale application to test the 
capabilities of the SYNER-G methodology and software rather than a validation study. 
Features needed to carry out this study already dealt with in other SYNER-G reports are just 
briefly recalled herein. 

Keywords: short-circuit propagation, sub-station internal logic, capacitive (flow) analysis, 
performance indicators 
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1 Taxonomy of electric power networks 

1.1 DESCRIPTION AND ANALYSIS OF AN ELECTRIC POWER NETWORK 

A modern Electric Power Network (EPN) is a complex interconnected system that can be 
subdivided into four major parts: 

o Generation 

o Transformation 

o Transmission and Distribution 

o Loads 

These are briefly described in the following sections. The interested reader can also see Saadi 
(2002). 

Generation of electric power is carried out in power plants. A power plant (Fig. 1.1) is composed 
of several three-phase AC (Alternate Current) generators known as synchronous generators or 
alternators. Synchronous generators have two synchronously rotating fields, one of which is 
produced by the rotor driven at synchronous speed and excited by DC (Direct Current), while 
the second one is produced in the stator windings by the three-phase armature currents. The 
DC current for the rotor windings is provided by the excitation systems, which maintain 
generator voltage and control the reactive power flow. Because of the absence of the 
commutator, AC generators can generate high power at high voltage, typically 30 kV. In a 
power plant, the size of generators can vary from 50 MW to 1500 MW. 

            
Fig. 1.1 Power plant  

At the time when the first EPNs were established in the world, individual electric companies 
were operating at different frequencies anywhere, in US ranging from 25 Hz to 133 Hz. As the 
need for interconnection and parallel operation became evident, a standard frequency of 60 Hz 
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was adopted throughout the US and Canada, while most European countries selected the 50 
Hz system. These two AC frequencies are still in use at the present time. 

The source of the mechanical power, commonly named “prime mover”, may be hydraulic 
turbines at waterfalls, steam turbines whose energy comes from the burning of coal, gas and 
nuclear fuel, gas turbines or occasionally internal combustion engines burning oil. Many 
alternative energy sources, like solar power, geothermal power, wind power, tidal power and 
biomass, are also employed. 

One of the major components of a power network is the transformer (Fig. 1.2), which transfers 
power with very high efficiency from one level of voltage to another level. The power transferred 
to the secondary winding is almost the same as the primary, except for losses in the 
transformer. Therefore, using a step-up transformer of voltage ratio a will reduce the secondary 
current of a ratio 1/a, reducing losses in the line, which are inversely proportional to voltage and 
directly proportional to distance. This makes the transmission of power over long distances 
possible. At the receiving end of the transmission lines step-down transformers are used to 
reduce the voltage to suitable values for distribution or utilization. 

 
Fig. 1.2 High voltage transformer 

The purpose of a power delivery system (simple sketch in Fig. 1.3), also known as transmission 
and distribution (T&D) system, is to transfer electric energy from generating units at various 
locations to the customers demanding the loads. 
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Fig. 1.3 Sketch of a T&D system for an EPN (TL = Transmission Lines, D = Distribution 
lines, TD [HV→MV] = Transformation (from high to medium voltage) and Distribution 
station, TD [MV→LV] = Transformation (from medium to low voltage) and Distribution 

station, L = Load) 

A T&D system is divided into two general tiers: a transmission system that spans long distances 
at high voltages on the order of hundred of kilovolts (kV), usually between 60 and 750 kV, and a 
more local distribution system at intermediate voltages. The latter is further divided into a 
medium voltage distribution system, at voltages in the low tens of kV, and a low voltage 
distribution system, which consists of the wires that directly connect most domestic and small 
commercial customers, at voltages in the 220-240 V range for Europe. The distribution system 
can be both overhead and underground.  

The transmission and distribution systems are generally characterized by two different 
topological structures: the transmission system is an interconnected redundant grid, composed 
of stations as nodes and transmission lines as edges, while the distribution system is a tree-like 
network, following the main streets in a city and reaching the end users. Fig. 1.4 shows the two 
topological structures. 
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Fig. 1.4 Typical topological structures, grid-like (on the left) and tree-like (on the right), 

respectively for transmission and distribution systems 

The European high voltage transmission grid, composed of lines with a voltage greater or equal 
to 220 kV, is displayed in Fig. 1.5. The image has been taken from Poljanšek et al (2010). 

 
Fig. 1.5 European high voltage transmission grid (V ≥ 220 kV). Higher voltage lines in 

blue, lower voltage lines in red. Line thickness is proportional to voltage.  
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The lines at different voltages are terminated in substations. In general, an electric substation 
(Fig. 1.6) is a facility that serves as a source of energy supply for the local distribution area in 
which it is located, and has the following main functions: 

o Changing voltage from one level to another, by means of transformers. 

o Delivering power. 

o Providing points where safety devices such as disconnect switches, circuit breakers, 
and other equipment can be installed. 

o Regulating voltage to compensate for system voltage changes. 

o Eliminating lightning and switching surges from the system. 

o Converting AC to DC and DC to AC, as needed. 

o Changing frequency, as needed. 
Depending on their functions, substations can be grouped into three typologies, in particular:  

1. Transformation substations. 

2. Distribution substations. 

3. Transformation/distribution substations. 

An important component inside a substation is the bus, a redundant system of bars (generally 
two bar systems form a bus, with the second one being provided for the purpose of 
maintenance operations) transferring energy between lines entering or exiting from the station. 
When the transformation function is required (type 1 and 3 above), two buses at two different 
voltages are present. For type 3 only, where also power delivery is required, one or both buses 
are load buses. For distribution substations, the only bus present is a load bus. Buses are the 
network nodes.  

 
Fig. 1.6 Substation 

Substations layouts are extremely variable. They can be entirely enclosed in buildings where all 
the equipment is assembled into one metal clad unit. Other substations have step-down 
transformers, high voltage switches, oil circuit breakers, and lightning arresters located outside 
the substation building.  
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The electric power is delivered to the single customers through distribution circuits, which 
include poles, wires, in-line equipment, utility-owned equipment at customer sites, above ground 
and underground conductors. Distribution circuits either consist of anchored or unanchored 
components.  

Finally, loads of power systems are divided into industrial, commercial and residential.  

Industrial loads are served directly from the high voltage transmission system or medium 
voltage distribution system. Commercial and residential loads consist largely of lighting, heating 
and cooling.  

Loads are independent of frequency and consume negligibly small reactive power. The real 
power of loads is expressed in terms of kilowatts (kW) or megawatts (MW).  

The magnitude of load varies throughout the day and power must be available to consumers on 
demand. The greatest value of load during a 24-hr period is called peak demand. Smaller 
peaking generators may be commissioned to meet the peak load that occurs for only a few 
hours. In order to assess the usefulness of the generating plant the load factor is defined, which 
is the ratio of average load over a designated period of time to the peak load occurring in that 
period. Load factors may be given for a day, a month or a year. 
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1.2 IDENTIFICATION OF THE MAIN TYPOLOGIES FOR ELECTRIC POWER 
NETWORK COMPONENTS IN EUROPE 

The electric power networks components (that can considered vulnerable or not) can be 
grouped on the base of five different vulnerability analysis scales of the network. The main 
typologies, with particular reference to the European context, are listed in Table 1.1. 

Table 1.1 Main typologies of EPN components in Europe 

Typology Vuln. analysis scale Element code 
Electric power grid Network EPN01 
Generation plant Station EPN02 
Substation Station EPN03 
Distribution circuits Distribution-system EPN04 
Macro-components Substation’s component  
 Autotransformer line Substation’s component EPN05 
 Line without transformer Substation’s component EPN06 
 Bars-connecting line Substation’s component EPN07 
 Bars Substation’s component EPN08 
 Cluster Substation’s component EPN09 
Micro-components Substation’s component  
 Circuit breaker Substation’s component EPN10 
 Lightning arrester or Discharger Substation’s component EPN11 

 Horizontal disconnect switch or 
Horizontal sectionalizing switch Substation’s component EPN12 

 
Vertical disconnect switch or  
Vertical sectionalizing switch 

Substation’s component EPN13 

 Transformer or Autotransformer Substation’s component EPN14 
 Current transformer Substation’s component EPN15 
 Voltage transformer Substation’s component EPN16 
 Box or Control house Substation’s component EPN17 
 Power supply to protection system Substation’s component EPN18 
 Coil support Substation’s component EPN19 
 Bar support or Pothead Substation’s component EPN20 
 Regulator Substation’s component EPN21 
 Bus Substation’s component EPN22 
 Capacitor bank Substation’s component EPN23 
Transmission or distribution line Line EPN24 
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Overhead lines are generally not considered as vulnerable elements. On the contrary, 
underground lines, which are scarcely diffused in Europe, can be vulnerable to ground 
deformations, depending on some technological features of their laying. 

It has been noted from the literature review that authors often assign different names to the 
same micro-component. 

It has to be remarked that most authors do not explicitly distinguish between micro- and macro-
components. This distinction is useful in terms of reliability analysis when the approach to 
network modelling is capacitive (i.e. power flows are computed) and the internal logic of 
substations is modelled, i.e., partial functioning (continued service with reduced power flow) is 
accounted for. In this latter case the modelling effort is much higher than when a substation is 
considered as a single component with a binary state (fail/safe). This effort can be reduced by 
assembling sub-sets of micro-components that are serially arranged within the substation in 
order to reduce them to a single element: the macro-component. The substation layout is then 
composed of general (non-serial) arrangement of macro-components which can lead to partial 
functioning states, depending on the distribution of damage. 

Looking again at Table 1.1, it should be now clear how components EPN01 and EPN03 are not 
of interest within the SYNER-G analysis framework where the level of detail / resolution in the 
description of the EPN, and in general of lifelines, is higher. 

 

 

 



EPN model within the SYNER-G methodology and its implementation within the prototype software 

 9 

 

2 EPN model within the SYNER-G methodology 
and its implementation within the prototype 
software 

As addressed in report D2.1, the object-oriented paradigm (OOP) has been adopted for the 
purpose of modelling the Infrastructure and the seismic hazard acting upon it. Within the OOP, 
in abstract terms, the problem is described as a set of objects, characterized in terms of 
attributes (or properties) and methods, that interact with each other. Objects are instances 
(concrete realizations) of classes (abstract models, or templates for all objects with the same 
set of properties and methods). 

The SYNER-G prototype software includes an object-oriented representation of a subset of all 
the  systems in the taxonomy, among which the electric power network. The following sections 
report the properties and methods of the EPN class and its subclasses. 

2.1 THE EPN CLASS 

Fig. 2.1 illustrates the EPN class diagram. In the software, the EPN is modelled as an 
undirected graph, i.e. a graph in which flow can occur in both directions on all. For this reason, 
the EPN class is considered as a subclass of the Undirected abstract class, that in its turn is a 
subclass of the Network abstract class. 

The electric power network is made up of nodes and edges/lines connecting them. As a 
consequence, the EPN class is the composition of EPNedge and EPNnode classes, that are 
both abstract. The first one is the generalization of the OverheadLine and UndergroundLine 
classes, while the second one is the generalization of the SlackBus, PVGenerator and LoadBus 
classes. The latter is the generalization of the TransformationDistribution and Distribution 
classes, both of which are composed of the Component abstract class. This latter class is the 
generalization of eleven classes, one for each micro-component composing the substations.  
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Fig. 2.1 Class diagram for the EPN class 

The following is the list of properties of the EPN class, with the names following the naming 
convention adopted for variables in developing the prototype software, whereby multi-word 
names have no blank spaces in between words and the latter are separated by capitalizing the 
initial letter of each word. The list is split into five parts: 

List of pointers 

o parent: this is a pointer to the parent object which, in this case, is the Infrastructure 
(the object from the Infrastructure class) 

o overheadLine: pointers to the overhead transmission lines in the system, objects 
from the OverheadLine class (underground lines are not yet included in the model) 

o slack: pointer to the slack bus, one object from the SlackBus class 

o generator: pointers to all power generators (excluding the slack bus) in the system, 
objects from the PVGenerator class 

o transfdistr: pointers to all transformation/distribution substations in the system, 
objects from the TransformationDistribution class 

o distribution: pointers to all distribution substations in the system, objects from the 
Distribution class 
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Electric Power Network global properties 

o nEdges: number of transmission lines in the EPN 

o nNodes: number of buses in the EPN 

o edges: connectivity matrix of the EPN listing the start and end nodes of each line 

o admittanceMatrix: admittance matrix of the EPN, containing the self and mutual bus 
admittances, used in power flow evaluation 

o capacityPerCapita: required average power per inhabitant, for the region of interest 

o vulnSites: list of vulnerable sites (components) of the EPN, containing their location 
and IM type(s) 

o baseV: reference voltage to switch to per-unit system (a way of normalizing 
quantities appearing in the power flow equations in order to obtain comparable 
values and improve convergence of the Newton solution strategy, see D5.2) 

o baseP: reference power to switch to per-unit system 

o baseY: reference admittance to switch to per-unit system 

o ULweight: influence of EPN in the computation of utility loss (UL) in buildings (if 
present); the sum of ULweight values of the utility networks present in the 
Infrastructure must be 1. This is an important parameter in the model for the 
evaluation of the buildings habitability and hence the demand on the shelter model 
(see D2.1) 

o adjacencyMatrix  

o incidenceMatrix 

o incidenceList 

o deadEnds: list of network dead ends  

o articPTS: list of network articulation points (a graph-theoretic notion: nodes whose 
removal increases the number of connected sub-networks) 

o bridges: list of network bridges (a graph-theoretic notion: edges whose removal 
increases the number of connected sub-networks) 

Line and bus (node) properties (many of these properties have counterparts in the EPNedge 
and EPNnode classes. Those in this class are vectors collecting values that are also stored 
individually within each node and edge object) 

o edgeVs30: Vs30 value at the lines’ centroid 

o edgeVoltage: nominal voltage of lines 

o edgeElectricProp: electric properties of lines, i.e. resistance, reactance and 
susceptance, in units consistent with voltage and power units 

o edgeVoltageRatio: ratio of voltages at the two ends of lines (different from 1 for 
lines with transformer) 

o edgeIsVulnerable: flag indicating if the generic line is considered vulnerable or not 

o edgeCentroidPosition 

o edgeType: lines’ typology, overhead or underground 
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o edgeIMType: intensity measure used in the fragility of the edge 

o edgeSiteClass: site class at the edge centroid site according to the amplification 
method to be used 

o edgeDepth2GW: depth of the groundwater at the edge centroid site 

o edgeLiqSusClass: liquefaction susceptibility of the edge centroid site 

o edgeLandSusClass: landsliding susceptibility of the edge centroid site 

o edgeYieldAcc: yielding or critical acceleration for landsliding at the edge centroid 
site 

o nodePosition 

o nodeAltitude 

o busBC: buses boundary conditions (voltage magnitude and phase for the slack bus, 
voltage magnitude and real power for generators, real and reactive power for load 
buses) 

o nodeType: typology (slack, generator, transformation/distribution or distribution) of 
buses 

o nodeVs30 

o nodeIsVulnerable: flag indicating if the generic node is considered vulnerable or not 

o nodeIMType: intensity measure used in the fragility of the node (or the elements 
composing a station) 

o nodeSiteClass: site class at the node sites according to the site amplification 
method to be used (valid for all a posteriori amplification methods, see Section 3.3) 

Properties that record the state of the EPN for each event  

o states: nE×1 collection of properties that describe the current state for each of the nE 
events 

o Ybus: current admittance matrix 

o X0: initial guess vector for power flow 

o P: current vector of real power at buses 

o Q: current vector of reactive power at buses 

o loss: current vector of lines complex power losses 

o totalLossP: total real power loss 

o totalLossQ: total reactive power loss 

o numSources: number of power plants connected to load buses 

o numSourcesP: sum of real power of power plants connected to load buses 

o CL: Connectivity Loss, system-level performance indicator 

o PL: Connectivity Loss, system-level performance indicator 

o SSI: System Serviceability Index, system-level performance indicator 
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Properties that store the global performance of the EPN at the end of simulation 

o MAF: Mean Annual Frequency of exceedance values for the considered system-
level PI’s 

The following is the list of the methods of the EPN class (some of these are briefly explained): 

o anySDFS: performs the Depth First Search algorithm, to know which vertices can be 
reached by a path starting from any source 

o buildAdmittance: builds the network admittance matrix 

o buildInitialEstimate: builds an initial guess vector for the Newton-Raphson 
algorithm. 

o checkIsolatedBuses: finds and delete buses that are isolated from the slack bus 

o computeDemand: determines the required real power at all load buses in which the 
real power is set to 0 in the textual input. The computation for the generic load bus is 
based on the user-specified average power per inhabitant and the population of its 
reference cells, if any, i.e. the cells fed by the node itself 

o computeLineCurrFlowLosses: retrieves the lines current, power flow and power 
loss, as well as the slack bus real and reactive power and the generators reactive 
power 

o computePerformanceIndicator 

o connectedNodes 

o defineStatCompState: assigns a damage state to all components of a substation 

o deleteBuses: deletes from the network broken buses 

o detectArticulationPoints 

o detectBridges 

o edges2Adjacency: perform corresponding transformation 

o edges2IncidenceList: perform corresponding transformation 

o edges2IncidenceMatrix: perform corresponding transformation 

o findDeadEnds 

o isConnected: determines whether a path exists between any two nodes in an 
undirected graph 

o minPath: finds the minimum path between a pair of nodes 

o noSolutionFound: assigns zero values to all electrical quantities, when no power 
flow solution is found, due to damage of the network 

o powerFlow: performs the computation of voltage and power in all stations, as well 
as the current, power and power loss in all transmission lines, in both seismic and 
non-seismic conditions. This method calls the buildInitialEstimate method. If a 
solution is found for the stations voltages, then the computeLineCurrFlowLosses 
method is called, otherwise the noSolutionFound sets all quantities to zero for the 
current event 

o retrieveLandSusEdges 
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o retrieveLiqSusEdges 

o retrieveSiteClassEdges 

o retrieveSiteClassNodes 

o retrieveVs30edges 

o retrieveVs30nodes 

o retrieveYieldAccEdges 

o spreadShortCircuitsInEPN 

o listOfEdges 

o switchToPhysicalUnits: switch back to the physical units of voltage, power and 
admittance, in case the user chooses to work with the per-unit system 

2.2 THE EPNEDGE CLASS AND SUBCLASSES  

The following is the list of properties of the EPNedge abstract class. These properties are 
common to the two subclasses of this class.  

o parent: this is a pointer to the parent object which is in this case the electric power 
network (the object from the EPN class)  

o connectivity: start and end node of the edge  

o centroid: edge centroid location 

o L: edge length 

o Vs30: Vs30 at edge centroid 

o Voltage 

o voltageRatio 

o resistance: line resistance 

o reactance: line reactance 

o susceptance: line susceptance 

o longAdmittance: line longitudinal admittance 

o transAdmittance: line transversal admittance 

o isVulnerable  

o IMType 

o states: nE×1 collection of properties that describe the current state for each of the nE 
events 

o I: line current 

o invI: line inverse current 

o flow: line power flow 

o invFlow: line inverse power flow 



EPN model within the SYNER-G methodology and its implementation within the prototype software 

 15 

 

o loss: line complex power loss 

o shortCircuitOut: flag indicating if a short circuit spreads over the network 
starting from the considered line  

o lineDown: flag indicating if the considered line is out of service 

The EPNedge abstract class and its subclasses do not have any methods (only the object 
constructor for the concrete subclasses). 

2.3 THE EPNNODE CLASS AND SUBCLASSES  

The following is the list of properties of the EPNnode abstract class. These properties are 
common to all subclasses of this class. 

o parent: this is a pointer to the parent object which is in this case the electric power 
network (the object from the EPN class)  

o position: node location  

o altitude: node altitude  

o Vs30: Vs30 at node 

o Type 

o BC 

o isVulnerable  

o IMType 

o siteClass 

o states: nE×1 collection of properties that describe the current state for each of the nE 
events. For the slack bus and generators, the state only indicates the output of the 
power flow analysis, while for load buses the properties are:  

o phi: voltage phase resulting from power flow (same property for the second 
bus,in case the station is of transformation/distribution type) 

o V: voltage magnitude resulting from power flow (same property for the second 
bus, in case the station is of transformation/distribution type) 

o primaryIM: primary intensity measure at node site, as interpolated from the 
regular grid points 

o localIMs: secondary or local intensity measures, correlated to the primary IM 

o brokenComp: list of flags indicating if the generic component is broken 

o busDown: flag indicating if the considered bus is out of service (same property 
for the second bus, in case the station is of transformation/distribution type) 

o isolatedBus: flag indicating if the considered bus is isolated from the slack bus 
(same property for the second bus, in case the station is of 
transformation/distribution type) 

o shortCircuitOut: flag indicating if a short circuit spreads over the network 
starting from the considered station  
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o shortCircuitIn: flag indicating if a short circuit, spread over the network, enters 
the considered station 

o VR: voltage ratio, ratio of voltage in seismic conditions to voltage in reference 
condition  

The abstract subclass LoadBus has two further properties, i.e. component (list of pointers to 
components composing the stations) and refCells (cells fed by the station). The 
TranformationDistribution and Distribution classes have further properties indicating the 
correspondent bus or buses ID numbers and the pointers to lines entering or exiting from the 
station. 

The EPNnode abstract class has no methods, while the LoadBus abstract class has three 
methods, present in all its subclasses (TransformationDistribution and Distribution classes). 

o createComponents 

o spreadShortCircuitsInStation 

o checkStationDamage 

The checkStationDamage method is called inside the spreadShortCircuitsInStation method to 
eventually delete the transmission lines affected by short circuits. 

The TransformationDistribution and Distribution classes are composed of the Component 
abstract class, which is the generalisation of eleven classes, one for each micro-component 
composing the substations. In particular, these classes are: 

o BarSupport 

o Box 

o CircuitBreaker 

o CoilSupport 

o CurrentTransformer 

o VoltageTransformer 

o HorDisconnectSwitch 

o VertDisconnectSwitch 

o LightningArrester 

o PowerSupplyToProtectionSystem 

o Transformer 

The following is the list of properties of the Component abstract class. These properties are 
common to all subclasses of this class. 

o parent: this is a pointer to the parent object which is in this case one of the network 
stations 

o mean: log-mean, i.e. the first parameter of the lognormal fragility curve 

o beta: log-std, i.e. the second parameter of the lognormal fragility curve 

o fragility: vector of fragility curve values 
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o states: nE×1 collection of properties that describe the current state for each of the nE 
events. For all component is present the flag broken. Only for circuit breakers, also 
the flags open and passive are present. 

The Component abstract class has no methods. 
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3 The case study: electric power network of 
Sicily 

3.1 METHODOLOGY 

The analysis of an EPN in a seismically active environment can be carried out, as for other 
lifeline systems, at two different levels. The first basic one focuses on connectivity only and can 
only lead to a binary statement on whether any given node is connected with another node, 
specifically a source node, through the network. This level of analysis is particularly inadequate 
for a system such as the EPN since the tolerance on the amount and quality, in terms of voltage 
and frequency, of the power fed to any demand node for maintaining serviceability is very low. 
The actual power flow in the node must be determined to make any meaningful statement on 
the satisfaction of the power demand at the node, not just its state of continued connectivity. 
The latter is an intrinsically systemic problem since it depends on the determination of the flows 
on the entire (damaged) network. Further, before being able to evaluate flows it is necessary to 
determine what is the EPN portion still up and running after an event. This does not simply 
mean what components are damaged since damage to components has non-local 
consequences. Indeed, damage to the components of a substation can lead to a short-circuit 
that may or may not propagate further away from that substation to adjacent others, generating 
in extreme cases very large black-outs. Hence, power flow analysis follows the analysis of 
short-circuit propagation, in which circuit breakers are active components playing a key role in 
arresting the short-circuit spreading. This is the modelling approach adopted within the SYNER-
G general methodology. Moreover, the substations are not modelled as vulnerable points, 
characterised by an assigned fragility function: their full internal logic is modelled, to account for 
partial functioning (continued service with reduced power flow) (see report D5.5). The eleven 
typologies of micro-components composing the load substations are the only elements in the 
network that are considered vulnerable. For such elements, fragility curves function of peak 
ground acceleration (PGA) are available and reported in deliverable D3.3. 

The power network of Sicily, one of the Italian major islands, has been chosen as the case 
study. The island has not been affected by significant earthquakes in recent times, hence the 
study is more a real scale application to test the capabilities of the SYNER-G methodology and 
prototype software rather than a validation study. 

3.2 SYSTEM TOPOLOGY AND CHARACTERISTICS 

The available data about the system topology and characteristics are those provided by the 
former Italian State Electricity Board, ENEL (the network is now run under concession by 
another subject called TERNA, which manages only the transmission/distribution infrastructure 
while generation is distributed between a number of operators that compete in a recently freed 
market for energy). Hence, data may not be up to the date of this report. The island network is 
composed of 181 nodes and 220 transmission lines. The nodes, i.e. the buses, are subdivided 
into 175 demand or load nodes and 6 supply nodes, 5 of which are power plants and 1 is the 
balance node (or slack bus). The load nodes (two for transmission/distribution and one for 
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distribution substations) deliver power to users. The total number of municipalities served by the 
network is 390. The balance node, generally coinciding with the generation node providing the 
highest power, is introduced in the adopted power flow formulation (see report D5.5) since 
power losses in the network are unknown before solving the power flow equations. Its function 
is to provide the power balance between the power ingoing at generation nodes and the power 
outgoing from load buses, plus the power losses. Fig. 3.1 shows the position of municipalities 
and network nodes on the island.  

 
Fig. 3.1 Position of municipalities and EPN nodes 

All transmission lines are overhead lines and not considered as vulnerable elements. They are 
classified into high (HV), medium (MV) and low voltage (LV) lines (Fig. 3.2). The EPN is 
modelled as an undirected un-weighted graph. 

 
Fig. 3.2 Transmission lines, classified by voltage 
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3.3 SEISMIC HAZARD 

The seismic hazard is modelled through 18 faults taken from the Italian DISS (Database of 
Individual Seismogenic Sources) database, employing the truncated Gutenberg&Richter 
recurrence model for the source activity (Fig. 3.3). 

 
Fig. 3.3 DISS database faults affecting Sicily 

Within the DISS source model, also used in the European SHARE fault database, the fault 
surface does not correspond to a simple rectangle (seismogenic area), but is described as a 
more complex polygon that can change strike according to the trace. The current fault typology 
used within the SYNER-G model and the prototype software implementation for shallow faults in 
Europe (except the Aegean, Calabrian and Cypriot subduction interfaces) is 
simpleFaultGeometry. The fault is described by a trace, a dip and an upper and lower depth 
(the dip direction is always 90° clockwise from the azimuth to the last point on the trace from the 
first point of the trace). The rendering of an evenly-spaced discrete mesh over the fault surface 
is done using an adaption of the algorithm of Mark Stirling, which is what is currently 
implemented in OpenSHA (Open Source Seismic Hazard Analysis http://www.opensha.org/). 
The fault source, as it is represented in this fashion, is equivalent to a composite source (see 
report D2.13). 

The ground motion prediction equation (GMPE) employed in this application is that by Akkar 
and Bommer (2010). 

Different amplification methods are available: Eurocode 8, NEHRP, Choi&Stewart, context-
specific. Such methods amplify the shaking intensity measure (IM) at vulnerable sites a 
posteriori, i.e. after the ground motion calculation stage. It can also be used the within-GMPE 
amplification method, using the Vs30 values for site classification. However, no soil 
classification data are available in the employed data set and, hence, IM values are computed 
on rock.   

Fig. 3.4 shows a shake map in terms of primary IM (in this case PGA) computed at points of a 
regular grid, for a scenario M=5.4 event. The primary IM is then retrieved at vulnerable sites by 
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distance-based interpolation and finally the local IM (if not coinciding with primary) is sampled 
conditionally on primary IM. A detailed description of the entire hazard model adopted in the 
methodology and hence implemented in the SYNER-G prototype software can be found in 
Cavalieri et al (2012) and reports D2.1 and D2.13. 

 
Fig. 3.4 Shake map in terms of PGA at grid points, for a scenario M=5.4 event 

3.4 DESCRIPTION OF THE INPUT 

The MATLAB environment provides through the function xlsread the capability of importing 
data organised within an Excel workbook. The latter was chosen as the format of the input file 
for the prototype software. Input is prepared as a workboox (file extension .xls or .xlsx) 
within which, in general, each sheet correspond to a different system in the SYNER-G 
taxonomy. 

Fig. 3.5 and Fig. 3.6 show a small part of the input for the Sicily electric power network, 
contained in the sheet epn. The first two cells in the first row in Fig. 3.5 specify the number of 
lines (sides) and of nodes, 220 and 181, respectively. The installed capacity per capita is 
needed to compute the power demand requested by buildings: for this application, in which the 
building system is not present in the Infrastructure, the power demand data are provided by 
ENEL. The base voltage and power are reference values that serve the purpose of working with 
the per-unit system, if desired. The UL (Utility Loss) weight is the importance the user wants to 
give to EPN in the computation of total utility loss (see D2.1). 

The next rows, after the nodes keyword, specify in a standardised way (similar for all 
network/line-like systems) the nodes of the system. In particular the information to be provided 
for each node is in the order: localisation, site properties, functional and related to seismic 
damageability. Localisation is given in terms of latitude and longitude in degrees and altitude 
above sea level in metres. The site properties are specified in terms of average shear wave 
velocity Vs30. It can be noted from the figure that Vs30 is set to a very high value (1000 m/s) for 
all nodes, meaning rock sites; in fact, for values higher than 750 m/s the software considers the 
sites to be on rock and does not amplify their local IM. Functional information for the stations of 
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an EPN is the type of node (balance, generator, distribution or transformation/distribution) and 
the node boundary conditions (see D5.2). The next two columns specify whether the node is 
vulnerable, and in case it is which is the IM(s) to be input to the corresponding fragility model. 
The last column reports the site class, needed for a posteriori amplification methods. 

 
Fig. 3.5 Input workbook: specification of the Sicily EPN nodes (only first rows) 

 
Fig. 3.6 Input workbook: specification of the Sicily EPN lines (only first rows) 

The next part of the epn sheet, whose first rows are shown in Fig. 3.6, after the sides keyword, 
specifies in a standardised way (similar for all network/line-like systems) the sides/lines of the 



The case study: electric power network of Sicily 

 23 

 

system. Lines with and without transformer are grouped together for convenience. The first two 
columns indicate the line connectivity (start and end nodes). The site properties are specified in 
terms of average shear wave velocity Vs30. Functional information includes the line typology 
(overhead or underground), the line voltage (set to 0 for lines with transformer), the line electric 
properties (resistance, reactance, susceptance) and the voltage ratio (set to 1 for lines without 
transformer). 

As for the nodes, two columns specify whether the edge is vulnerable, and in case it is which is 
the IM(s) to be input to the corresponding fragility model. 
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4 Performance indicators 

The quantitative measure of the EPN performance under seismic hazard is given by 
Performance Indicators (PI’s), that express numerically either the comparison of a demand with 
a capacity quantity, or the consequence of a mitigation action, or the assembled consequences 
of all damages (the “impact”). A detailed discussion on performance indicators adopted in the 
SYNER-G general methodology is included in report D2.3. This section only reports for 
reference a list of those computed in this application.  

4.1 SYSTEM-LEVEL PI’S 

o Connectivity Loss, or CL [deterministic, connectivity modelling] (Poljanšek et al, 2011). 
This index, whose definition is based on the concept of connectivity, for a generic system 
measures the average reduction in the ability of sinks to receive flow from sources: 

= − 01 i i
s i

CL N N  (4.1) 

where  denotes averaging over all sink vertices, while i
sN  and 0

iN  are the number of 
sources connected to the i-th sink in the seismically damaged network and in non-
seismic conditions, respectively. With reference to an EPN, sinks are load buses and 
sources are power plants. 

o Power Loss, or PL [deterministic, connectivity modelling] (Poljanšek et al, 2011). This 
index upgrades the connectivity loss with the size of the power plants (in MW) to which 
sink vertices are still connected to:  

= − 01 i i
s i

PL P P  (4.2) 

where i
sP  and 0

iP  are the sum of the real power of all the power plants connected to the 
i-th load bus in the seismically damaged network and in non-seismic conditions, 
respectively. PL can be seen as a weighted CL. For the case study in exam, PL yields 
the same values as CL, since all power plants generate the same power. 

o System Serviceability Index, or SSI [deterministic, capacitive modelling] (Vanzi, 1995). 
This index is defined as the ratio of the sum of the real power delivered from load buses 
after an earthquake, to that before the earthquake:  
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where ,0iP  is the real power delivered from the i-th load bus in non-seismic conditions, 
i.e. the demand. In order to compute the eventually reduced power delivered in seismic 

conditions, two factors are considered. The first one, 
−

= , ,0

,0

i s i
i

i

V V
R

V
, with ,i sV  and ,0iV  

the voltage magnitudes in seismic and non-seismic conditions, is the percent reduction 
of voltage in the i-th load bus and if <, ,0i s iV V  one has − =1 i iR VR  ( iVR  is introduced in 
the next section). The second factor, iw , is a weight function accounting for the small 
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tolerance on voltage reduction: in particular, its value is 1 for ≤10%iR  and 0 otherwise. 
The SSI index varies between 0 and 100, assuming the value 0 when there is no solution 
for the power-flow analysis and 1 when the EPN remains undamaged after the 
earthquake.  
The above definition assumes that the demand remains fixed before and after the 
earthquake, since the index looks only at a single system, without considering the 
interactions of the EPN with the other infrastructure systems. 

o Moving average µ and moving standard deviation σ of CL, PL and SSI. 
[probabilistic, connectivity/capacitive modelling]. These parameters represent the 
evolution of the expected value and the standard deviation of the PI’s during the 
simulation, until the current run. 

o Mean Annual Frequency (MAF) of exceedance of CL, PL and SSI. [probabilistic, 
connectivity/capacitive modelling]. The MAF of the generic performance measure Y 
exceeding threshold value y is computed as:  

( ) ( ) ( ) ( )λ λ λ λ= = =∑ ∑0, | 0 | 0| |Y i Y i i Y i Yi i
y G y i p G y i G y  (4.4) 

by post-processing of the vector of sampled values of Y to first obtain the complementary 
(experimental) distribution function ( )YG y . Then this distribution is multiplied by the MAF 

of all earthquakes in the region, λ λ= ∑0 0,ii
. The probability 

λ
λ

= 0,

0

i
ip  that, given an 

earthquake, it occurs on source i is respected in the complementary distribution ( )YG y  
where results come from events sampled in the correct proportion among the different 
sources. 

4.2 COMPONENT-LEVEL PI’S 

o Voltage Ratio, or VR [deterministic, capacitive modelling]. For each bus inside the 
substations, this index is defined as the ratio of the voltage magnitude in the seismically 
damaged network to the reference value for non-seismic, normal conditions:  

, ,0i i s iVR V V=  (4.5) 
The voltage computation requires a power-flow analysis on the network. Hence this 
index expresses a functional consequence in the i-th component of the physical damage 
to all system components. When interactions with other systems are modelled, VRi 
expresses the functional consequence in the i-th component of the physical damage to 
components of all the interacting systems, i.e. it is the value of the index that changes 
due to the inter- and intra-dependencies, not its definition. 
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5 Results 

Three types of simulation have been carried out: a plain Monte Carlo (MCS) and two improved 
simulations enhanced with variance reduction techniques, i.e. Importance Sampling (ISS) and 
Importance Sampling with k-means clustering (ISS-KM). The reader can refer to report D2.1 for 
an exhaustive description of such simulation schemes. 

The analysis results as obtained from a plain MCS of 20,000 runs are presented in the following 
figures. The chosen number of runs showed to yield stable estimates for all considered PI’s. 

Fig. 5.1 shows the moving average µ curves for CL (left) and SSI (right), as well as the µ+σ and 
µ-σ curves for the two PI’s. The minimum sample size is strongly dependent on the chosen PI; 
in fact, SSI stabilises with less than 1,000 runs, whereas CL requires a much larger number of 
runs. The reason for this difference is that CL depends on the number of connected sources, 
rather than on the actual demand satisfaction at load buses. The number of connected sources 
is a more variable quantity, being affected by the uncertainty on short-circuit propagation, that 
causes a line to be turned off every time a short-circuit tries to spread outside one of the 
substations in the network. 

 
Fig. 5.1 Moving average µ, µ+σ and µ-σ curves for CL (left) and SSI (right) 

Fig. 5.2 shows the MAF of exceedance curves for CL and SSI. The same feature highlighted by 
the moving average of the two PI’s is observed by looking at the MAF curves. In fact, while the 
CL MAF presents a wide range of variation, SSI confirms to be a very stable indicator, with MAF 
values ranging in a small interval. 

Fig. 5.3 displays a contour map of the expected values of VR, averaged on the whole simulation 
for each demand node. It can be seen that the reduction in voltage due to seismically induced 
damage is less than the tolerated threshold of 10%, allowing the power demand delivery 
everywhere in the island, consistently with the very large value of SSI and very low value of CL. 
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Fig. 5.2 MAF curves for CL (left) and SSI (right) 

 
Fig. 5.3 Contour map of expected values of VR 

With reference to some PI’s, the results coming from MCS have been taken as the reference 
solution and compared with those obtained from the two variance reduction techniques, ISS 
(2,000 runs) and ISS-KM (200 runs). In particular, in Fig. 5.4 the comparison is relative to 
moving average curves of CL (left) and SSI (right), while in Fig. 5.5 it is referred to MAF curves 
of the same indicators. 

The match of the curves is shown to be not very good in all cases, although the order of 
magnitude of values is comparable for µ curves and MAF curve of SSI. The effectiveness of ISS 
and ISS-KM was tested before with reference to some case studies (mostly buildings, not 
networks) and some particular PI’s. The results of such tests were fully satisfactory. Therefore, 
the unsatisfactory match in this case hints at the fact that the match quality is strongly case-
dependent and PI-dependent. Further studies on different systems analyzed with different 
approaches (connectivity/capacitive) are needed to draw guidelines for the use of such variance 
reduction techniques as a practical alternative to the cumbersome and time-consuming MCS. 
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Fig. 5.4 Comparison of moving average µ obtained from MCS, ISS and ISS-KM, for CL 

(left) and SSI (right) 

 
Fig. 5.5 Comparison of MAF curves obtained from MCS, ISS and ISS-KM, for CL (left) and 

SSI (right) 
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