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Extreme weather hazards, as high-impact low-probability events, have catastrophic consequences on
critical infrastructures. As a direct impact of climate change, the frequency and severity of some of these
events is expected to increase in the future, which highlights the necessity of evaluating their impact
and investigating how can systems withstand a major disruption with limited degradation and recover
rapidly. This paper first presents a multi-phase resilience assessment framework that can be used to
analyze any natural threat that may have a severe single, multiple and/or continuous impact on critical

geg::::zdsgwer systems infrastructures, such as electric power systems. Namely, these phases are (i) threat characterization, (ii)
Floods vulnerability assessment of the system’s components, (iii) system’s reaction and (iv) system’s restoration.
Fragility curves Second, multi-phase adaptation cases, i.e. making the system more robust, redundant and responsive are
Resilience explained to discuss different strategies to enhance the resilience of the electricity network. To illustrate
Resiliency the above, this time-dependent framework is applied to assess the impact of potential future wind-
Windstorms storms and floods on a reduced version of the Great Britain’s power network. Finally, the adaptation

cases are evaluated to conclude in what situations a stronger, bigger or smarter grid is preferred against

the uncertain future.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Natural disasters around the world, such as floods, ice and
windstorms, hurricanes, tsunamis and earthquakes, have had a
significant impact on countries’ public security and economic pros-
perity [1]. Furthermore, it is expected that these events may occur
more often and with greater severity, mainly because of global
warming and climate change [2]. Therefore, it is a necessity to
develop techniques for assessing the impact of natural disasters
in a comprehensive and systematic way, which will enable the
resilience enhancement to these catastrophic events.

Electric power systems, as critical infrastructure, are the back-
bone of modern societies. It is therefore crucial to design power
systems that are resilient to potential high-impact low-probability
events that may be driven by natural hazards and related to
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climate change. Within power systems, the concept resilience can
be broadly defined as the ability of a power system to withstand the
initial shock, rapidly recover from the disruptive event and apply
adaptation measures for mitigating the impact of similar events in
the future. A comprehensive resilience framework is presented in
[3], where five key resilience elements are used to associate the
short-term resilience of power systems to an event as well as their
long-term resilience, namely: robustness/resistance, resourceful-
ness, redundancy, response and recovery, and adaptability. These
key elements can be seen in the existing research for assessing the
impact of earthquakes, hurricanes and windstorms on the electric
power systems [4-7].

In [4], ajoint effort of European universities analyzes the impact
of earthquakes on various cities and different critical infrastruc-
tures, including the power system of Sicily. This study includes
the use of fragility curves and an object-oriented programming
to assess the pre- and post-disaster performance of the network.
In [5], the impact of windstorms is analyzed using wind fragility
curves, running DC optimal power flows on the IEEE-6 bus reli-
ability test system and comparing different adaptation cases. The
resilience of the electric system of Harris County, Texas, US, is
evaluated in [6] by running four models: hurricane hazard model,
components fragility model, power system response model and
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restoration model. The results are classified in technical, organiza-
tional and social dimensions of resilience. In [ 7], micro-components
of the transmission network under seismic stress are modeled
to assess the resilience of the power system in Los Angeles, US.
The vulnerability is also modeled with fragility curves and, as a
result, risk curves are developed. Another notable effort towards
practical use that has involved software developments is Hazus,
from the Federal Emergency Management Agency [8]. Other gov-
ernmental programmes, which share the concept of resilience
with the present paper, include Ergo-EQ, from Mid-America Earth-
quake Center [9], Rt, from In Risk—a project funded by Natural
Sciences and Engineering Research Council of Canada [10], and
the Central American Probabilistic Risk Assessment (CAPRA), a
platform developed by Central American Governments [11]. Even
though the recent work on the topic has been a huge step
towards understanding and measuring resilience, further research
in this area remains a concerning issue given the consequences of
these and other catastrophic threats to different systems around
the world.

The novelty of this paper lies in the formalization of a multi-
phase resilience assessment framework along with multi-phase
strategic adaptation cases to enhance the resilience of critical
infrastructures, with focus on electric power systems and weather
hazards. In particular, the main phases of the proposed resilience
assessment framework are: (i) threat characterization, (ii) vulner-
ability of the system’s components, (iii) system’s reaction and (iv)
system’s restoration, and the enhancement or adaptation strate-
gies for the second, third and fourth phases are: (i) normal
case, (ii) robust case, (iii) redundant case and (iv) responsive case,
respectively [5,12].

In brief, given the magnitude and time profile of the weather-
hazard, the concept of fragility curves is used, which provides
the failure probabilities of the power system’s components as a
function of a weather parameter (e.g. wind speed) at any given
time. By mapping the time-series weather profile to these fragility
curves, the weather-dependent failure probabilities are obtained,
which are then fed to a Sequential Monte Carlo-based simulation.
This altogether allows the stochastic and spatiotemporal model-
ing of the natural hazards as they move across the system. In
order to account for the uncertainty associated with the pro-
jected severity of weather events in the future, parametric studies
and extreme value theory (which provides different intensities
of weather events depending on the chosen return periods) are
applied for analyzing a wide range of potential future scenarios.
The multi-phase resilience assessment tool presented in this paper
provides thus a systematic approach for evaluating the impact of
extreme weather events as a direct impact of climate change, as
well as investigating different ways for improving the resilience of
power systems to such catastrophic events.

The organization of the paperis as follows: in Section 2, the influ-
ence of extreme weather and climate change on power systems is
described. Then, in Section 3, the four-phase resilience assessment
framework is outlined along with enhancement measures and the
strategic adaptation cases. Thereafter, in Section 4, the resilience
framework and adaptation cases are applied using a reduced ver-
sion of the Great Britain’s power system for assessing the impact
of different scenarios of windstorms and floods on the test system.
In Section 5, the simulation results are presented. Finally, Section 6
summarizes and concludes the paper.

2. Influence of extreme weather and climate change on
electrical power systems

Many natural threats can include not just one single instan-
taneous impact, but multiple and even continuous impacts. For

instance, the windstorms that affected China in 2005 produced
more than 60 high voltage transmission towers to collapse, and the
ice and snowstorms that devastated a large area in the south of the
country lasted for hours [13]. Disasters can even last for days, like
the hurricane Sandy in the US, where numerous substations, lines
and transformers were damaged resulting in power outages across
16 states [ 1]. Most recently, two earthquakes hit Nepal in less than
20 days, producing devastating effects [14]. In a similar way, Chile
was impacted in 2010 by an earthquake and tsunami followed by
a severe replica within two weeks [15]. Therefore, it is imperative
to develop a comprehensive analysis combining a suitable period
of time and in a time-dependent way. So as to answer questions
as: What hazard’s intensity can the system withstand? How is the
restoration going to be managed and in what time? What happens
if a second impact occurs?

2.1. Extreme weather events

A disruptive weather event can be classified into small, moder-
ate, serious, major and extreme based on the number of customers
disconnected, the duration and frequency [16]. Great Britain is sig-
nificantly affected by weather-related electrical faults.

In [17], it is reported that only from April 2008 to March 2009,
211 faults occurred on the transmission network in England and
Wales and further 44 in Scotland, of which 23 and 95%, respec-
tively, were caused by weather. For example, several transmission
substations and power stations are at high risk of flooding, while
high winds can cause transmission lines and towers to collapse.
The Climate Change act of 2008 required that the UK electricity
industry reported on adaptation measures to deal with the effects
of weather and the effect of climate change [18]. This motivates to
analyze particularly windstorms and floods in this paper.

2.2. Climate Change and future hazard scenarios

In 1992, the United Nations Framework Convention on Cli-
mate Change (UNFCCC) was created with the objective to “stabilize
greenhouse gas concentrations in the atmosphere at a level that
would prevent dangerous anthropogenic interface with the cli-
mate system” [2]. To achieve this, the Intergovernmental Panel on
Climate Change (IPCC) supports UNFCCC producing reports of the
scientific, technical and socio-economic aspects of global warming.

According to the IPCC, climate change projections may vary
from region to region, but generally it is likely that wet and dry
extremes are going to become more severe [2]. In Great Britain, par-
ticularly for the variables studied here, reports indicate that while
wind has a high uncertainty on how it will change [17], flood risk
will escalate because of the potential increase of rainfall volume,
intensity and frequency [19]. Unfortunately, existing studies dis-
agree on the quantitative changes of rainfall volume, intensity and
frequency [17].

3. Multi-phase resilience assessment and enhancement
framework

Reliability aspects, related specifically to security and adequacy,
have traditionally driven power system operation and planning.
This has helped to build systems designed and operated to be
reliable during normal conditions and abnormal but foreseeable
contingencies. However, dealing with unexpected and less fre-
quent severe situations still remains a challenge. In this section,
the resilience and enhancement framework of Fig. 1 is proposed
for evaluating the impact of natural disasters on the resilience of
power systems and the effect of possible adaptation strategies.



354

S. Espinoza et al. / Electric Power Systems Research 136 (2016) 352-361

4-phase Resilience Assessment

Vulnerability of
system’s
components

Threat
characterization

Resilience
enhancement

Multi-phase
adaptation cases

System

System reaction s

Resilience
metrics

comparison

Fig. 1. The multi-phase resilience assessment and enhancement procedure.

3.1. The 4-phase resilience assessment framework

The proposed resilience assessment framework consists of four
phases or stages: (i) threat characterization, (ii) vulnerability of
system’s components, (iii) system reaction or operation and (iv)
system’s restoration. Fig. 2 presents the model’s flow chart that
explains the simulation procedure for assessing the network’s
resilience following these four phases. As it can be seen in the
flow chart, first the hazard scenarios are produced (phase one).
Then a Sequential Monte Carlo Simulation (SMCS) is performed.
After loading the electric power system and scenario hazard, each
component is independently conditioned to a certain hazard’s mag-
nitude given by the scenario picked, thereafter, the damage states
of the components are assigned using a probabilistic fragility curve
(phase 2). Next, the system is deterministically operated running
an AC or DC OPF (phase 3) and finally each component is restored
following a recovery probabilistic distribution (phase 4). This is

Historic
hazard’s data

repeated sequentially for the defined time frame and all the scenar-
ios produced in the first phase. The SMCS method applied is flexible,
parallelizable and highly suitable to this problem given the great
amount of random variables.

3.1.1. Phase 1: Threat characterization

The objective of this phase is to model the magnitude, probabil-
ity of occurrence and spatiotemporal profile of a hazard. To do this,
the causes, physical aspects and consequences of the threat must
be understood. Two approaches can be taken, one is building deter-
ministic scenarios, where a historic event is modeled, and the other
is building probabilistic scenarios, where potential future scenar-
ios are projected. For the deterministic modeling, depending on the
natural hazard under investigation, different tools can be used. For
extreme weather events, generally the weather database needed
may be built by acquiring information through Climate Models
(CMs) or by using real measurements with time and geographic
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Fig. 2. The 4-phase resilience assessment model flow chart.
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features from weather stations. CMs are models able to simulate
the interactions of climate drivers including atmosphere, oceans,
land surface and ice. In this research, CMs are used with the pur-
pose to reproduce past threat scenarios with a certain geographic
and time resolution.

For probabilistic scenarios different projection methods can be
used. The selected method has to be suitable to be applied to
weather events and to be able to make an estimate of anticipated
forces, possibly much greater than have ever been observed, using
historical or model-generated data. For the case of data gener-
ated by CMs, parametric studies are useful, where the parameters
are modified by a certain factor (usually taking in considera-
tion real extreme measurements or expert knowledge). For the
case of instrumentally measured data, one option is power law,
which has modeled numerous natural phenomena, such as the
Gutenberg-Richter number-size distribution of earthquake mag-
nitude and other probabilistic predictions of data behavior [20].
A second option, which is later used in this study, is extreme
value theory (EVT) [21], which is based on the distribution of
the maximums (or minimums) by defining a return period T (e.g.
100-years) and estimating its return value X(T) (e.g. 60 mm). This
would mean that an event of X(T) is estimated to happen every
T years. EVT has two main approaches: Block Maxima Approach
(BMA) and Peaks Over Threshold (POT). Both approaches, have
the aim of estimating X(T) for rare extreme events. In the case
of BMA, this is done by a parametric modeling of maximums (or
minimums) taken from large blocks of independent data. In the
case of POT, this is done by a parametric modeling of indepen-
dent exceedances above alarge (or low) threshold. Both approaches
then use the Generalized Extreme Value (GEV) distribution [22,23].
GEV has the flexibility of combining the three types of extreme
distributions, namely Type I-Gumbel, Type II-Fréchet and Type
[II-Weibull. GEV’s cumulative distribution function (CDF) is as fol-
lows.

F(x:9,8,§) = e—(HE(x—Wﬁ))*l/S, for 14 w

In Eq. (1), ¥ (location), B (scale) and & (shape) are the three
main parameters of GEV. The particular cases of §=0,£>0and £<0
are, respectively, equivalent to the distributions Type I, whose tails
decrease exponentially; Type II, whose tails decrease as a polyno-
mial and Type III, whose tails are finite. When the parameters are
estimated to fit the dataset, a projection diagram can be drawn to
visualize the return periods and return values [24].

>0 (1)

3.1.2. Phase 2: Vulnerability of system’s components

The aim of this phase is to determine the damage level of each
component of the system. To do this, the following three steps
are considered: (i) identify the vulnerable components, (ii) fragility
modeling of components and (iii) assign damage states.
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Fig. 3. Generic fragility curve: probability of failure (%) vs threat parameter.

In the first step, the components identified are those that are
vulnerable-to-the-threat that could possibly have a high impact
on the network resilience. Also, the type of component must
be selected. In electric power systems, components can be clas-
sified in macro or micro [4]. For example, high/medium/low
voltage substations/power plants, distribution circuits, transmis-
sion towers and lines can be classified as macro components.
Circuit breakers, transformers, lightening arrester, switches
and all those elements that describe the internal logic of
macro components are micro components. The use of one or
another depends on the objectives of the resilience study being
undertaken.

The second step corresponds to modeling the fragility of the
components to the natural threats. The concept of Fragility Curves
has its origins as a structural reliability concept [25,26], and is
a useful tool for a stand-alone analysis of each component. A
fragility curve, as shown in Fig. 3, expresses the probability of
failure of a component conditioned on the impact of the haz-
ard. In practice, these failure probabilities are compared with a
uniformly distributed random number r ~ U(0,1). If the failure prob-
ability of the component is larger than r, then the component
fails.

It is important to note that a “failure” of the component does
not necessarily imply a complete collapse of the component (i.e.
removal from service). For example, after a seismic movement a
power plant that is composed by more than one generator might
have just a portion of them out of service, meaning that the power
plant will be able to work at a degraded maximum generation
capacity. At the same time, other components such as transmis-
sion lines have a binary damage state; tripped or non-tripped.
Thus, as a third step, the damage state of the components must
be addressed. In order to do this, two approaches can be used as
shown in Fig. 4, where (a) uses different fragility curves for differ-
ent damage levels (as used by [8]) and (b) relates damage level to
the zone of the fragility curve defined by percentiles (as used in this
study).
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Fig. 4. (a) Different fragility curves to assign damage states. (b) Different zones in the fragility curve to assign damage states.
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3.1.3. Phase 3: System reaction

The objective of the third phase is to evaluate the performance
of the critical infrastructure when it is exposed to the extreme
event. In electrical power systems, to do this, numerous evalu-
ation tools have been developed over the last decades; such as
the CASCADE model, which studies the cascading mechanism of a
blackout[27]; the ORNL-PSERC-Alaska (OPA) model, which is based
on a DC optimal power flow and it is built upon Self-Organized
Criticality [27-29]; the Hidden Failure model, which is based on
approximated DC power flow and standard linear programming
optimization of generation redispatch to represent hidden failures
of the protection system [30]; and the Manchester model, which
is built upon AC power flow and used load shedding and a power
flow solution to determine the power system operation [31-33].

When modeling the impact of extreme weather events, it is
important to take into account the diverse impact of the weather
fronts moving across the system, which is both spatial- and
temporal-dependent. The resilience model used in this phase
should thus be capable of capturing this spatiotemporal stochastic
impact of the natural disasters on the resilience of power systems.
It should also be capable of providing a component and area vulner-
ability index, which will enable the resilience enhancement of the
most vulnerable components. Furthermore, following the disaster,
it is very likely that the system will be divided in multiple islands,
which should be incorporated in the impact assessment model.

3.1.4. Phase 4: System restoration

The response to the disaster and the restoration times following
the disaster are strongly related to the following three aspects: (i)
to the damage caused, (ii) to the amount of human and material
resources available, and (iii) to the accessibility of the weather-
affected area. The restoration process can only be undertaken under
the condition that both repair teams and spare parts are avail-
able. The fast restoration and recovery of critical infrastructure is a
crucial feature of resilience (as discussed in Section 1). Therefore,
proper and effective emergency and restoration strategies should
be in place to restore the system to its pre-disaster state as fast as
possible.

Nodes
Transmission route —
— g
double circuit OHL
Transmission route —
single circuit OHL

3.2. Enhancement measures and strategic adaptation
case studies

The probability of extreme weather events is relatively low, but
their impact is so high that is vitally important to enhance the
resilience of critical infrastructures. Particularly, for electric power
systems, this can be achieved through a wide range of short- and
long-term measures. Short-term measures are discussed in detail
in [3,34]. Long-term measures can be grouped in strategic adap-
tation cases that improve specific phases of the resilience of the
system. Namely, the cases are: (i) Normal, which is the basic net-
work; (ii) Robust, which improves the resistance of the system; (iii)
Redundant, which includes backup installations or spare capacity
enabling the diversion of the power flows to alternative parts of the
network; and (iv) responsive, which enables a faster response from
the disruptive events. It can thus be seen that these adaptation case
studies can improve, respectively, the 2nd, 3rd and 4th phases of
the resilience framework.

4. Resilience assessment framework applied to windstorms
and floods

4.1. The Great Britain simplified electric power system

The multi-phase resilience assessment frameworKk is illustrated
by assessing the impact of windstorms and floods on a reduced
version of the GB’s network, which is shown in Fig. 5(a). The grid
consists of 29 nodes, 98 overhead transmission lines in double cir-
cuit configuration and one single circuit transmission line between
nodes 2 and 3, and 65 generators (with 81.5GW of installed capac-
ity) which are located at 24 nodes and include several technologies,
such as wind, nuclear and CCGT. This simplified network is based
on and has been validated against a solved AC Load Flow reference
case that was provided by National Grid Electricity Transmission
(NGET), the transmission system operator of Great Britain [35]. It
includes the main transmission routes, relevant demand informa-
tion and generation characteristics.

(b)

Weather

Fig. 5. (a) Great Britain’s simplified system. (b) Weather regionalization of the system.
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4.2. Multi-phase resilience assessment of Great Britain’s electric
power system

4.2.1. Phase 1: Windstorms and floods characterization

The resilience of the test network is evaluated against wind-
storms and floods, which constitute severe threats to the Great
Britain’s network. In order to account for the spatial feature of
the weather events, the test network is arbitrarily divided into 6
weather regions, as shown in Fig. 5(b). Weather conditions are
assumed to be homogeneous within each region, so all compo-
nents in the same weather region are stressed by the same hazard’s
magnitude. Potential future scenarios were modeled as explained
hereafter.

For the windstorms modeling, the main characteristic is the geo-
graphic mapping of the location and magnitude of wind speed.
Therefore, hourly mean wind data for 33 years (1979-2011) was
obtained using the Climate Model called MERRA re-analysis [36].
On the other hand, floods are more complex and affected by many
factors, such as the capacity of drainage system, saturated ground,
high river levels and accumulated rainfall. But in general, especially
river and groundwater floods are strongly related to the last vari-
able. For example, in [37] flood is linked directly to accumulated
rainfall. The hourly rainfall data for the same years, i.e. 1979-2011,
was obtained from more than 17,000 rain gauge stations all over
Great Britain, which has been provided by MET Office, UK [38].
This analysis altogether provides the temporal characterization
of the threats: 33 years of wind and rainfall profiles with hourly
resolution.

In order to deal with the uncertainty associated with the future
weather conditions as a direct impact of climate change, five
scenarios have been developed for evaluating the impact of wind-
storms, floods and both hazards together.

Given that wind speed was taken from a Climate Model, where
the focus is on average measurements (with a maximum average
of approximately 20 m/s), one suitable approach to use in order to
model extreme winds that can damage the transmission compo-
nents is to parametrically scale up the wind profiles. Therefore, the
winds profiles of the 6 weather regions have been scaled up using
a multiplication factor in the range {1,3} in steps of 0.5, resulting
in five windstorm scenarios (meaning that x2 and x3 would rep-
resent approximately wind speeds of 40 and 60 m/s, respectively).
The wind profile is scaled up by the same factor in the whole net-
work, so the impact affects the entire network instead of specific
areas.

For floods, given that the rainfall data was taken from real mea-
surements, five levels were also modeled by applying extreme
value theory. Assuming the data is independent and identically dis-
tributed, the Block Maxima Approach (BMA) and the Generalized
Extreme Value (GEV) distribution was used. Then the parameters
of the GEV distribution were estimated to fit the dataset and a
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Fig. 6. Projection diagram for Region 4 (horizontal axis in logarithmic scale).

Table 1
Threats analyzed with their correspondent key vulnerable components identified.

Threat Vulnerable components
Windstorms Transmission lines Transmission towers
Floods Substations Power plants

projection diagram was drawn for each region. An example of a
projection diagram for Region 4 is shown in Fig. 6.

Thereafter, five return periods were chosen (i.e. 10-year, 33-
year, 100-year, 150-year and 250-year), which provided five return
values for peak rainfall within 1h for every region. For example,
for Region 4 the return values projected were: 17 mm, 32.9 mm,
59.7 mm, 74.1 mm and 97 mm, respectively, (which is reasonable
taking into account that the highest hourly rainfall recorded by Met
Office was 92 mm in 1901 [39]). Then, rainfall scale parameters are
calculated with Eq. (2), where given a return period A-year, the
scale parameter, 7 (y, p, A), for the year y and region p is equal to
the return value T (A-year) [mm] divided by the peak rainfall value
of year y in the region p, P (y, p) [mm].

T (A —year)

, for e [1979,...,2011
B(y. p) vel !

Ty, p,h)= (2)

4.2.2. Phase 2: Vulnerability of electrical components

Even though most frequent faults happen at a distribution level,
less common but with a higher impact occur at a transmission
and generation level. Because of this, and to be able to have a
nation-wide perspective of resilience this research focuses on the
generation and transmission level. The key vulnerable macro com-
ponents shown in Table 1 were identified and modeled.

Subsequently, the vulnerability of each identified component
is analyzed through fragility curves. Examples of lines and tow-
ers’ wind fragility curves are presented in Fig. 7(a) [5]. Likewise,
in Fig. 7(b), the flood fragility curves used are shown. Floods are
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Fig. 7. (a) Lines and towers’ wind fragility curves. (b) Floods by intense or prolonged rainfall fragility curves.
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Table 2
Mean times to repair (hours) for different weather intensities.

Threat Component MTTR for different weather intensities [Wind speed (m/s)/accumulated rainfall (mm)]
Low Moderate High
Windstorms Lines MTTRpase MTTRpase x rand {2,4} MTTRpase x rand {5,7}
Towers MTTRpase MTTRpase x rand {2,4} MTTRp,se x rand {5,7}
Floods Power plants MTTRpase - MTTRpase x 2
Substations MTTRpase - MTTRpse x 2

strongly related to the accumulated rainfall, which can be produced
by an intense short event (<3 h) or a prolonged event (<10 h). These
implicate that beginning with rainfalls of approximately 20 mm/h
for at least 3 h, the risks of flooding exist [40]. Also, in order to
take into account the particularities of power stations and substa-
tions, when a flood occurs a probabilistic assignation is done (i.e.
38% for power plants and 33% for substations) based on a report
that classifies the floods risk of power plants and substations [41 ]
(this means that 38% of the power plants flooded will actually fail).
Therefore, in the case of floods, the component’s risk profile and the
floods fragility are jointly used. The accuracy of these curves can
vary depending on the particularities of each component. Conse-
quently the accuracy of the assessment can be improved in further
works by improving the methods to generate the fragility curves.

As can be seen in Fig. 5(b), some transmission lines pass across
multiple areas experiencing different weather conditions at each
region. In the case of lines, the highest line failure probability among
the regions is used for the whole line. In the case of towers, which
are considered to be every 300 m across the lines, a percentage of
the line’s length in each region is assumed for estimating the num-
ber of towers in every region. The aggregated failure probability of
all towers supporting a line is then used to estimate the line failure
probability due to a tower collapse.

Finally, following the failure of a component, the damage state
has to be assigned. The approach in this study is to establish the
damage through zones in the fragility curve as shown in Fig. 4(b).
For example, power plants have four possible damage states: minor,
moderate, extensive and complete. These states are determined
by the percentiles 0-25th, 25-50th, 50-75th and 75-100th of the
fragility curve, where the maximum generation degrading is 25%,
50%, 75% and 100%, respectively. Lines, towers and substation’s
potential damage are modeled with two states: operative and non-
operative.

4.2.3. Phase 3: Power system reaction

In order to capture the spatiotemporal impact of the wind and
rainfall fronts moving across the transmission network, a Sequen-
tial Monte Carlo-based time-series simulation model has been
developed. This enables the representation of the weather and elec-
trical events in a chronological order as they happen in reality at
different locations of the test system. An hourly simulation step
is used to exemplify the simulation, which is considered sufficient
for modeling weather events. However, any time resolution can
be used if desired and provided that the relevant information is
available, e.g. weather profile. Further, one winter week is used
as simulation period, where extreme wind and rainfall events are
expected considering that severe weather events do not usually last
longer in Great Britain.

At every simulation step, the wind- and rainfall-affected failure
probabilities of the electrical components obtained by the fragility
curves are fed to the time-series simulation model as explained
in the previous phases. Following this approach, the real-time
weather-adjusted operation state of each electrical component is
obtained. An AC Optimal Power Flow (OPF) is used for assessing the
performance of the test network at every simulation step, which
helps determine if load shedding is required for stabilizing the

system. Finally, following a severe disturbance the model is also
capable of detecting islanded nodes and operating them indepen-
dently until they are reconnected following the restoration of the
transmission lines, which is very important when studying high
impact events that can result in the separation of the network in
many disconnected islands. It has to be noted here that this does
not refer to the studies related to the controlled islanding of power
systems (like for example during disturbances, which is treated in
[42,43]) for boosting their resilience to such events.

4.2.4. Phase 4: Power system restoration

As explained in Section 3, three aspects can be taken into consid-
eration for the components restoration. In this study, for simplicity
reasons, the restoration curves are only related to the difficulties
of the repair crews to enter the affected areas. The component
restoration curves are defined by exponentially distributed curves
with mean parameters as shown in Table 2. A Mean Time To Repair
(MTTR) of 10 and 50 h is assumed for lines and towers, respectively,
and 10 and 20h for power plants and substations, respectively
(referred to as MTTRy,ase ). The weather intensity is classified here
as follows: for windstorms, it can be Low (less than 20 m/s), Mod-
erate (between 20m/s and 40 m/s) or High (more than 40 m/s),
while for floods it can be Low (less than 138 mm for intense accu-
mulated rainfall or 280 mm for prolonged accumulated rainfall)
or High (more than 138 mm for intense accumulated rainfall or
280 mm for prolonged accumulated rainfall). As weather intensity
increases, the repair crews need more time to enter the affected
area and restore the damaged components, which is modeled here
as arandom increase in MTTRy,¢e as can be seen in Table 2.

4.3. Multi-phase strategic adaptation cases

In this study, the adaptation strategic case studies discussed in
Section 3.2 are applied to the critical transmission route shown in
Fig. 8 from North to South Great Britain, where the largest demand
nodes are located. Following extensive resilience studies (mainly
focusing on the maximum power flows on the transmission lines),
this corridor was identified as one of the critical transmission routes
for preserving the resilience of the entire power system, i.e. mini-
mizing the amount and duration of load shedding in case of severe
weather and electrical events.

Particularly, for the normal case, the basic network was used
with no resilience enhancement. For the robust case, the fragility
curves of the components (see Fig. 7) in the critical path were
shifted to the right a 15% of the 50th percentile of the curve. For
the redundant case, identical parallel lines have been added to the
critical transmission path. Finally, for the responsive case, the mean
times to repair of the components in the critical path were supposed
unaffected by the severity of the weather.

5. Results and discussion
5.1. Resilience metrics

Depending on the aim of the resilience study, the performance of
electric power systems can be measured using numerous different
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Fig. 8. Dotted lines show the critical transmission corridor for which the adaptation
case studies are applied.

metrics. Two measurements that are able to describe the impact
of the extreme event are the Expected Energy Not Supplied (EENS)
and the Energy Index of Unreliability (EIU) [44,45]. The first, shown
in Eq. (3), indicates how much service (energy) was not provided
during the studied time period as an absolute number (MW h or
GW h). The second, shown in Eq. (4), is directly related to EENS,
which is normalized using the total energy demand in the studied
time frame (%). In the following equations, Ej is the energy not
supplied with a probability p, and E represents the energy demand
in the whole study period.

EENS[GW h] = ka * Dk

EIU[%] = @ *100%

(3)

(4)

Although EENS and EIU are commonly used as reliability indices,
they are also suitable among the well-known reliability indices to
describe key features of the resilience concept, which is discussed
in Section 1. This is because calculating EENS and EIU along the
process and within the time frame of the four phases proposed
in the resilience assessment procedure enables the analysis of the
resilience degradation and recovery during an event, as well as the
comparison of system’s resilience performance in different scenar-
ios and stress by different hazards.

Still, EENS and EIU are not able to capture other potentially
important resilience features, such as how fast the performance
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Fig. 9. EENS [GW h/week] of different hazards in potential future scenarios.

decreases or how slow the performance recovers, the downtime
(i.e. the duration of the reduced system performance), the num-
ber of customers not served, etc. Further, EENS and EIU lack an
economic dimension; therefore additional research on resilience
metrics is fundamental and is object of on-going work by the
authors.

5.2. Simulation results

The impact of windstorms and floods is first modeled indepen-
dently, and then the combined impact of these threats is evaluated.
In Fig. 9, the comparison between these single and multi-hazards
is represented using EENS for different intensities of the weather
hazards. Where the impact increases with the intensity of the event
and the combination of hazards is much more severe than the single
threats. The impact of floods is greater than the windstorms mainly
because the substations affected by floods are more important to
the network than other components.

Then, the EENS results for the strategic adaptation cases in the
different future scenarios are illustrated in Fig. 10(a) and (b), for
windstorms and floods, respectively. It can be seen that the best
adaptation case for both hazards is robustness, followed by respon-
siveness and finally redundancy, where for floods this last strategic
case has almost no improvement. This can be explained by the dif-
ferent components each hazard has impact on, where windstorms
affect lines and towers, and floods affect power plants and sub-
stations. When the nodes of a network (substations) are impacted,
alternative paths are also affected; hence redundancy of lines and
towers enhances resilience significantly only for windstorms.

In Fig. 11, the improvement of the strategic cases compared to
the normal case of the three most severe scenarios can be seen
through the percentage of decrease of EENS. As the intensity of
the event increases, the improvement produced by the robust and
redundancy adaptation cases decrease; but in the case of floods,
as the intensity of the event increases, the improvement produced
by the responsiveness strategy increases. Hence, in this case, for
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Fig. 10. (a) Windstorms adaptation cases results. (b) Floods adaptation cases results.
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Table 3
EIU results.

Comparison of hazards in different scenarios

Scenarios Windstorms (%) Floods (%) Windstorms & floods (%)
10-year/x1 0.00 0.00 0.00
33-year/x1.5 0.00 0.32 0.32
100-year/x2 0.03 4.50 449
150-year/x2.5 1.81 8.22 10.75
250-year/x3 7.05 13.67 21.76

more severe events having a better response plan becomes more
important.

Finally, in Table 3, the EIU results are presented. Here E, or
total week-demand, is equal to 7193 GW h. It can be seen that the
EIU results are relatively low except for the very extreme cases.
This can be mainly due to the high reliability of the test network.
However, this low impact when expressed through EENS or EIU
can be very high in terms of financial losses, therefore a socio-
economic analysis should be performed to correctly assess the
resilience of the system and decide between different enhancement
measures.

6. Conclusions

Resilience of electric power systems has emerged as a new con-
cept after the recent catastrophic events around the world. It can
be expected that resilience will be as important as reliability was
in the past. However, the differences between these two concepts
have to be considered, particularly that while reliability provides
protection against foreseeable low-impact high-probability events,
resilience provides protection against high-impact low-probability
events, is a time-dependent process and far more complex, as the
knowledge of many different fields and thus multidisciplinary work
is required. Currently, different research teams are working on
defining the concept and developing tools to describe, measure
and enhance resilience. As a contribution to the topic, this paper
presents a formalization of the resilience process and enhancement
measures in a multi-phase approach.

The proposed resilience framework consists of four phases.
These are (i) threat characterization, where the hazard’s magni-
tude, probability of occurrence, spatiotemporal profile and future
scenarios are defined; (ii) vulnerability assessment of the system’s
components, where the identification of the vulnerable compo-
nents, the application of fragility curves and the assignation of
damage states is done; (iii) system’s reaction, where the perfor-
mance of the system through sequential Monte Carlo Simulations
and Optimal Power Flows is carried out, and (iv) system’s restora-
tion, where the component’s recovery is related to the damage

caused, human and material resources availability and the accessi-
bility to the affected area. Finally, the whole process is measuredin a
time-dependent way with the Expected Energy Not Supplied index
and the possibility to compare with different systems through the
Energy Index of Unreliability.

The strategic adaptation cases presented are: normal, which is
based on a reduced version of the current national grid; robust,
which is a more resistant network; redundant, which is a ver-
sion with more alternative paths; and responsive, which has faster
recovery parameters.

These case studies have been illustrated by assessing the impact
of floods and windstorms on a reduced version of the Great Britain’s
electric power system. The results show that normal weather
events do not represent a threat of major disruption, but when one
models a flood event that may happen every 33 years or a wind-
storm where the normal wind speed is doubled, then the risk of
blackouts becomes significantly higher. Regarding the effective-
ness of the adaptation cases, for both windstorms and floods the
best strategy is to improve the resistance of components, then to
count with better restoration procedures and as a third option to
invest in redundancy, whereas the last one implicates almost no
improvement for floods.

It is important to note that performing the resilience analysis
of the test system required several data that were not completely
available at the time of the present research. Therefore, assump-
tions had to be made in order to run the model as it was stated in
each phase. Thus, it is expected that the use of more reliable and
accurate data from power companies would improve the accuracy
of the simulation results.

Future research might be focused on improving each of the
resilience phases, through the better understanding of the physi-
cal features of different hazards, developing more accurate fragility
curves and a better modeling of the complex process of restora-
tion. Also, the challenge is to assess all kind of threats that may
impact real systems around the world, along with including peo-
ple’s behavior and the interdependencies with other key sectors.
Also in order to evaluate the contribution of each component
or area to the resilience of the system, their criticality needs to
be estimated and ranked. This will provide further insights on
the most critical parts of the system, supporting the targeted
resilience enhancement efforts. Finally, work must be done related
to the socio-economicimpact and management of natural disasters,
as well as consider the economic cost of the adaptation meas-
ures described and investigated in this paper, which is a critical
dimension in the decision-making on the efforts for boosting the
resilience of a power system. Therefore, a cost-benefit analysis
needs to accompany this analysis in order to weight the benefits
of each adaptation measure over its contribution to the resilience
enhancement.
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The aim of the comprehensive and systematic analysis exposed
in this study is to help governments and disaster management
related institutions to be better prepared for the uncertain future
driven by natural disasters and climate change.
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