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ABSTRACT: The complexity of large-scale power networks, together with their increasing
ageing and obsolete design, implies an intrinsic fragility with respect to natural disasters,
such as strong earthquakes. The investigation of the interdependencies among different crit-
ical infrastructures is fundamental to prevent possible cascading effects and frequent unser-
viceability. This paper aims at studying the effects of a seismic event on a large-scale virtual
city, implicitly modeling the interdependency between the buildings and the electric distri-
bution network. A consistent methodology to assess the resilience of the urban electric power
distribution system is herein introduced and validated. Furthermore, a new resilience index
is also introduced and compared to others available in the literature. The index is able to
properly describe the network resilience, by taking into account aspects such as redundancy
and resourcefulness. The developed methodology allows to investigate the impact of ex-
treme events on the electric power distribution system also in case of scarce input data.

Keywords: Power Network; Infrastructure Interdependency; Resilience; Earthquake Sim-
ulation; Virtual City.



1 INTRODUCTION

Most of modern infrastructures rely on power networks to provide essential services to
the community. Power transmission and distribution systems have as main purpose to
transfer electric energy from generating units to the customers at various locations [1].
The first part of a network, i.e. the transmission system, spans long distances at high
voltages (usually in the range 60-750 kV). The second one is instead divided into a me-
dium and low voltage distribution systems. The latter serves the domestic and small com-
mercial customers and operates at low voltages (e.g. 230 V single-phase, 400 V three-
phase in Europe). The transmission system is usually overhead, while the distribution
system can be both overhead and underground, despite modern cities prefer to let the
system run underground as it is safer and more efficient. The transmission system is a
meshed grid, composed of stations as nodes and transmission lines as edges, while the
distribution system is operated as tree-like network, that usually follows the main streets
of a city. The approach proposed by FEMA [2] is mostly adopted in literature to assess
the seismic performance of transmission and distribution systems [3; 4].

Many findings and innovations aiming at improving power networks’ seismic resili-
ence are the results of past failure scenarios and further investigations. Several events
worldwide proved how fragile electric power systems can be to seismic action. For ex-
ample, in 2011 the earthquake stroke Christchurch in New Zealand [5] and both the sub-
transmission systems (part of the transmission system operated at lower voltage [6]) and
the distribution systems failed. In that event, almost the 80% of the inhabitants remained
with no electric power. The main infrastructure was restored in five days, but some areas
remained unsupplied for more than a month. Therefore, interdependencies among the
power network and other infrastructures is the crucial aspect for properly investigating
cascading effects and damage amplification.

In literature several studies and methodologies have been developed to assess post-
earthquake interdependencies between different infrastructures [7]. Taking again the
2011 New Zealand earthquake as an example, Kongar et al. [8] analyzed the similarities
with the L’Aquila earthquake occurred in 2009 in Italy to provide a succinct and holistic
overview on the functional impacts, resilience attributes and interdependency issues ob-
served during the emergency management and recovery phases for infrastructures.

The 2010 Maule and 2011 Tohoku earthquakes were instead compared by Krishna-
murthy et al. [9] to assess the extent to which particular failure modes and restoration
processes are prevalent in two different cases. Results show that there is a strong coupling
between the restoration of power and telecommunication infrastructure systems in both
Japan and Chile events. Data from the Tohoku earthquake was also used as case study in
the work of Lee et al. [4] who developed an agent-based inoperability input-output model
with a focus on damage propagation from a component level to a system level. Research



about such destructive events is crucial to underline various aspects that should be taken
into account in the resilience assessment and to develop new technology to improve net-
works' resilience, such as microgrids [10], innovative seismic isolation systems [11], ret-
rofit techniques [12], mitigation strategies [13], and Decision Support Systems (DSS)
such as CIPCast [14].

Virtual case studies represent also an effective tool to test these methodologies as they
allow to properly model infrastructure taking into account interdependencies [15-17].

A challenging task, given a certain network, is to identify critical components where
failure may occur. As documented in [18-20], the weak point of electric power systems
Is at the substation level and transformers are expected to be the non-structural elements
that fail most frequently. Failure depends on different constructive factors, which are re-
lated to the voltage level: the higher the transformers’ voltage, the higher their vulnera-
bility [19]. International codes and guidelines, such as the ESTI 248 [21] and the IEEE
693 [22], suggest different types of solutions to properly anchor non-structural elements
to limit damages. Most of these solutions were proposed after notorious events, such as
the 2014 South Napa and La Habra earthquakes, which led to significant improvements
in power grids’ performances, as reported by [18].

A comprehensive methodology for seismic resilience assessment was developed by [3]
who considered a real distribution network in Chile. A four-step procedure was proposed
to model the earthquake, the network component fragility, the network outages, and the
impacts on network operation. Using a GIS (Global Information System) approach to the
problem the grid resilience was evaluated in terms of Energy Not Supplied (ENS). This
approach inspired also the development of the Similarities Design Method [23], where
the fragility of the electrical components was employed to assess the resilience of the
distribution system. However, this approach neglects the interdependency of the power
distribution network with the buildings where the substations are usually located.

This paper focuses on damages due to ground motion on urban distribution systems. In
this kind of systems, the nodes are substations enclosed in buildings. In their research,
Cavalieri et al. [1] reported a complete overview of the main recent works on fragility
functions of electric power system components, with the indication of the methodology
used to evaluate the curves, the components considered and the damage states and indices.
The fragility of main components towards earthquakes is generally expressed in terms of
peak ground acceleration (PGA). Together with the fragility functions, the corresponding
damage scales are presented. However, sub-systems located in enclosures might fail not
only for their own fragility, but also for the damages that can possibly occur to the build-
ings hosting them and so the damages to electrical components should be appropriately
modelled by defining the interdependence between the built environment and the electri-
cal distribution infrastructure.




In the present research, substations’ fragility is connected to the buildings’ fragility
(Density Design Method) implicitly modeling the interdependency between the buildings
and the electric distribution network. Since real data describing power distribution sys-
tems are often not freely available, building and street information are used to design the
infrastructure. The Similarities Design Method is herein considered integrated with the
Density Design Method, as complemental components of the proposed methodology to
face the problem of grid resilience. It is developed to be employed by city planners to
optimize the design of their electric power systems.

The electric power system is represented by sub-transmission system nodes and distri-
bution system nodes. This allows to model a more detailed power network of the urban
area, and to extend the model also to the sub-transmission system facilities in case of large
and rare events. The case study to apply the proposed methodology is a large-scale virtual
city called Ideal City [17]. The resilience of the network is computed by using as input
the collapsed buildings and the areas without electric power after a simulated seismic
scenario. Results are presented in terms of ENS and another index defined by the Italian
National Authority for Power, Gas, Water and Wastes [24]. Furthermore, a new index,
called the Power Resilience Index (PRI), is introduced. The novelty of the PRI index is to
consider the redundancy and resourcefulness as dimensionless coefficients, by allowing
the comparison of the resilience performances related to different networks regardless
their extension and number of customer. Furthermore, PRI is able to highlight the initial
resilience of the network, which is strictly depending on the components installed.

2 PROPOSED METHODOLOGY

2.1 Resilience Indices

The Resilience of power distribution networks is part of the political and legislative
discussion in several countries. For instance, the Italian Regulatory Authority for Power,
Gas, Water and Wastes suggests to compute the resilience of a power grid focusing on
the risk of leaving users without electric power in case of natural hazards or extreme
weather conditions [24]. Different indices have been proposed such as IRI (Risk Index)
which is calculated as shown in Eq. (1):

IRl = NUD-PD @)

where NUD is the number of users with no electric power and PD is the probability of
disservice, defined as PD =1/T, where Tr is the return period of the event, calculated

accordingly with the European standard CEI EN 50341 [25]. Another index, called IRE
(Resilience Index), can be defined as (Eq. (2)):



IRE =T, /NUD )

that is also the inverse of the index defined in Eqg. (1). Resilience indices can also be
defined in terms of ENS as illustrated in Eq. (3):

ENS =NUD-P, , -t, 3

where Pnu is the nominal power in KW of a single customer, t, is the duration of the

power interruption. This index highlights the progressive network restoration and gives
an immediate representation of the earthquake overall effects.

These indices focus mainly on power network failures, but they do not take directly
into account in their formulation all the resilience characteristics [7; 26], which are: (i)
rapidity, the system capability to quickly react and achieve results to limit the human and
economic losses; (ii) robustness, the ability of elements, systems or other units to with-
stand a certain level of stress without suffering degradation or loss of functionality [27];
(ii1) redundancy, the possibility for a system to be fed through alternative paths, while the
usual ones are under restoration; (iv) resourcefulness, the system managers capability to
identify weaknesses and mobilize resources to reduce the effects of a likely damage.

To include these aspects, a new index called the Power Resilience Index (PRI) is herein
introduced (Eq. (4)):

t
PRI = , Trr “Nysub ¥ path * PG -dt 4)

where:

e Ty is the Transformer Restoration Rapidity that can assume the following values: 1
when there are only transformers with rated power equal to 0.4 MVA; 0.67 for 0.4
and 0.63 MVA transformers; 0.57 when 0.4, 0.63 and 1 MVA transformers are used.
These values are derived from FEMA data about transformers restoration. The con-
cept of rapidity aims to differentiate the case of network with only 400 kVA trans-
formers from the case of network with different types of transformers. The types of
installed transformers have an impact on the restoration process. For example, the
network with only 400 kVA installed transformers is characterized by quicker resto-
ration phase and higher T, . Thus, the higher is the Ty, the higher is the PRI, and the
network results to be more resilient

e nNusub IS the percentage of undamaged substations and represents the robustness of the
network. It is expressed as the ratio between the number of undamaged substations
after a disruptive event and the total number of substations in the network.




® jpath iS related to the presence of alternative lines that can supply a neighborhood from
surrounding areas. This value ranges between 0 and 1, where 0 means a total lack of
alternative paths and 1 describes the case of complete connection among the various
neighborhoods. The value of jpa has to be updated according to the collapse proba-
bility of the system alternative paths in case of earthquake. The range of variation of
math parameter refers to independent paths (composed of different set of branches)
supplying that node. If the total number of independent paths supplying one node is
two, and one of them is out of service, then the value of yan will be 0.5 (half of the
paths are available). If it was three, and one of the paths was not available, the value
of ypath would be 2/3, and so on.

e PG depends on the availability of portable generators to be used in the first hours after
a disaster. This value varies between 0, i.e. no available generators in the region, and
1, when all the recovery areas could be quickly supplied with temporary solutions.
The value of PG can be tuned on the basis of the experience of the Distribution System
Operator (DSO). For example, let us suppose that a portable generator is usually avail-
able in 30 minutes. So, if the DSO expects that the portable generators can be in place
in maximum 30 minutes, PG will be 1. If instead the expected time for that particular
condition is 1h, that PG will be 0.5.

e t; and tz define the analysis’ range of time. The PRI is not a resilience evaluation at a
specific time, but it includes the evolution of the described parameters over the se-
lected time.

Eq. (4) is inspired by the definition of resilience given in [26] and adapted to the power

distribution network. The novelty of the PRI index is to directly incorporate in its formu-

lation dimensionless coefficients referring to redundancy (spath) and resourcefulness (PG)
related to the power network.

2.2 Proposed methodology

The proposed methodology (Figure 2-1) is based on two main components: the Similar-
ities Design Method [23] and the Density Design Method. The procedure starts with the
collection of information about the built environment. The objective would be to create a
database that contains all the details needed to obtain fragility functions for each building.
This is usually a challenging and time-consuming task since frequently stakeholders and
public authorities cannot share sensitive data. The methodology allows to follow two ap-
proaches depending on the available information. If the collected data are not enough to
build the fragility functions, then the Similarities Design Method can be used. In this case,
a typical grid is selected from a reliable database and applied in each neighborhood, add-
ing or deleting some buses and checking the load flow according to the covered area. On
the other hand, if the fragility of each structure can be calculated, a more detailed ap-
proach can be used (Density Design Method). In this case, the grid can be designed from



population density data and the corresponding power demand. The fragility of network
components is assumed to be the same of the buildings where they are installed. The two
approaches are not alternative but complementary as the first one is focused on the elec-
trical components, while the second one on the interdependency with the built environ-
ment. At this point, the resilience indices described in section 2.1 can be evaluated. Based
on this estimation, the city planners can make decisions and eventually improve the resil-
ience of the urban distribution system.

=

Figure 2-1. Flowchart of the proposed methodology.

|
'




2.2.1 The Similarities Design Method
The main idea of this method is to use existing testbeds to find an electric grid compat-

ible with the case study that one wants to analyze. The Distribution System Operators
Observatory of JRC (Joint Research Centre, Ispra, Italy) released a technical report about
representative standard networks [28]. They collected data from 79 out of 190 European
DSOs, that are representative of the 70% of the electric power supplied by all DSOs. This
information was used to identify 36 indicators about network structure, network design,
and distributed generation, which helped to build representative distribution networks us-
ing also the Reference Network Model (RNM) developed by Domingo et al. [29]. The
“urban” network from JRC database is used for most densely populated districts, while
the “semi-urban” is used for the surrounding areas. These networks provide information
about HV (high voltage), MV (medium voltage) and LV (low voltage) buses with coor-
dinates, branches, electric parameters and protections. However, LV data is relevant only
for the definition of the total number of consumers and not to determine the actual buses’
position. Thus, only HV and MV buses are explicitly considered in the model. The posi-
tion of the HV/MV substations has been chosen to be as close as possible to the real
network topology. Once the HV/MV substations have been inserted in the map, the to-
pology of the JRC network has been adapted to take into account the built environment
of the Ideal city and, if needed, the initial topology has been modified by adding new
feeders or by deleting some nodes, but all the modifications have been checked by the
network calculation.

A graphical description of the Similarities Design Method is illustrated in Figure 2-2.

Figure 2-2. Graphical description of the Similarities Design Method.



Layer number 1 represents the map of the city that contains the geospatial information
needed to define the location of the power grid components. It can be simply downloaded
from web mapping services (e.g. Google Maps, OpenStreetMap, etc.). The second layer
contains the buildings together with the related available information. This allows to bet-
ter detail the distribution network as the load conditions vary block by block: areas with
a larger number of buildings are associated with a higher demand of electric power and
therefore with more distribution networks. Layer number 3 is the power infrastructure
adapted from the JRC database to fit the actual case study. Once the network is modelled,
the load flow analysis is performed through Matpower 6.0, a package of MATLAB [30]
developed by PSERC (Power Systems Engineering Research Centre) at Cornell Univer-
sity [31]. Matpower 6.0 uses the Newton Raphson (NR) algorithm to solve the nonlinear
problem of computing the load flow on the entire damaged grid. This allows to obtain
more precise and detailed results with respect to a simple connectivity analysis. An ex-
ample of how to realize a simplified grid for a neighborhood of Ideal City through the
Similarities Design Method is presented in [23].

2.2.2 The Density Design Method
The herein proposed Density Design Method allows for a more detailed analysis of the

system. In this case the power grids are specifically designed, instead of taking advantage
of an existing database. Mainly, three design aspects are considered: (i) population and
its density, (ii) electric power load density, (iii) engineering constraints (e.g. feeders’
length, load types, buses’ redundancy, etc.). The urban area is then divided into neighbor-
hoods to locate substations and apply medium voltage schemes. In this study all MV sub-
stations have a voltage of 22 kV and loads are defined according to the European technical
report [28]. Table 1 reports the assumed distribution of load types according to the best
practice.

Type of transformer [kVA] Percentage
400 60%
630 30%
1000 10%

Table 1. Share of the different types of transformers.

3 CASE STUDY

This section shows the application of the proposed Density Design Method to a virtual
large-scale city called Ideal City. This testbed is based on the city of Turin in Italy and
the model includes many critical interdependent infrastructures. The Density Design




Method was used to design the power distribution network for each neighborhood in
which the city is divided (Figure 3-1) [32]. The software used are AutoCAD [33] and
QGIS [34] since they allow to draw the network as a georeferenced graph and store in-
formation about each component in a database. Real data from official reports [32] were
used to build the model when available, while assumptions were made for missing infor-
mation.

7
7

Figure 3-1. Map of Ideal City neighborhoods.

As an example, the application of the Density Design Method to neighborhood number
1 is hereafter provided. The design input parameters are listed in Table 2. The population
data and the related power demand are also necessary to plan the grid. According to them,
the substations are designed and located in the map. Table 3 reports the resulting output
characteristics that are graphically shown in Figure 3-2.

Parameters Values

Area 6.879 km?
Population Density 11,652 inhab./km?
Population 80,152

Designed Load density 8 MVA/km?
MVA estimated 55

Number of buses estimated 104

Table 2. Neighborhood number 1 Design Input Data.

Parameters Values
0.400 MV A buses installed 65
0.630 MVA buses installed 33

1 MVA buses installed 10




Number of buses installed 108
Number of users supplied 81,034
Table 3. Neighborhood number 1 Design Output Data.

i ~ Y  Transmission substation
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Figure 3-2. Power grid of neighborhood number 1.

Each neighborhood is modelled tailoring the involved parameters according to the spe-
cific designed area. Figure 3-3 depicts the final map of the power distribution network
for the Ideal City model. Each district has been assumed to have one HV-MV substation
only and, when needed, a second central bus is installed as MV-LV.
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Figure 3-3. Power grid of Ideal City.
A comparison between the designed network and some real data obtained from one of

the Turin’s electricity suppliers has been performed. Table 4 reports the results of the
comparison. The MV/LV data have been provided by the Turin Electric Company [35].
It can be seen that real data are similar to the results of the Density Design Method, which
proves the effectiveness of the procedure. However, there are minor differences with re-
spect to the real case due to the actual position of the MV/LV buses.

Parameters Real data Simulation
HV/MV buses 9 10

MV/LV buses 2,945 -

MV/LV residential buses 1,090 1,274

(estimated)
*In the U.S. the 37% of the electric power consumption is for residential purpose [36], so that value is
used as reference to identify the target.

Table 4. Comparison between real data and simulation outputs.

4 RESILIENCE ASSESSMENT

Using the Density Design Method the power network of the entire virtual city is mod-
elled. Each substation is assumed to supply only the closest buildings. The definition of
the influence area of each substation is done through a QGIS tool. Given the information
about the supplied electric power, it is possible to simulate a seismic scenario and analyze
the effects on the power network.



The fragility of the network is evaluated within a city-scale approach. The assumption
is the following: if the building where a substation is installed collapses, the grid compo-
nents in that substation fail [37]. Therefore, the substations’ fragility is linked to the build-
ings’ one. Damages to the built environment are estimated using the procedure developed
by Marasco et al. [16]. Under any given scenario, this methodology allows to evaluate
the non-linear response of a multi-degree of freedom model for each building. Moreover,
a Monte Carlo Simulation procedure is applied to consider the uncertainties related to
geometry and mechanical properties [16; 17]. The seismic input used is the 6.5 My Norcia
Earthquake that occurred in Central Italy in 2016, October 30. In Figure 4-1 the buildings
of neighborhood 1 which suffered “extensive” and “complete” damages after the earth-
quake simulation are highlighted in red.
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The simulation outcomes identify different levels of damage to the built environment.
When buildings in a “complete” and “extensive” damage state are identified, their hosted
substations are considered failed. According to this criterion, 240 over 1274 substations
failed after the applied scenario (Figure 4-2). At the end of the numerical simulation,
4815 buildings are no longer supplied, which corresponds to the 20.6% of the total.




o
°
Q o ! % ' \
[} 2] ° ¢\
] o © @ (] \
= @ \ o
o] @ ° \
° P \
—s. > o \
o e o \
[ ] © / \ [ ]
© é o/ = o @ \
/ ! LRl
» o) ? o / o X 8 4
NN
4 o S o
o) ® [} Py e}
® © /ol o N ©
(o] / [} @
o ¢ @ / ? L
[=] /@ & Q N \
/ fo) .
Oo & ® y 3 3 QY o
® <]
o] /7 ® o] e
Y o // ° <)
d VA ° ° )
kS o P o o
S o] o/ ° o e 4
o) / °
4
/ & » °
o % / ° N E o
) * 8 o o
o
4 ,"‘ » i * 9 @
p 2 | d o & o
/ ©
¢ [ 8 e_9
° | &
[ - °
4 / o & o %
. t P 4
3 3 &
o

Figure 4-2. Substations damaged (in red) after the earthquake simulation.
The substations’ recovery time is determined using either available data or considering

only the transformers’ recovery time, since these are assumed to be the main components
[38]. A linear recovery function has been used to follow a conservative approach. Under
this hypothesis, the IRI suggested by Italian Electric Power Authority is calculated using
a return period (TR) of 50 years. Figure 4-3 shows the variation of the index over the
days after the seismic event considering 0 as the initial condition corresponding to full
functionality. The event is considered to occur between day 1 and 2 of the simulation.
After this time window, repair operations can start. Given its definition, the index focuses
on the users left without electric power, which are 17,650 out of 960,500 inhabitants. The
IRI curve highlights the long restoration time of the substations. Nevertheless, six days
after the event, almost 50% of the grid is functioning again. However, the index does not
give an idea of the severity of the power loss.
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Figure 4-3. Risk Index (IRI).



Therefore, a second evaluation of the resilience is performed referring to the ENS (Fig-
ure 4-4). The ENS points out the energy that could not be delivered due to the damages
suffered by the network. Analyzing the results, it can be stated that losses are relatively
limited. This means that the power grid presents a good robustness, but the overall per-
formance could be improved by increasing redundancy and resourcefulness. IRI is not
able to highlight such resilience components, whereas ENS include these aspects, but is
not able to represent the initial resilience condition of the network, as explained through
the case study. In fact, the evaluation of the system resilience performed with the pro-
posed PRI (Figure 4-5) highlights, at the time t=0, the intrinsic lower resilience of the
power distribution network with respect to the optimal one (the network is not in full
resilient conditions, indeed the first value is about 0.6). In this case, the T, parameter is
equal to 0.57 because three classes of transformers are used; ., and PG are both as-

sumed equal to 1.
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Figure 4-5. Proposed Power Resilience Index (PRI).




The PRI embodies the grid resilience and the graph in Figure 4-5 illustrates the net-

work functionality, according to the traditional definition [39]. The small drop immedi-
ately after the shock demonstrate a good resilience performance of the network, according
to the selected parameters. The following smooth slope of the function is due to the repair
time of multiple classes of transformers. The repair phase could be improved by acting
on the rapidity component (Tr) of resilience (i.e. by improving the preparedness and
training). Therefore, the adoption of temporary solutions, such as alternative electric
power paths and generators, should be considered in future studies.
Finally, an estimation of the repair cost of transformers was performed to give an idea of
the direct non-structural economic losses [26]. The repair cost of different types of trans-
formers was obtained using PACT, a FEMA tool to analyze the seismic performance as-
sessment of structural and non-structural components [40] (Figure 4-6). Since data are
given in US dollars (USD) they were converted in euros (€) assuming 1.2 as exchange
rate. Figure 4-7 summarizes the estimated cost to repair the damaged transformers within
Ideal City.
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Figure 4-6. Repair cost of various types of transformers.
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Figure 4-7. Transformers’ repair cost distribution.



5 CONCLUSIONS

In this paper, an integrated methodology consisting of two main components, namely
the Similarities Design Method and the Density Design Method, is presented to assess the
resilience of urban electric power distribution systems. It allows to perform resilience
analyses depending on the available information of the built environment and can be ap-
plied to different case studies at the urban or even regional scale. The Similarities Design
Method defines a compatible grid from a reliable database, considering exclusively the
fragility of the electrical components. This tool can determine the general scheme of an
urban distribution network and its intrinsic resilience. On the contrary, the herein pro-
posed Density Design Method leads to a more realistic representation of an urban distri-
bution grid considering also the interdependence with buildings. This methodology is ap-
plied to model the electric power distribution grid of Ideal City, a virtual large-scale city,
by using population data and respecting the electric engineering constraints on the
feeder’s lengths and buses types. The two methods are complementary because the first
one is more focused on the intrinsic fragility of the distribution system, while the novel
one highlights the interdependency between the built environment and the installed elec-
trical equipment.

Two resilience indices, the IRI and the ENS were computed. The analysis shows that
the ENS index points out the economic losses in terms of power loss, while the IRI index
is focused on the effects of the grid damage on the costumers. However, they do not
directly incorporate in their formulation redundancy and resourcefulness. Therefore, the
PRI is introduced. The PRI allows a comprehensive resilience assessment, where the ef-
fect of each resilience component (rapidity, robustness, redundancy and resourcefulness)
can be determined. With respect to the results obtained in terms of IRl and ENS, the PRI
highlights the importance of timely and fast repair operations to avoid huge non-structural
economic losses. Furthermore, PRI is able to measure the initial resilience conditions of
the network, which strictly depends on the types of equipment installed. Future research
is aimed at introducing in the model temporary backup solutions and at evaluating also
the structural economic losses.
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