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ABSTRACT Catastrophic impacts to power systems caused by extreme weather events have significantly
increased during the last decade. These events highlight the need to develop approaches to assess the
resilience of power systems against extreme events; however, the availability of data that capture power
system performance during and after disruptive events is scarce. This paper proposes an assessment
framework to evaluate the performance aspects of the power grid during extreme outage events using the
Environment for Analysis of Geo-Located Energy Information (EAGLE-I) data. EAGLE-I data include
information related to the number of impacted customers, the duration, and the location of power outages
in the United States. Statistical analyses were conducted to extract resilience-based outage data and derive
probability distribution functions of their impact and recovery characteristics. A list of extreme events is
identified based on population-based threshold values. Metrics from other power outage assessments were
used to measure the characteristics of each event, including the impact rate and duration, the recovery rate and
duration, and the impact level. A probability distribution function is obtained for each metric. The proposed
framework is conducted for each state across the United States. The obtained results provide a probabilistic
representation of state-level outage behaviors, which can be applied as a framework to evaluate various
resilience enhancement techniques.

INDEX TERMS EAGLE-I, extreme weather event, power outage, resilience.

I. INTRODUCTION

Modern society has grown to rely on electricity access
and availability. When electricity is unavailable, individu-
als, communities, and countries are subject to economic
and physical harm, especially when an electricity outage
occurs during an extreme weather event (e.g., extreme heat
or cold). Reliability has long been an important indicator
for electric grid operators, but as the frequency and inten-
sity of extreme weather events have increased in recent
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years, yielding prolonged outages and significant economic
losses [1], [2], resilience has become a larger focus for grid
operators and customers. Also, aging infrastructure plays a
vital role in increasing the prevalence and costs of extended
outages [3], [4]. Planners at the facility, local, state, and
federal levels are interested in resilience enhancement and
evaluation solutions to reduce the likelihood and impact of
power outages [5], [6].

Extended power outages are accompanied by noticeable
socioeconomic impacts. Extreme outage events between
2003 and 2012 have resulted in damage costs between
$22 billion and $41 billion dollars per year [7]. In the United
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States, prolonged power interruptions result in $43 billion
to $62 billion dollars in economic losses per year [8]. Also,
extreme weather events have counted for the majority of sus-
tained power outages. For example, Hurricane Sandy caused
more than 8 million customers to lose power across 15 states
in the United States [7]. In 2021, Winter Storm Uri caused
widespread power outages in Texas during extreme cold,
which resulted in 246 recorded deaths and more than 4 mil-
lion customers without power for a few days [9]. During the
last 8 years, the United States has been exposed to 7 wild-
fires, 7 droughts, 73 severe storms, 19 tropical cyclones or
hurricanes, 13 floods, 4 winter storms, and 1 freeze event,
with more than $1 billion dollars in anticipated costs [10].

The fast and efficient restoration of power grid after dis-
ruptive events occur is one of the most important attributes
to achieving resilient power supply. The quick recovery
of the grid infrastructure reduces associated economic and
community impacts [11], [12]. Also, decision makers have
many competing demands for limited resources, meaning
resilience investments are required to demonstrate ““signifi-
cant and measurable short and long-term benefits that balance
or exceed the costs” [6]. Comparing the costs of installing,
operating, and maintaining a resilience investment to its ben-
efits, which include decreased outage costs, helps planners
determine which resilience investments are worth implement-
ing. Conducting cost-benefit analyses to validate resilience
investments has become a requirement for many federal
and state resilience grants [13]. These challenges require
the development of resilience evaluation methodologies to
quantify the impact of extreme events on power systems.
Moreover, such methods are very beneficial to identify and
conduct cost-benefit analyses of potential system upgrades
and improvements.

A. RELATED WORK

Several definitions for power system resilience exist. In this
paper, we use the following: “The ability of a system to
prepare for, absorb, adapt to, and recover from disrup-
tive events” [5]. Attributes of resilience include prepared-
ness, recovery, adaptability, and reliability, to name a few.
Electric reliability is the likelihood that electricity will be
available during normal equipment failures, and grid oper-
ators have a long history of using reliability metrics. There
have been no standardized metrics for resilience quantifica-
tion [14]; however, to compare resilience across infrastruc-
ture domains and jurisdictions, there is a need for publicly
available data sets with transparent metrics for, or attributes
of, resilience [15]. Having reliable and accurate data is the
first step toward understanding the behavior and performance
of electric power systems during extreme events. These data
sets can be used by (a) individuals and communities to per-
form cost-benefit analyses on resilience measures, such as
backup power systems or islandable microgrids, and miti-
gation strategies, such as hardening transmission and dis-
tribution lines; and by (b) government entities to compare
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resilience performance across infrastructure systems. Also,
data sets can be leveraged to extract system features and
extreme event characteristics for resilience analyses. There-
fore, robust statistical analysis can be carried out by using
extreme event data and by quantifying their characteristics.

A few data sets have been prepared and reported that
focus on extreme events and their associated impacts on
power grids. Major outage event data are available from
the U.S. Department of Energy (DOE) Office of Electric-
ity (OE-417) [16]. These data report extreme outage events
based on DOE’s extreme thresholds [17]. DOE refers to
major outages as those that impact at least 50,000 cus-
tomers or cause unplanned power loss exceeding 300 MW.
Also, the U.S. Energy Information Administration (EIA) pro-
vides the Annual Electric Power Industry Report, Form EIA-
861 data [18]. EIA-861 contains statistics from 1990-2020,
including utility outage, electricity usage, and number of
customers. It also provides utility-reported reliability indices
with and without major event days.

Though different approaches have been proposed to dis-
tinguish between outages that belong to reliability analysis
and those that belong to resilience analysis, gaps still exist.
For instance, a time-based threshold was used in [19] to
identify prolonged outage events for the resilience evalu-
ation framework. In [20], [21], and [22], a temporal per-
spective with a 24-hour mark was used as a threshold to
differentiate between short- and long-duration outages. Also,
a quantitative threshold has been used based on the amount
of customers without power or the amount of lost energy to
identify extreme outage events, as proposed by DOE [17].
In [23], a computational-based resilience interactions simu-
lation platform has been developed to quantify resilience of
transmission networks using utility outage statistics. Other
approaches include assessing lifeline infrastructure restora-
tion behavior using predefined extreme weather events [24],
similar to a description of power outages using retrospective
analyses (e.g., outages between 2000-2016) [17]. Most of
these methods have conducted basic analysis of the exist-
ing data for specific weather events or defined geographic
regions. The importance of extracting distribution functions
governing the behavior of extreme outage events has not been
deeply investigated, highlighting a research gap in resilience
evaluation processes. Table 1 provides a summary of the
current state-of-the-art in quantifying resilience using outage
data and the associated challenges.

B. RESEARCH GAPS

Though DOE collects electric disturbances through the
mandatory outage event (OE-417) [16] reports, these data are
of insufficient quality to estimate outage duration for sev-
eral reasons. First, customer outages are not always tracked
and are sometimes incorrect. These data mainly rely on
reporting outages using DOE’s major event thresholds (more
than 300 MW or 50,000 customers), which might not cap-
ture extreme events on small communities. These data do,
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TABLE 1. Literature review summary.

Reference Summary Challenges and future direction
[1]-[4] Summarizes the importance of resilience-based studies Highlights the need for resilience evaluation methods
o [75]?[(;] © Summarizes a roadmap to quantify resilience ~~ Challenges associated with resilience metrics
- o - - — — _ Snmulti-jurisdictionalareas _ _ _ __ _ ___ _ _ _ ontheruwalcommumitylevel _ ___ _ __ _ __ __
[7]-[10] Provides statijstics 9f extreme weather—r-elated events Lack of correlation between extreme weather events

and the associated impacts on power grids and power outage data

i 7[; 1]: [13; * Importance of cost-benefitanalyses ~ Further investigations to quantify uncertainties
to validate resilience enhancement strategies of extreme outage events

o 7[174; ~ Highlights the difference between ~ The need for resilience metrics that can
reliability-based and resilience-based metric distinguish extreme events across different jurisdictions

o 7[175]7 "~ Provides resilience evaluation analysis ~~ The lack of publicly available outage data
for super storm Sandy on New York state to quantify resilience on country, state, and county levels

i 7“7 61? “77]7 ~ Summarizes the OE-417 major outage events data ~ Fixed tﬁ;{sh&c? V;ILE: cannot be applied
based on the DOE threshold on multi-jurisdictional levels

o 7[178]7 "~ Summarizes the I:ZIK—E%fa;naafpSWErTnau;try statistics  The data can not Be?ii?ec?ly]s?:& for resilience evaluation

o 7[179]7 "~ Proposes atime-based threshold ~~~ The need for dynamic resilience evaluation metrics
to identify extreme outage based on geographical location and type of extreme event

i 7[270]7_ [;2; * 24-hour threshold is used to differentiate A time-based threshold may not be applicable
between short- and long-duration outage for small communities

o 7[273]7 o 7A;e§ili:nze7]1;1rii§czii(;1 framework for transmission ?u;tlﬁ:r?n;e;tigatTog on statistical behavior

lines using utility statistics data

of extreme outage events is required

however, provide insightful information on event start dates,
end dates, and event locations for major outage events. On the
other hand, EIA data do not provide sufficient information to
determine the distribution and behavior of extended power
outages. The EIA-861 reliability metrics—System Average
Interruption Frequency Index (SAIFI), System Average Inter-
ruption Duration Index (SAIDI), and Customer Average
Interruption Duration Index (CAIDI)—reveal basic system
performance information that might not be very representa-
tive for resilience evaluation. In short, the existing data cannot
be directly used to understand the characteristics of extreme
power outages across country and state levels. Although there
exist other sources of power outage data [25], the accessabil-
ity of these data is very limited.

The diversity of events that can impact the grid makes it
difficult to make generalized statements about what qualifies
as a “major”” event. A town of less than 1,000 people could
be without power for weeks, yet it would not be considered a
major event from the national scale, even though it would cer-
tainly have significant economic impacts on the town. In con-
trast, short-duration and high-frequency events that regularly
impact a small number of people could make it difficult for
communities to rely on power affecting their “access” to
electricity, as is often the case with remote communities that
have low quality of power supply. Therefore, a proper quan-
tification framework is required to capture extreme outages
taking into account the demographic population factors.

C. CONTRIBUTIONS

The goal of this paper is to examine a publicly available
data set to evaluate extreme power outages and their char-
acteristics. Our primary source of outage information is
from the Environment for Analysis of Geo-Located Energy
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FIGURE 1. Research framework.

Information (EAGLE-I™) data set, provided by Oak Ridge
National Laboratory (ORNL) [26]. The proposed assessment
framework includes three main phases: filtration method-
ology, evaluation metrics, and probabilistic curve fitting.
In the filtration phase, we use threshold values to iden-
tify extreme power outages. A population-based threshold
is proposed to account for diverse extreme outages across
different jurisdictions— The population-based threshold is
defined to be a filtration threshold that relies on the pop-
ulation and the number of utility customers in a specific
geographical location to refine extreme power outage events.
The evaluation metric phase aims to measure characteristics
of extreme outages, including outage duration, number of
customers affected, and restoration time. The probabilistic
curve fitting phase focuses on testing and providing proba-
bility distribution functions (PDFs) governing the behavior
of the proposed evaluation metrics. Useful information from
both OE-417 and EIA-861 data is used to justify and validate
the efficiency of the proposed algorithm. Fig. 1 shows an
illustrative framework of the proposed methodology.

The contributions of this paper are listed as follows:

« Provide detailed statistics on extreme power outages on

the national, state, and county levels.
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« Develop a statistical methodology to quantify extreme
electricity outages from the EAGLE-I data set consid-
ering the relative relationship between the outage level
and the size of the area under study.

« Introduce metrics to measure and assess the behavior
of extreme outage events from temporal and impacting
levels.

o Create and evaluate proper distribution functions that
govern the behavior of these metrics at the state level.

D. PAPER STRUCTURE

The remainder of the paper is organized as follows. Section II
describes the EAGLE-I data and the required data processing
techniques to overcome some of the associated false or miss-
ing information. Section III explains the proposed assess-
ment framework to quantify extreme power outages through
filtration, evaluation, and representation phases. Section IV
illustrates the implementation procedure and presents results,
and section V provides some concluding remarks.

Il. EAGLE-I DATA

This study leverages EAGLE-I data to assess the behavior of
extreme outage events at the state level of the United States.
This section provides a description of the EAGLE-I data.
Also, it addresses data processing techniques to overcome
some of the data quality challenges.

A. DATA DESCRIPTION

EAGLE-I data are collected and managed by ORNL. This
data set spans November 2014 to the present and is col-
lected by scripted web scrapers that check utilities’ publicly
available outage maps to estimate the number of customers
without power by utility in a given county. Outage records
are updated every 15 minutes. This work considers outage
records from November 2014-March 2021.

Table 2 shows a sample of EAGLE-I data across a few
selected counties of three states on July 1, 2015, at 10:30 AM.
Note that this table includes a few selected data records for
visualization. For instance, only three counties are shown for
each state. Each record consists of temporal, geographic, and
service provider information. This helps track the source of
the outage and provides a deeper spatiotemporal analysis.

A few remarks about the EAGLE-I data should be noted.
First, service providers or utilities usually have customers in
different counties. For instance, the utility Entergy Louisiana
has recorded outages in both Calcasieu and Jefferson counties
in the State of Louisiana at the same time. The listed utility
identification number can be used to assign outage events to
specific service providers regardless the outage geographic
locations. Though many counties have only a single utility,
counties that span large geographic boundaries or counties
that intersect metropolitan regions might have multiple util-
ities. EAGLE-I reports customer outages for each utility in
each county. For example, Los Angeles County in the State
of California is supplied by multiple utilities, including the
Los Angeles Department of Water and Power and Southern
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California Edison. The provided Federal Information Pro-
cessing Standards (FIPS) code provides a unique index to
each county across the United States. This helps reduce the
potential problem of repeated county names.

Because the data set is based on the number of utility
websites that can be scraped, the number of utilities in the
data set and their geographic granularity change over time.
Also, the number of counties changes over time. Table 3
tracks the number of counties and utilities recorded during the
studied period (November 2014-March 2021). This is also a
result of the fact that more utilities are making their outages
publicly available. As a result of this evolution in time, the
raw data form cannot be directly used to estimate the year-
over-year changes, and the average number of years must be
based on the first records; however, the proposed assessment
framework can be leveraged to provide insightful contribu-
tions to extreme power outages. Additionally, because of the
EAGLE-I sampling methodology, statistical methods based
on the assumption that increased samples will converge on
the “ground truth” are not relevant as increased samples from
one utility will not provide outage data for another utility in
the same county; this limits the statistical work that can be
done on this data to reduce uncertainty.

B. DATA PROCESSING

As with many large data sets, the raw form of the EAGLE-
I data includes some data quality issues, including missing
information and data discrepancies. To improve the quality of
the data, it is required to apply different data transformation
techniques, such as smoothing, aggregation, and normaliza-
tion. Because this study focuses on state-level outage behav-
ior, proper aggregation is required to group outages for each
state.

Fig. 2 shows the outage count for five counties in Alaska
starting November 30, 2018, at 3:00 pm for 24 hours. The
outage profile represents outage aggregation on the utility
level for each county. It is obvious that one county is experi-
encing a sequential extreme outage behavior, whereas other
counties have very low numbers of impacted customers.
Outages occurring at the same time at different geographic
locations might not be correlated unless a major extreme
event is impacting several counties or nearby states. There-
fore, it is not convenient to aggregate outages that occur
at the same time. Also, it is noticeable that some data are
not recorded at 15-minute intervals. For example, a 6-hour
duration should have 24 data records; however, this is not the
case for Matanuska-Susitna County, where only 15 records
are observed during the event peak (18:00-23:59 on
November 30, 2018).

Of eight counties in Alaska, only five have provided outage
records. The existing eight counties are supplied by only four
utilities, implying the existence of more than one utility in
some counties. Having more than a sole service provider in
a single county is normal within the EAGLE-I data. Because
this work focuses on the state level, it is assumed that out-
ages are aggregated geographically across the same county.
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TABLE 2. EAGLE-I sample.

Utility ID Utility name FIPS code County State Outage count Time
131 Entergy Louisiana 22019 Calcasieu Louisiana 3 7/1/2015 10:30
131 Entergy Louisiana 22051 Jefferson Louisiana 155 7/1/2015 10:30
322 Southwestern Electric Power Company 22015 Bossier Louisiana 49 7/1/2015 10:30
224 New York State Electric and Gas 36007 Broome New York 959 7/1/2015 10:30
225 National Grid (Formerly Niagra Mohawk) 36029 Erie New York 1 7/1/2015 10:30
91 Con Edison NY 36119 Westchester New York 2484 7/1/2015 10:30
198 Los Angeles Department of Water and Power 6037 Los Angeles California 14971 7/1/2015 10:30
293 San Diego Gas and Electric Company 6073 San Diego California 39 7/1/2015 10:30
309 Southern California Edison 6037 Los Angeles California 423 7/1/2015 10:30

TABLE 3. Number of reported counties and utilities over time in EAGLE-I
data.

2014 2015 2016 2017 2018 2019 2020 2021

Counties 2153 2498 2405 2887 2895 3025 3072 3135
Utilities 151 212 232 360 341 470 449 441
50k
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FIGURE 2. Outage profile of five counties in Alaska.
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FIGURE 3. Outage profile of single county with two utilities in Alaska.

Fig. 3 shows the aggregation process for the Kenai Peninsula
County in Alaska during November 2018. This location-
based aggregation helps reduce the negative impacts of lost
data. Also, it provides insightful representations of power
outages at the county level without focusing on the quality
of the utility service.
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For better visualization, Fig. 4 provides the aggregation
process applied to Houston County in the State of Georgia
on October 11, 2016. The number of customers without
power are aggregated at each instant regardless of the service
provider assigned to them. The aggregated data have higher
or the same outage values as the recorded data. For instance,
at 12:00 am, 4 customers supplied by Flint Corporation and
8 customers supplied by Georgia Power lost power, resulting
in a total of 12 customers (as noted by the green markers).
Though this work focuses on extreme outage events, where
the outage level exceeds a several thousand customers, this
figure illustrates the concept of geographic aggregation on a
small scale.

Flint Electric Membership Corporation
® Georgia Power

14 ® Geographical-aggregation
T .
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S 104 #
3 .
# B e *
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] e o . canazs
o FrEseey
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FIGURE 4. Geographic aggregation of single county with two utilities in
Georgia.

Ill. ASSESSMENT FRAMEWORK

This section explains the proposed assessment framework to
analyze the behavior of extreme outage events across the
United States. The proposed framework consists of three
main steps: first, filtering the preprocessed EAGLE-I data
to extract extreme outages based on defined thresholds, then
extracting the characteristics of the extreme outages using
a few evaluation metrics, and, finally, conducting statistical
analyses to compute PDFs representing each metric.

A. FILTRATION METHODOLOGY
Most power outages are classified as minor disturbances
to the distribution system [27]. The main causes of minor
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disturbances include (a) technical causes, such as a short
circuit, equipment failure, or system malfunction; (b) envi-
ronmental causes, such as vegetation, animals, and inclement
weather; and (c) human causes, such as physical accidents
and human control errors [28]. On the other hand, major
power outages are characterized by having prolonged outage
durations and elevated outage impacts [1]. The primary cause
of major power outages is extreme weather events, mainly
including hurricanes, wildfires, and ice storms. Also, it is
expected that vulnerabilities of power systems to cyberattacks
will dramatically increase, yielding potentially catastrophic
blackout events [4]. Caused by the diversity of power out-
age causes, it is difficult to produce representative outage
behavior.

Various studies have been conducted to develop a cri-
terion to distinguish between minor and major outages
[20], [22]. DOE identifies extreme outage events as those
that exceed 300 MW or 50,000 customers [17]. In [19],
a 24-hour threshold was used to identify major events. The
trade-off between a time-based threshold and an impact-
based threshold imposes further challenges on identifying
proper threshold values. Also, the correlation between the
number of impacted customers and the relative geographic
boundaries makes it difficult to generalize a specific thresh-
old across the state level or the county level. For example,
an event causing a power outage to a whole county will be
preserved as a major event at the county level, but it might
be ignored at the state or country level. Therefore, a proper
threshold that accounts for both the temporal and impact
behaviors should be carefully and efficiently computed.

The electric power outages in the EAGLE-I data set are rep-
resented by the number of customers without power, which
varies from zero to a maximum value of almost 10 million
customers during Hurricane Irma. A customer here is defined
as any entity that purchases energy from a utility via a tariff.
This means that “customer” should not be interpreted as
“persons”’. Residential households with only one tariff often
have multiple residents, and commercial entities sometimes
have multiple tariffs for a single site.

In this work, we identify two thresholds, high («j) and
low («;), to extract and evaluate extreme outage events.
An extreme outage event is defined to be the set of contiguous
customer outage records bounded by outage level beyond
the threshold value starting and ending the event. First, a),
threshold acts as a filtration phase to identify extreme out-
ages. In other words, outages exceeding this threshold will
be considered extreme outages. The chosen value of o will
have a significant impact on the analysis results. A higher
threshold value results in fewer extreme events. Additionally,
from an energy justice perspective, rural communities with
fewer than 50,000 customers will never register as having a
long-duration outage in the current methodology. Therefore,
the value of o, will be selected to capture impacts on small
communities as well as large communities. Upon determining
the extreme events, it is required to extract their temporal
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characteristics. The «; threshold acts as a trigger phase to
identify both the start and end time of a specific event. The
value of «; is always lower than oy, to provide a realistic
representation of the event duration.

Fig. 5 visualizes the concept of filtration thresholds to
quantify extreme power outages for a typical event. The pre-
vious outage event taking place at Matanuska-Susitna County
in the State of Alaska during November 30 and December 1,
2018, is used for illustration. Values of o, and «; are arbitrar-
ily chosen for clarification. Four time indices are identified
based on the intersection of the horizontal threshold lines
with the outage curve behavior. Event up-trigger and event
down-trigger refer to the intersection of «y, with the outage
curve, whereas the event start time and end time represent
the intersection of «; with the outage curve.
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FIGURE 5. Applying filtration methodology on a typical outage event.

Because of the diverse outage events, other behaviors are
noticed. Fig. 6 shows a special case where multiple event
triggers can be identified within a single event. This figure
shows the outage behavior in Macropia County in the State
of Alabama. It is clear that using a single threshold might
lead to having more one trigger value, specifically when
data efficiency and accuracy are not granted. The zoomed
view highlights the intermediate event triggers. Using the o
threshold solves this issue by ignoring all the intermediate
triggers within the event start and end times. In other words,
only the very first up-trigger and the very last down-trigger
are considered across the event duration. Though data aggre-
gation methods can be used to reduce the negative impacts of
data inaccuracy, these methods require extensive analysis to
determine the proper aggregation interval. This induces more
challenges at the country level because a fixed aggregation
interval might not be convenient for each county.

B. EVALUATION METRICS

The behavior of extreme events might vary from one event
to another. Also, the associated negative impacts on the sys-
tem performance rely on the event type and the geographic
boundaries. The concept of resilience through a disturbance
and impact resilience curve has highlighted the importance
of assessing extreme power outages [29], [30]. A conceptual
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FIGURE 6. Applying filtration methodology on a nontypical outage event.

resilience curve was developed in [31] to define and quantify
power system resilience. These studies have shown that the
relative performance of a system to optimal and minimum
performance level usually follows a triangular or trapezoidal
behavior [1], [32]. These resilience curves provide temporal
representations of system performance before, during, and
after an extreme event. Various resilience metrics have been
developed and quantified using these curves.

One power system performance indicator is the number of
served customers at each time instant. This is a vital metric
to compute reliability indices, such as SAIFI, SAIDI, and
CAIDI [33]. The number of customers without power is the
complementary value of the number of served customers for
a specific utility, county, state, and country. The sequential
outage records can be used to quantify the characteristics of
extreme outage events. Following the same resilience metric
conventions, a few metrics are defined to measure the behav-
ior of extreme outages as follows:

1) Event duration (7,): the total time of an outage
event where the outage level exceeds the filtration
threshold «; [34]

2) Impact duration (77;): the total time between the start of
an outage event and the maximum outage level within
the event duration [29]

3) Recovery duration (7,): the total time between the
maximum outage level within the event duration and
the end of the event [34]

4) Impact level (O;): the maximum number of customers
without power within the event duration [29]

Leveraging the defined metrics, three additional metrics
are proposed, as follows:

1) Impact rate (R;): the amount of unserved customers
per hour during the event impact duration; it can be
calculated using R; = %

2) Recovery rate (R,): the rate of restoring service per
hour during the event recovery duration; it can be cal-
culated using R, = %

3) Recovery/impact ratio (R,;): the ratio between the
recovery and the impact duration; it can be calculated
using R,; = %
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Though some events do not follow linear impact or recov-
ery rates, most events follow a monotonically increasing
behavior before reaching the maximum impact level and a
monotonically decreasing behavior after reaching the maxi-
mum impact level. Also, the linear rate function is adopted
based on the triangular resilience curve described in [34].
This provides a simple, straightforward model to measure
outage characteristics. A detailed piecewise linear func-
tion can be used to create a comprehensive mathemat-
ical model representing power outage behaviors. Fig. 7
projects the defined metrics on a single event. The impact
of Hurricane Harvey on Jefferson County in Texas during
August/September 2017 is used for clarification.

Impact level (O))
Event duration (T,)

20k

Impact

duration (T)) Recovery duration (T.)

7]
=
!

Qutage (# customers)
15
=

wn
=

T T T T T
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2017

FIGURE 7. Event characteristics curve.

C. PROBABILISTIC CURVE FITTING

Reliability metrics usually consider power outages due to
normal failures of power grid components. To distinguish
between resilience-based and reliability-based metrics, only
events exceeding the o), threshold are identified. In this work,
the outage level is leveraged to quantify extreme events
because the EAGLE-I data do not provide the customer-level
specified outage duration. Because short-duration events
have a higher probability to happen than long-duration events,
averaging them will underestimate the significance of the
resilience events. In fact, reliability studies usually consider
the average of all events. In determining the likelihood and
duration of power outages for resilience valuation, PDFs
are created from historical data after discarding low-impact
events.

The main goal of this work is to determine the proba-
bility distributions for the proposed event metrics based on
extracted extreme outages from the EAGLE-I data set. These
PDFs can be used to simulate diverse extreme outage events
for resilience-based studies and to estimate the cost versus
benefit of resilience mitigation strategies. For each state, a list
of extreme outage events at the county level is obtained.
The corresponding characteristics of these events are com-
puted. Curve fitting approaches are used to evaluate the best
fit PDF governing the behavior of each metric. More than
80 PDFs are tested, including normal, exponential, pareto,
double weibull, t, gamma, lognormal, beta, and loggamma.
The detailed list and information regarding each PDF can be
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found in [35] and [36]. The residual sum of squares criteria
is used to evaluate the goodness of fit of each PDF.

IV. IMPLEMENTATION AND RESULTS

The methodology outlined in the previous section was
applied to the EAGLE-I data set, which includes more than
130 million customer outage record values. This section pro-
vides detailed statistical analysis at the state level across the
United States. The PDFs governing the behavior of extreme
outage events were calculated and evaluated, and the results
are detailed in this section.

A. EXTREME OUTAGE STATISTICS

The proposed method mainly depends on the chosen value
of the filtration thresholds. A higher value of «j results in
missing outages that can be classified as extreme events.
Also, a higher o; will yield an inaccurate representation of
the event characteristics, resulting in biased results. This case
provides the sensitivity analysis between the threshold values
and the number of extracted events.

To validate the efficiency of the proposed filtration method,
the major outage event data (OE-417) [16] are used as a
benchmark. The total number of reported events in OE-417
should be the same number of extracted events from the
EAGLE-I data for the same duration after applying the DOE
threshold. Our previous work in [19] provided extensive
analysis on the OE-417 data. Based on the OE-417 data,
605 events took place from November 2014-March 2021,
compared to 598 events extracted from the EAGLE-I data.
This shows that the proposed filtration method is capable of
extracting outage records corresponding to reported major
events.

As mentioned before, the DOE threshold of identifying
extreme events is convenient for highly populated regions,
specifically in large cities and metropolitan areas; however,
outages in rural communities with fewer than 50,000 cus-
tomers will not be considered. Using a fixed threshold value
has its own disparity because of the high variations in the geo-
graphic and population characteristics among different states
and counties. In this work, we propose the dynamic threshold
as a function of the county population level. The population-
based threshold is defined to be a filtration threshold that
relies on the population and the number of utility customers
in a specific geographical location to refine extreme power
outage events. To compensate for the trade-off between the
“customer’ in the EAGLE-I data and the “resident” in the
population statistics, a scaling factor of two is used. In other
words, it is assumed that a single customer is equivalent to
two residents because multiple residents might have a single
tariff. The scaling factor of two is used based on available data
from EIA-861. With a total of almost 158 million installed
electric meters representing utility customers and a popula-
tion of almost 330 million residents in the United States,
a utility customer is equivalent to 2.07 residents. Accord-
ingly, an outage exceeding 25% of subscribed customers is
assumed to be an extreme outage. In short, values of «; and
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ay, are selected to be 5% and 25% of subscribed customers,
respectively.

Table 4 shows a summary of the number of extracted
events using the DOE threshold and dynamic population-
based threshold as values for o at the state level. It is
obvious that the population-based threshold provides a higher
frequency of events because low-populated counties have
been taken into consideration. Also, the value of the DOE
threshold seems relatively high for many counties, result-
ing in extracting zero extreme events in some states. The
population-based threshold provides a larger set of events for
each state, which can be used to estimate PDFs governing
event characteristics. It is worth noting that higher scaling
factors of the population-based threshold results in lowering
the value of the ¢, yielding increased number of extracted
events.

Some important remarks include the dramatic increase
in the number of extreme outages when using population-
based thresholds. Though some states recorded zero outage
events using the DOE threshold, a noticeable number of
events are captured using the population-based threshold.
This implies the ability of the proposed population-based
threshold to capture extreme outage events, specifically in
regions with smaller rural communities. The top ten states in
terms of the number of extreme outage events are ranked as
follows: Texas, Virginia, West Virginia, Georgia, Kentucky,
Louisiana, Oklahoma, North Carolina, Arkansas, and Kansas.
Five of the ten states are also in the top ten for extreme
weather events exceeding billion-dollar economic losses for
the same study period [10], including Texas, Georgia, North
Carolina, Virginia, and Oklahoma.

B. SINGLE STATE ANALYSIS

Once the filtration threshold is implemented on the prepro-
cessed EAGLE-I data, extreme outage events are identified.
This case shows the implementation of the proposed assess-
ment framework on a single state. For clarification, Florida is
selected, and the analysis is conduced using the population-
based threshold with a scaling factor of two. The following
figures show the statistical analysis of the extracted events for
each metric, highlighting the average and maximum values.
Each figure represents a specific metric and reveals insightful
information about the behavior of extreme outage events.

Fig. 8 shows the Florida probabilistic histogram of the T,
metric. On average, extreme outages last almost 36 hours,
with a tendency to have a shorter duration. Though many
events have a total duration less than 40 hours, a non-
negligible number of events last more than 100 hours. This
aligns with the fact that Florida is one of the states most
impacted by hurricanes. Less than 35% of the events have a
total duration of 5 hours, which are usually events that barely
exceed the cutting threshold value.

Fig. 9 shows the Florida probabilistic histogram of the 7;
metric. This shows how long outages are impacting a specific
region. The impact duration metric has an average of almost
9 hours. Forty percent of the extreme outages reach their
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TABLE 4. Sensitivity analysis of filtration thresholds.

DOE Population-based threshold
State threshold SF=2 SF=3 SF=5
Freq. % |Freqq % |Freq. % |Freq. %
Alabama 7 116 | 168 1.11 | 342 0.67| 821 1.61
Alaska 0 0.00| 8 053] 106 0.21| 165 0.32
Arizona 5 083 12 008| 29 0.06] 71 0.14
Arkansas 1 017 | 422 278 | 813 1.59| 1743 3.41
California 59 9.75| 286 1.88 | 442 0.87| 722 14l
Colorado 6 099 | 257 1.69| 423 0.83] 684 1.34

Connecticut 9 1.49 18 0.12| 25 0.05] 50 0.10
Delaware 0 0.00 1 0.01 5 001 23 0.05
D. of Columbia| 1 0.17 1 0.01 1 000 2 0.00

Florida 86 14.21| 426 2.81 | 727 1.42| 1409 2.76
Georgia 13 215 | 709 4.67 | 1363 2.67| 2796 5.48
Hawaii 3 050 3 0.02 3 001 11 0.02
Idaho 0 000 372 245 573 1.12| 954 1.87
Illinois 10 1.65| 324 2.14 | 570 1.12| 1146 2.24
Indiana 0 000 166 1.09| 397 0.78| 865 1.69
Towa 5 083 | 287 1.89| 578 1.13| 1318 2.58
Kansas 1 017 | 481 3.17 | 808 1.58| 1435 2.81
Kentucky 3 050 650 4.28 | 1105 2.16| 2313 4.53

Louisiana 15 248 | 604 3.98 | 1093 2.14| 2140 4.19
Maine 6 099 229 151 364 0.71| 678 1.33
Maryland 3 050 49 032 100 0.20| 243 048
Massachusetts | 17 281 | 51 034 | 85 0.17| 141 0.28
Michigan 21 347 | 417 275| 755 1.48| 1496 293

Minnesota 1 017 | 111 0.73 | 250 0.49| 554 1.09
Mississippi 4 066 | 423 279 | 715 1.40| 1589 3.11
Missouri 6 099 | 203 1.34| 443 0.87| 1026 2.01
Montana 0 0.00]| 141 093 | 230 045| 411 0.80
Nebraska 0 000 131 0.86| 227 0.44| 351 0.69
Nevada 1 017 103 0.68 | 184 0.36| 308 0.60
New Hampshire| 5 0.83 | 41 027 | 81 0.16| 186 0.36
New Jersey 40 6.61 | 57 0.38| 90 0.18] 195 0.38
New Mexico 3 050 8 0.58| 154 0.30| 301 0.59
New York 27 446 | 265 1.75| 429 0.84| 963 1.89
North Carolina | 25 4.13 | 504 332 | 873 1.71| 1689 3.31
North Dakota 0 0.00]| 102 0.67| 137 0.27| 233 0.46
Ohio 10 1.65| 204 134 | 449 0.88| 1102 2.16
Oklahoma 9 149 | 523 345| 956 1.87| 1863 3.65
Oregon 7 116 112 0.74| 172 0.34| 284 0.56
Pennsylvania 14 231|209 138 409 0.80| 915 1.79
Rhode Island 4 066| 21 0.14| 42 0.08| 73 0.14
South Carolina | 9 149 | 146 096 | 259 0.51| 526 1.03
South Dakota 0 000 148 098 | 239 047| 418 0.82
Tennessee 4 0.66| 242 1.59| 460 0.90| 955 1.87
Texas 132 21.82| 2419 15.94| 3631 7.11| 6221 12.18
Utah 2 033] 109 0.72| 160 0.31| 316 0.62
Vermont 0 000| 95 0.63| 209 041| 387 0.76
Virginia 10 1.65| 1339 8.82 | 2330 4.56| 4301 8.42
Washington 21 347 | 132 087 | 205 040| 388 0.76
West Virginia 0 0.00| 877 5.78 | 1592 3.12| 3065 6.00
Wisconsin 0 000 | 327 2.16| 534 1.05| 1027 2.01
Wyoming 0 000| 8 057 | 115 0.23| 186 0.36
Total 605 15173 26282 51059

maximum impact within 2 hours. A high maximum value is
observed caused by the long impact duration of hurricanes
that might last a few days.

Fig. 10 shows the Florida probabilistic histogram of the
T, metric. The recovery metric measures the capability of
the power system to return to the pre-event status. Though
the EAGLE-I data do not track the customer status at each
interval, the value measured here can simplify the overall
restoration behavior of a specific state. In Florida, extreme
outages take, on average, 40 hours to restore power to almost
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FIGURE 10. Histogram of T, metric of the State of Florida.

all customers. Though most events have a recovery duration
of less than 35 hours, a noticeable number of events have a
recovery duration of more than 50 hours.

Fig. 11 shows the Florida probabilistic histogram of the
O; metric. More than 70% of the extreme outage events
impact less than 20,000 customers per county. Note that
extreme weather-related events might affect multiple coun-
ties because of the diverse spatiotemporal propagation char-
acteristics. Correlating geographic and temporal informa-
tion about these events with EAGLE-I data will result in
extensive analysis based on events; however, the lack of
information imposes a challenging burden. The spontaneous
maximum number of unserved customers during Hurricane
Irma is 1.8 million, 1.4 million, and 1.1 million customers in
Miami-Dade, Broward, and Palm Beach counties in Florida,
respectively.
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Fig. 12 shows the Florida probabilistic histogram of the R;
metric. This measures how fast extreme events cause power
outages in specific counties. Very high values are noticed
caused by the fast negative impacts of hurricane events in
Florida. The values provided by this metric can used to quan-
tify the resilience capability of a specific county or utility.
More than 80% of the extracted events have an impact rate of
less than 25,000 customers per hour.

Fig. 13 shows the Florida probabilistic histogram of the
R, metric. This measures how fast power is restored after
an extreme event. The higher the recovery rate is, the more
resilient the power system is. On average, 28,000 customers
regained their service within 1 hour in Florida. Though
this might seem like an acceptable recovery rate, it mainly
depends on the number of customers who lost power. For
instance, for a hurricane affecting millions of customers,
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it might take a few days to restore power to all who were
impacted.

Fig. 14 shows the Florida probabilistic histogram of the
R,; metric. In general, the restoration (recovery) duration is
longer than the impact duration; however, this metric provides
a more concise evaluation of the relationship between the
restoration and the impact at the state level. In Florida, the
recovery duration is usually less than 28 times the impact
duration. Also, this metric provides an evaluation indicator
of the utility’s performance within a specific county or state.
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FIGURE 14. Histogram of R,; metric of the State of Florida.

C. EVENT CHARACTERISTIC ANALYSIS

The methodology described in Section III-B was applied
to the extracted events for each state. A population-based
threshold with a scaling factor of three is adopted to create
reasonable-size event sets for each state. Table 5 summarizes
the mean and standard deviation values of all metrics for
each state. This can be used to provide a comparison among
all states with respect to extreme power outages. In general,
values with high standard deviations show the large spectrum
of diverse events; however, small variance values imply the
closeness to an overall average value. This can be used to
identify states with high power outage levels or prolonged
outage durations.

Note that some states experience long-duration outage
events, including Colorado, Connecticut, Idaho, Minnesota,
Montana, Nebraska, Nevada, North Dakota, Oklahoma,
and South Dakota, though many of these states have not
recorded high numbers of extreme events. Also, the list of
states exposed to outages with impacts exceeding 24 hours
before the system starts to restore curtailed loads includes
Alaska, Arizona, Arkansas, California, Colorado, Idaho,
Iowa, Kansas, Michigan, Minnesota, Missouri, Montana,
Nebraska, Nevada, North Dakota, Oklahoma, South Dakota,
Tennessee, Texas, and Wyoming. Further investigation is
required to trace the real causes of the impact durations. For
instance, Nevada and California might exhibit long impact
times due to high wildfire alert areas, which usually extend
a few days to a couple of weeks. The recovery metric shows
the list of states that usually suffer from extended restoration
times that exceed 2 days on average, including Alaska, Col-
orado, Connecticut, Idaho, Minnesota, Montana, Nebraska,
Nevada, North Dakota, Oklahoma, and South Dakota.
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TABLE 5. Mean and standard deviation values of all metrics across the United States.

State Te Tz T O’L R’L Ry Rri
mean st. dev. | mean st.dev. | mean st. dev. st. dev. mean st. dev. mean st. dev. | mean st. dev.
Alabama 35.9 41.3 5.5 6.7 30.4 387 | 9512.3 182839 | 6033.6 11199.0 | 4131.8 16051.8 | 13.5 36.7
Alaska 136.6 162.1 | 609  83.1 75.8 1287 | 3309.0 6982.0 | 2640.5 6103.6 | 3827.3 11071.3 | 51.7 194.1
Arizona 26.6 57.4 124 232 14.1 40.4 | 18058.5 17096.8 | 17380.7 19539.0 |48997.8 75282.5 1.3 2.0
Arkansas 29.3 42.5 129 297 164 286 3730.0 3969.4 | 3348.1 5695.1 25188  5529.1 9.9 37.9
California 65.1 160.8 | 25.0 82.7 | 40.1 98.6 | 15132.5 20176.3 | 15765.7 37175.3 | 8542.1 32817.8 | 23.6 110.6
Colorado 179.7 549.2 | 121.3 4534 | 584 178.8 | 5266.4 16519.4 | 10417.3 62399.3 | 67024 29906.7 | 22.7 177.1
Connecticut 137.7 150.1 | 12.0 10.2 [ 125.6 150.4 | 73381.7 64789.4 | 6463.1 8628.7 781.0 512.2 224 305
Delaware 7.0 7.1 2.5 1.8 4.5 5.3 29087.0 8152.9 | 13686.8 7000.4 | 17364.5 19370.3 14 1.1
D. of Columbia 18 0 53 0 12.8 0 76819 0 12237.0 0 5005.3 0 24 0
Florida 48.3 59.5 9.3 13.9 | 39.1 54.2 | 53288.5 146622.9 | 61089.0 257113.0 | 28731.7 170447.5 | 27.8  98.5
Georgia 45.8 72.5 20.0 60.7 258 36.7 | 61055 146609 | 3599.6 92260 | 2781.0 8160.4 12.1 48.8
Hawaii 75.8 109.5 | 419 60.3 33.9 492 |32012.3 30233.1 | 3604.7 5267.3 21963  2009.3 1.2 0.8
Idaho 221.8 7419 | 969 3783 | 1249 584.5 | 3907.2  5100.7 3258.8  8978.2 | 23474  7659.9 16.2  75.8
Tllinois 29.7 60.8 164 42,6 13.3  43.6 | 4009.7 7403.6 | 2835.1 4398.7 | 2299.9 3681.5 149 139.8
Indiana 29.8 51.5 13.8  26.0 16.1 424 | 4092.1 4123.7 3947.1  11730.9 | 2651.0 6327.5 18.0 146.3
Towa 493 83.5 240 61.7 253 57.0 | 4878.3 10861.2 | 3581.6  8545.0 | 2619.7 5968.0 19.6 1370
Kansas 79.1 229.3 | 441 1533 | 350 114.6 | 19843  3072.1 2395.2  4061.7 1904.7  4639.3 239 123.8
Kentucky 50.6 89.5 256 704 | 250 537 31452 3564.8 2411.1 47522 | 2008.0 4427.3 20.1 1539
Louisiana 39.5 60.2 125 258 269 453 7505.6  14133.8 | 4396.2 13187.5 | 2808.8  7610.8 142 60.7
Maine 323 343 7.8 8.7 245 314 | 11956.1 143869 | 5537.0 13222.0 | 4397.1 15920.8 | 10.6  39.5
Maryland 17.0 28.3 10.5 252 6.5 9.5 13977.3 11979.8 | 18030.1 39153.3 | 21159.6 41845.7 2.6 34
Massachusetts 329 35.7 16.0 309 169  21.0 |20076.2 331329 | 8342.6 114504 | 38763 5259.3 6.4 11.5
Michigan 709  366.4 | 423 3577 | 28.7 61.6 | 5704.0 11458.1 | 4679.6 30727.8 | 3658.1 31740.8 | 16.8  96.3
Minnesota 192.5 4453 | 105.7 306.6 | 86.8 250.6 | 3767.2 43859 | 3110.0 4523.0 1903.5 33329 158 575
Mississippi 35.5 54.3 9.8 19.2 | 257 46.7 | 4298.6 6456.8 3357.4  7058.7 | 2312.2  6290.0 13.7  70.0
Missouri 70.9 1788 | 419 1319 | 29.0 80.0 | 5067.8 21814.1 | 4854.0 22681.0 | 7527.2 46161.2 | 11.9 52.3
Montana 486.9 1746.3 | 2445 9849 | 2424 10584 | 2197.1 3386.4 1152.6  2660.9 1650.8  4750.5 | 1754 2111.3
Nebraska 405.1 1021.1 | 183.6 447.1 | 221.5 729.8 | 1627.5 2687.0 1290.0  2677.9 972.9 2530.5 379 187.1
Nevada 223.2  440.0 | 122.9 306.8 | 100.3 256.3 | 2586.2  3379.8 2626.6  7596.6 | 2367.6 6064.3 6.9 23.6
New Hampshire 33.6 28.4 8.1 8.8 255 245 |18630.3 19361.5 | 7618.2  9420.6 | 42657 74174 4.7 4.0
New Jersey 47.6 38.3 4.8 5.1 42.8  36.8 |52280.3 44525.0 | 30277.2 50512.8 | 193914 57830.2 | 234 584
New Mexico 71.7 1454 | 313 759 | 404 108.5 | 74039 137049 | 78604 11690.5 | 8134.3 25325.1 | 493 265.7
New York 37.2 44.1 193 356 179 254 | 126203 27138.8 | 13978.3 89019.3 | 10776.8 79359.0 | 7.5 23.4
North Carolina 39.9 44.4 129 227 27.0 347 | 9606.3 13770.1 | 4303.3 83359 | 3212.0 119323 8.9 25.9
North Dakota 1099.0 2777.2 | 785.2 2634.3 | 313.8 664.6 | 12239  2379.6 1316.1  4260.4 751.1 15543 | 1745 714.6
Ohio 20.3 34.5 6.3 13.9 140 28.8 | 12544.8 21846.1 |28592.6 88744.0 | 19339.6 71150.5 | 10.0  38.8
Oklahoma 128.0 5354 | 69.3 333.6 | 58.7 273.5 | 4626.8 12907.5 | 2820.2  6547.7 2810.4 202634 | 17.0 107.6
Oregon 474 87.5 272  73.0 | 20.2 44.8 | 14028.9 22172.6 | 11155.1 19216.6 | 10536.6 19882.1 9.4 44.1
Pennsylvania 36.8 59.3 146 31.6 | 222 425 |11308.5 21993.9 | 6961.0 11540.0 | 3710.2  8239.2 122 352
Rhode Island 35.9 28.3 9.3 13.7 26.6  26.0 |24720.6 18063.6 | 17229.2 30273.8 | 9357.8 21433.6 | 6.3 5.7
South Carolina 47.6 652 | 20.1 55.3 27.5 37.0 | 148354 26607.6 | 7031.8 22158.8 | 3922.1 112752 | 6.6 19.5
South Dakota 367.2 856.5 | 158.1 384.5 [209.1 7029 | 1349.8 2280.4 1551.0  7261.8 11384 36557 | 97.1 385.7
Tennessee 822 367.0 | 356 2353 | 46.6 226.3 | 6006.3 14729.5 | 4893.3 10888.7 | 44249 110593 | 67.2 759.1
Texas 629 5312 | 325 340.7 | 30.5 4047 | 41849 19096.7 | 2167.2  8169.6 1594.5  4444.1 26.1 5433
Utah 39.6 85.3 21.1 64.1 18.5 437 2664.4  6721.1 1994.7  3406.0 1668.7  6272.1 17.1 44.1
Vermont 28.9 334 125 282 16.4 19.0 | 4481.1 4117.7 2491.8  4164.8 1503.2  3754.6 8.4 24.7
Virginia 31.6 64.5 14.6 415 17.0  42.1 4873.6  7904.5 3989.8  6863.2 | 2668.5 6453.8 8.0 39.2
‘Washington 40.0 68.8 16.3  34.1 23.7 537 | 122294 27238.6 | 8764.0 247643 | 64162 244219 | 183 1174
West Virginia 31.5 40.5 147 265 169 272 3572.3  3632.0 | 2781.6  5871.1 1820.2  3983.0 9.1 33.1
Wisconsin 34.5 57.4 16.8 379 177 37.2 | 4391.7 4417.8 33424 577477 | 28049 6131.0 11.7  66.7
‘Wyoming 39.0 84.5 263 627 127 43.6 | 4226.5 47149 | 5400.0 12194.2 | 3966.3 73253 6.7 31.9
Average 103.4 258.0 | 53.0 171.8 | 50.4 142.0 | 12907.7 16630.2 | 8011.6 20937.9 | 6318.8 19383.0 | 23.8 149.3
Weighted Average | 76.4 2544 | 38.14 166.1 | 38.3 1594 | 7316.2 15894.1 | 6167.8 20123.1 | 4104.6 16428.5 | 20.7 186.4

The O; metric reveals the average value of the number
of unserved customers per county per event. For example,
there exists a maximum of 7,000 customers who lost power
per extreme event in Alabama. It is clear that many states
have average customer counts that are less than the 50,000
DOE threshold. This implies that the DOE major outage level
cannot capture extreme outage events at the county level,
yielding underestimated resilience values.

The R; and R, metrics are important factors to measure
the system restoration capabilities. These metrics measure
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the average number of customers lost or restored power per
hour, respectively. Florida, New Jersey, and Delaware are the
top states with high impact rates, whereas Arizona, Florida,
and New Jersey are the top states with high recovery rates.
Because of the trade-off between the causes of extreme events
and the number of impacted customers, further investigation
is required to correlate these metrics to the resilience level
of the system. For example, Florida is highly impacted by
hurricanes, resulting in high impact rates, but it also shows
fast recovery rates.
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TABLE 6. State PDFs for Te, T;, Tr, and O;.

State T. T Lr O

# loc scale argl arg2 [# loc scale argl arg2 | # loc scale argl arg2 [# loc scale  argl  arg2
AL [65 04 2049 12 05(6 02 00 0.2 0 |68 0.0 6.0 2.6 0 |55 -157 37157 10545 34
AK (17 05 5035 05 28 |24 -04 29 0 0 I -61 11.1 0 0 |20 4825 303.0 0 0
AZ |70 00 43 00 0 |57 0.1 06 199 0 |5 -04 2.1 0 0 |47 15976.0 2456 04 0
AR |68 -0.1 109 18 0 |5 -09 53 0 0 I -1.6 3.5 0 0 |17 -1.6 274 239.1 28
CA |22 05 1.5e10 3.8¢8 0 |79 -45 206 0 0 |5 -34 17.6 0 0 |68 812 54530 1.8 0
CoO|5 -81 368 0 0 |79 -208 833 0 0 |5 -19 9.0 0 0 |5 -274 19293 0 0
CT |44 91.8 821 O 0 |4 10 338 05 1.4 144 805 72.4 0 0 |47 38276.0 662.1 03 0
DE|{6 20 00 01 0 |1 12 00 0.0 0 |70 07 0.0 0.0 0 |73 233220 584 0 0
DC |19 -1.0e5 1.0e5 1.4e7 1.3e7|59 -3.9¢9 3.9¢9 6.7ell 2.9el1|19 -54519.6 54532.3 1.3e7 7.8¢6|69 -7.7e10 7.7e10 9.0el2 0O
FL |68 00 137 22 0 |57 00 1.1 8.4 0 |57 -02 2.2 177 0 |5 -1591.8 133984 O 0
GA |25 05 583 22 0 |79 -33 169 0 0 |57 -04 2.8 9.4 0 [69 1949 23521 13 0
HI (37 1057 965 230 0 |25 20 03 0.5 0 |37 478 43.0 547 0 |47 19589.0 181.8 03 0
ID |5 -163 750 O 0 [52 0.1 0.0 26300 0 (22 02 1.3e14 1.1el2 0 |19 -7.8 12140 15 2.1
IL |1 25 64 00 0 |73 02 21 0 0 (79 -19 10.5 0 0 |65 4588 33e6 65 0.9
IN (57 09 89 34 0 |1 -11 26 0.0 0 |5 -09 6.2 0 0 |82 14350 3153 -19 09
IA (40 -06 34 06 0 |5 -15 72 0 0 |5 -14 7.6 0 0 |70 490.0 11883 1.3 0
KS|5 -46 221 O 0 |79 -79 318 0 0 (79 -59 25.8 0 0 (32 -12 12822 14 0
Ky |5 -46 279 0 0 |22 02 12el3 5811 0 |73 02 5.2 0 0 |82 8381 6033 -1.5 1.0
LA |69 05 152 10 0 |70 02 37 0.0 0 |73 02 6.3 0 0 |8 5156 11.0 -52 08
ME |27 03 280 70 0 (27 02 64 186 0 |68 00 6.3 2.3 0 |81 2069.4 6569.8 0.3 0
MD |29 0.7 1.6 19 04|70 02 20 0.0 0 |24 0.1 0.8 0 0 |68 1543.1 79009 1.1 0
MA |68 03 56 28 0 |66 -15 1.7 0.8 0 |81 02 1.4 22 0 |47 2678.0 2972 04 0
MI (48 05 550 O 0 |31 02 351 00 0 |81 02 11.7 0.7 0 |32 -25 36405 14 0
MN |73 05 194 0 0 |5 -36 147 0 0 |5 -41 17.9 0 0 |4 6574 47el6 13 23el3
MS (81 05 166 07 0 (1 -09 21 0.0 0 |70 0.0 7.4 0.0 0 |68 523.1 24046 1.1 0
MO (70 05 119 00 0 |5 -1.7 81 0 0 |5 -l6 8.3 0 0 |79 -935 41477 0 0
MT |79 -82.1 3594 0 0 |6 02 341 06 0 |79 -399 1570 0 0 |70 1160 7073 1.3 0
NE |73 05 573 0 0 |5 -155 570 0 0 |5 -13.0 48.0 0 0 |70 60.0 4725 15 0
NV (61 152 182 05 0 |73 02 189 0 0 |5 -49 20.4 0 0 |68 391 11774 15 0
NH (19 05 858 250 0.0 |55 02 6.6 08 132419 02 70.9 7.7 0.0 |73 41050 63005 O 0
NJ {26 05 1173 04 0 (38 02 63 0.7 0 (68 02 4.1 3.7 0 [19 139 756.1 1.4 1458
NM|70 00 11.1 00 O |5 -19 75 0 0 |5 -19 8.7 0 0 |70 448.0 2397.8 0.8 0
NY [65 04 2319 13 05 (|1 -20 41 0.0 0 |30 25 4.1 -1.5 0 |5 -1452 49629 0 0
NC |29 05 525 0.7 09 |57 -03 25 5.4 0 |66 -15 1.8 0.5 0 |68 213.8 50935 1.3 0
ND (70 05 2722 00 0 |5 -557 2067 O 0 |5 -326 1103 0 0 |17 -22 6.0 2858 2.6
OH |25 05 29 08 0 |73 02 1.0 0 0 |73 02 23 0 0 [70 1597.0 41740 0.9 0
OK|9 700 774 22 0 |51 03 69.1 0 0 |52 02 00 33141 0 |5 1775 2028.1 0 0
OR |57 -03 37 129 0 |5 -13 64 0 0 |73 02 2.5 0 0 |43 2320 5.2¢7 747 39
PA (8 03 119 17 0 |70 02 22 0.0 0 (32 02 42 0.6 0 |57 2254 22978 48 0
RI |59 05 935 05 986(27 02 60 496 0 |19 02 93.0 37.6 0.0 |21 5989.0 28688.8 0.6 0
SC|6 05 31 04 O |5 -1 73 0 0 |74 00 3.1 0.6 0 |73 12450 4623.1 0 0
SD |73 05 610 O 0 |5 -140 519 0 0 |5 -119 43.2 0 0 [70 123.0 4246 1.1 0
TN |79 -12.8 649 0 0 [48 02 299 0 0 |52 02 00 32755 0 |69 6445 20640 1.3 0
TX |11 1352 1804 02 0 |80 02 3422 O 0 |8 02 405.7 0 0 |48 100 33186 0 0
uT |61 60 62 07 0 |5 -1.2 54 0 0 (73 02 2.9 0 0 (32 03 11117 12 0
VT |38 05 469 05 0 |70 02 3.0 0.0 0 |68 0.0 4.4 2.2 0 |68 6824 12964 19 0
VA |5 22 149 0 0 |5 -09 50 0 0 |5 -10 6.2 0 0 |32 -20 30020 16 0
WA |24 -03 45 0 0|1 -1.0 22 0.0 0 1 -1.7 3.8 0.0 0 |73 282.0 22249 0 0
WV |65 03 3323 19 06 |70 0.0 4.0 0.0 0 |40 -04 23 0.8 0 |55 -11.2 22655 1069.8 54
WI |57 -1.0 85 42 0 |73 02 32 0 0 1 -17 3.7 0.0 0 |54 502.0 7626.0 0.6 0
WY |32 0.5 80 06 0 |5 -23 96 0 0 |4 02 40957 0.8 726.2|57 -159.5 29848 1.5 0

The relative relationship between 7; and 7, is captured
in the R,; metric. The smaller the R,; metric is, the better
the system resilient is. For instance, Hawaii has a impact-
recovery ratio of almost one, implying that it takes the system
a relatively little amount of time to return to the pre-event
status. In North Dakota, however, the restoration time is
more than 130 times the impact time. The significantly high
values is because of the existence of many events with impact
durations less than 15 minutes. In other words, for an event
with a recovery duration of 1 hour and an impact duration of
5 minutes (1/12 hour), the R,; value will be 12. To provide
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more realistic values, smaller recorded time steps would be
required.

The last two rows of Table 5 provide the average values
across the whole country. The weighted average is computed
using the frequency of events provided in Table 4. These
values can be used to rank and quantify the outage behavior in
each state with respect to the country level. Also, such values
provide average estimate values of extreme power outages
across the United States. For instance, extreme outages usu-
ally last 76 hours, with impact rates of 6, 268 customers per
hour, and recovery rates of 4, 105 customers per hour.
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TABLE 7. State PDFs for R;, Ry, and R,;.

State R Ry i
# loc scale argl arg2 | # loc scale argl arg2 | # loc scale argl  arg2
AL |55 -4.0 1264.2 42 1.7 |79 -6472 29523 0 0 5 -09 6.0 0 0
AK | 5 -1425 482.9 0 0 5 -153.1 5232 0 0 |79 -9.0 33.6 0 0
AZ |24 -4564  2293.0 0 0 |69 59.1 120535 0.7 0 |40 -01 0.4 1.1 0
AR |57 -62.6 443.5 7.7 0 |73 84 574.4 0 0 22 0.0 319183 32751 O
CA |20 10589 17462 0 0 |79 -1432.1 62142 0 0 |79 -37 17.3 0 0
CO |62 2723.1 228550 13.7 0 |79 -1118.7 4876.9 0 0 |48 0.0 20.6 0 0
CT |47 24712 26.5 0.3 0 3 -1356 17705 0 0 20 54 2.9 0 0
DE |40 8707.3 69.2 0.8 0 |70 1.1 2317 158 0 19 0.6 0.1 1.2 0.3
DC |66 -3.4e8 34e8  5.6el0 0 |69 -8.0e9 8.0e9 27el2 O 66 -6.4e6 6.4e6 888 0
FL |79 -9634.1 38330.1 0 0 |52 -189 1.1 25723 0 79 -44 20.3 0 0
GA | 9 18109 19575 2.2 0 5 -1457 7456 0 0 |79 -21 10.0 0 0
HI |37 5094.0 45925 68.2 0 6 7309 0.0 0.2 0 19 05 0.0 0.8 0.7
ID | 5 -246.9 958.7 0 0 |79 -422.7 18384 0 0 |79 -26 11.5 0 0
IL (82 -0.7 0.3 43 05 (69 1.3 861.5 1.1 0 31 0.0 13.0 0.0 0
IN | 5 -2942 16082 0 0 |32 03 793.7 0.7 0 |48 0.0 15.6 0 0
IA | 5 -3202 14903 0 0 |73 23 656.9 0 0 |48 0.0 17.1 0 0
KS |1 -3753 669.7 0.0 0 5 -181.2 8416 0 0 5200 0.0 32228 O
KY [73 0.0 433.0 0 0 |4 0.6 1.1e6 0.8 13003 |31 0.0 17.6 0.0 0
LA |5 -3026 1705.1 0 0 5 -163.5 9556 0 0 |79 -22 10.7 0 0
ME |40 -2094 132838 1.0 0 |79 -607.0 33185 0 0 5 -05 33 0 0
MD |73 204 4071.2 0 0 1 -1016.0 24278 0.0 0 68 0.0 0.9 1.9 0
MA | 6 142 57.3 0.3 0 |68 -452 15870 1.7 0 24 02 0.7 0 0
MI (48 0.1 3877.4 0 0 |48 08 3187.5 0 0 |48 0.0 13.9 0 0
MN |40 -29.3 59.8 0.4 0 |81 06 3127 1.4 0 5 -09 4.1 0 0
MS |20 726.8 839.6 0 0 5 -1292 7254 0 0 |48 0.0 11.2 0 0
MO |51 07 4853.3 0 0 |31 -25 65222 00 0 |79 -19 8.8 0 0
MT |70 0.0 109.4 0.0 0 5 -131.0 547.0 0 0 |48 0.0 170.2 0 0
NE |73 02 75.1 0 0 |70 0.1 117.7 0.0 0 |79 -6.1 24.7 0 0
NV | 5 -1379 487.1 0 0 5 -239.0 8922 0 0 5 -03 1.5 0 0
NH |24 40 1207.5 0 0 |73 870 7569 0 0 21 0.0 7.7 0.7 0
NJ |24 -590.4  3596.4 0 0 5 -616.8 3572.6 0 0 5 -16 9.9 0 0
NM |24 -151.2 627.4 0 0 5 -721.8 3051.0 0 0 79 -19 312 0 0
NY |52 -59 5.4 25815 0 |31 138 92356 0.0 0 5 -05 2.5 0 0
NC | 11 601.7 218.5 -1.4 0 |22 58 7.5e15 2.4el2 0 4 00 22723 09 6187
ND | 5 -659 2132 0 0 |73 0.1 62.6 0 0 79 -285 1019 0 0
OH |73 0.0 4895.1 0 0 5 -1022.3 4977.0 0 0 5 -04 3.0 0 0
OK | 5 -2543 11821 0 0 |48 02 2356.2 0 0 31 0.0 14.6 0.0 0
OR |57 -162.7 7422 15.2 0 |73 07 717.8 0 0 |79 -16 7.3 0 0
PA |57 -169.5 824.3 8.7 0 32 18 710.8 0.6 0 5 08 4.1 0 0
RI |32 -39 51329 0.9 0 |32 -06 875.4 0.8 0 36 5.0 1.6 2.9 0
SC |5 -397.1 22825 0 0 5 -202.6 12915 0 0 5 -05 2.9 0 0
SD |52 -15 0.6 24959 0 5 -812 3134 0 0 |79 -159 586 0 0
TN | 4 0.7 11833962 0.7 5050(73 1.1 740.5 0 0 |48 0.0 63.0 0 0
TX |31 -3.1 1819.9 0.0 0 |79 -296.7 13383 0 0 80 0.0 543.8 0 0
UT |57 -41.7 2233 9.1 0 5 -108.6 579.4 0 0 |73 0.0 1.5 0 0
VT |25 5.7 2141.7 1.8 0 |73 168 395.6 0 0 5 -05 32 0 0
VA |73 00 1234.5 0 0 |52 -01 1.5 1766.6 0 31 00 7.0 0.0 0
WA | 5 -6533 27785 0 0 5 -231.2 1208.1 0 0 5200 00 11868 0
WV |5 -2160 1178.0 0 0 |73 67 445.1 0 0 67 0.0 6.4 0.9 0
WI |57 -82.0 461.4 7.4 0 (70 21 582.1 0.0 0 |48 0.0 9.9 0 0
WY |73 2.6 772.9 0 0 |8 -213 1.7 -4.5 06 |11 1.0 1.0 -0.1 0

D. PDF MODELS FOR EACH STATE

The proposed assessment framework is applied to each state
to determine the best fit PDF of each metric. A population-
based threshold with a scaling factor of two is adopted to
create reasonably sized event sets for each state. Referring
to Table 4, Delaware, the District of Columbia, and Hawaii
have very limited numbers of events, resulting in less accurate
PDF representations. The obtained results are provided in
Table 6 and Table 7. In this study, we tested the goodness
of fit of 84 PDFs to each metric using the residual sum of
squares. The list of PDF names is provided in Table 8 in the
appendix.
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Table 6 and Table 7 show the best PDF representing each
metric in each state. The list of parameters governing each
PDF is also provided. The index column (#) refers to the PDF
index provided in Table 8. For example, in Alabama, the event
duration metric (7,) can be represented by the ‘““Fatiguelife”
distribution (index 68), with a location value of —0.17, a scale
parameter of 11.21, and an argument parameter of 1.69,
respectively. Following the same convention, one can easily
allocate the PDF representing a specific metric in a selected
state. The presence of different PDFs representing the same
metric is noticed across all states. This is caused by the
diverse and unique extracted outages for each state; however,
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TABLE 8. List of PDFs.

# Name # Name # Name # Name # Name # Name

1 alpha 15 loggamma |29  gengamma |43 powerlognorm | 57 invgauss 71 foldnorm
2 anglit 16 reciprocal 30  genextreme |44  semicircular | 58 levy_stable[X] | 72  frechet_r[x]
3 arcsine 17 betaprime 31 genhalflogistic | 45 vonmises 59 mielke 73 halfcauchy
4 beta 18 bradford 32 loglaplace 46 genlogistic 60  powernorm | 74  invweibull
5 gilbrat 19 burr 33 truncexpon | 47 gennorm 61 t 75 logistic

6 halfgennorm | 20 cauchy 34 chi2 48  halflogistic 62 vonmises_line | 76  nakagami
7 laplace 21 chi 35 cosine 49 norm 63 frechet_1[x] 77 rdist

8 lognorm 22 gompertz 36 dgamma 50 truncnorm 64  gausshyper | 78 triang

9 pearson3 23 hypsecant 37 dweibull 51 expon 65 johnsonsb 79 wald
10 rice 24 levy 38 erlang 52 exponnorm | 66 pareto 80  halfnorm
11 tukeylambda | 25 lomax 39 gumbel_r 53 exponweib 67 weibull_min | 81  genpareto
12 wrapcauchy | 26  powerlaw 40 invgamma 54 exponpow 68 fatiguelife 82  johnsonsu
13 genexpon | 27 recipinvgauss | 41 levy_I [X] 55 f 69 fisk 83 rayleigh
14 gamma 28 uniform 42 maxwell 56 gumbel 1 70 foldcauchy 84  weibull_max

the most frequenlty occurring PDFs are “Gilbrat” for T,
T;, T, and R;; “Foldcauchy” for O;; “Wald” for R,; and
“Halflogistic” for R,;.

V. CONCLUSION

This paper has proposed a resilience assessment framework
to evaluate the characteristics of extreme outage events at
the state level in the United States. The proposed approach
extracts extreme events based on recorded outages in the
EAGLE-I data. An aggregation process is conducted to sum
the outages occurring at the same time across different
service providers at the county level. A population-based
threshold is identified and used to filter abnormal outages.
Various evaluation metrics are used to capture the char-
acteristics of extreme outage events, including magnitude
and temporal behaviors. Extensive statistical analyses are
conducted to test and determine the best fit PDF model
governing the behavior of each metric across all states.
The results show the capability of the proposed assessment
framework to extract extreme outages while accounting for
diverse jurisdictional properties and sizes. The proposed
framework provides a systematic statistical approach to
understand the behavior of extreme weather impacts on the
U.S. power grid based on real recorded outages across the
nation. This also provides researchers with PDFs governing
the behavior of extreme outage events for resilience-based
studies.

Though the efficiency of the proposed framework has
been validated, a few remarks need to be highlighted. First,
the proposed method ignores the temporal changes in the
number of counties, the county population levels, and the
number of customer subscribers for each utility; however,
it provides a single snapshot based on existing static values
of these parameters. Also, the EAGLE-I data do not cover
all counties, resulting in biased results for states that are
missing accurate county information. Note that the proposed
methodology overweights the evaluation metrics caused by
significant amounts of non-reported data on the utility level
and ignoring the frequency of occurrence of each event.

VOLUME 11, 2023

The frequency and duration of extended power outages
are critical inputs in resilience planning and underpin any
probabilistic approach to valuing the benefits of resilience
investments. Therefore, this work contributes to quantita-
tive resilience analysis; however, there is still significant
additional work to be done. Future research can improve
on the accuracy of the estimates and determine how out-
age durations vary by underlying causes. Second, while
this analysis presents state level data, this work does not
present a state-level inter comparison. Although one state
has a higher average outage duration (or other metric), each
state also has a different risk profile of extreme events.
Comparing the outage profile of California wildfires and
Florida hurricanes, for example, would be inappropriate;
this work does not propose that any state is better or
worse at resilience based on the analyzed metrics. Also,
future power outages might have different characteristics
than historical power outages, especially because of climate
change. Additional work could model changes in under-
lying hazards to determine how outage frequencies and
durations will vary over time. Further, a resilience-based
outage curve can be developed to represent the temporal and
magnitude behaviors of extreme outages based on specific
weather-related causes. Extended power outage events are
inevitable, but understanding their causes, probabilities, and
impacts are important steps to reducing their likelihood and
consequences.
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