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Abstract—Transmission utilities routinely collect detailed out-
age data, including resilience events in which outages bunch due
to weather. The resilience events and associated metrics can read-
ily be extracted from this historical outage data. Improvements
such as asset hardening or investments in restoration lead to
reduced outages or faster restoration. In this paper, we show
how to rerun the historical events including the effects of the
reduced outages or faster restorations to measure the resulting
improvement in resilience metrics, thus quantifying the benefits
of these investments. This is demonstrated with case studies
for specific events (a derecho and a hurricane), and all large
events or large thunderstorms in the Midwest USA. Instead of
predicting future extreme events with models, which is very
challenging, rerunning historical events readily quantifies the
benefits of resilience investments if these investments had been
made in the past. Rerunning historical events is particularly vivid
in making the case for resilience investments as it quantifies the
benefits for events actually experienced, rather than for uncertain
future events.

Index Terms—Power transmission systems, resilience, power
system restoration, data analysis, metrics, outage data

I. INTRODUCTION

The frequency, severity, and damage of extreme weather
events are gradually increasing [1] so it is becoming in-
creasingly important to consider resilience when investing in
transmission system hardening and restoration. It would be
particularly useful to quantify the resilience benefits of pro-
posed upgrades to assets or procedures, so that the resilience
benefits could be determined and considered along with all the
other factors involved in making system improvements. Useful
reviews and concepts of power grid resilience include [2]–[5].

While substantial progress has been made in characterizing
resilience with simulation models, it remains very challenging
to quantify resilience and predict the future effect of proposed
upgrades with simulations. In particular, it is difficult to
model in sufficient detail all the complicated processes of
resilience, ranging from weather, impact on the grid, and
operator response, and finally to restoration. Handling the un-
certainties and the large probabilistic fluctuations in outcomes
is also difficult due to the heavy-tailed statistics of extreme
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events. The most extreme events are the most complicated
and uncertain and rare, but are the most important since they
recur sufficiently often that they exceed the risk of medium-
size events [6].

However, there is another promising and practical new
approach, driven directly by utility data to quantify resilience
and the benefits of resilience upgrades. This approach is to
rerun the historical outage events with the system upgrades
included. As explained more fully in section III, the resilience
metrics of the actual historical outages can be compared
with the improved resilience metrics when the upgrades are
included to quantify the resilience benefits. This rerunning
history approach avoids modeling errors and is much easier
than model-based approaches.

The historical rerun was initially developed for distribution
systems [7], and the main contribution of this paper is to show
how it can also be used for transmission system resilience. In
particular, we quantify the benefits that reduced outages or
faster restorations would have had in the following cases:

• Particular extreme events: a derecho and a hurricane
• All large events in the Midwest USA over a time period.
• A specific type of large event: thunderstorms in the

Midwest USA.
These cases enable several different accounts or perspectives
of the range of benefits.

We note that other aspects of transmission system resilience
can be quantified with utility data: Outage and restore process
and performance curve metrics are extracted and applied in
[8] and used to model typical restore processes with nonho-
mogeneous Poisson processes in [9], [10]. Kelly-Gorham [11]
samples from empirical probability distributions to model and
quantify resilience processes.

II. EXTRACTING METRICS FROM TADS OUTAGE DATA

The North American Electric Reliability Corporation
(NERC) has collected inventory and outage data for trans-
mission elements with voltages above 100 kV since 2015.
These data are reported by transmission owners across North
America to NERC’s Transmission Availability Data System
(TADS) [12]. Additional data processing of TADS data is



needed to identify large transmission outage events that typi-
cally affect transmission equipment owned by several utilities.
A grouping algorithm that joins TADS outages that started
in quick succession allows us to identify large outage events
[13]. Using external weather data sources (e.g., NOAA), we
identify weather-related large outage events and classify them
by extreme weather type [13]. Assessing system performance
in terms of events rather than individual outages is one of
the characteristics of resilience analysis. Further details about
event identification and data preprocessing are given in [7].

For each outage event, we extract outage and restore pro-
cesses and a performance curve; these processes enable us to
calculate several important statistics that quantify transmission
system resilience [9], [14]. The event size (the number of
outages in the event), the number of distinct TADS elements
affected, total transmission capacity (MVA) and circuit-miles
affected, time to first restore, the maximum number of ele-
ments out, maximum amount of MVA out, element-day loss
and MVA-day loss are the metrics that gauge the magnitude
and intensity of the extreme weather as well as grid’s response
to it. Additionally, the event duration and the restore duration
are statistics describing the system’s recovery; however, due to
their statistical volatility, other duration metrics are preferable
[9], such as time to substantial restoration level, when either
95% of transmission outages or 95% of MVA is restored. Be-
yond statistical practicality, the 95% restoration level is often
a prerequisite for the utilities to re-energize the distribution
system to begin serving customer loads [15].

Given the ability to extract transmission system events from
standard utility data and calculate the metrics describing the
resilience of these events, we now address the challenge
of quantifying the benefits of resilience improvements by
“rerunning history”.

III. RERUNNING HISTORY

In our case studies, we use a “rerunning history” approach
to quantify the benefits of two types of resilience investments:
investments made to harden the infrastructure and investments
in faster restorations. The historical rerun method gives the
improvements in resilience metrics that a proposed resilience
investment would have had if the investment had been made
in the past [7]. Since it is driven by real data, this has the
advantage of incorporating all the factors affecting resilience
over the past period such as weather, vegetation management,
human factors, operating procedures, equipment aging, system
reconfigurations, and restoration procedures. The historical
rerun method has no modeling error from these factors. The
historical rerun method does not predict the future, but the
methods of predicting the future with simulation models are
very complicated, whereas the historical rerun is much simpler.

Moreover, the historical rerun method has some advantages
in making the case for resilience investments to customers and
regulators: The benefits that would have applied to the lived
experience of stakeholders in the past, both for particular large
events and in general, are likely to be more persuasive than

the benefits that are simulated for predicted events at some
indeterminate time in the future.

IV. RERUN HISTORY FOR SPECIFIC EVENTS

Rerunning historical events can quantify the benefits of
investments in hardening and faster restorations for individual
outage events. This can be applied to large events within the
memory of stakeholders to help make the case for resilience
investments. Especially for recent large events, it can be per-
suasive to be able to present the benefits of the investment that
would have been gained for a specific event that impacted cus-
tomers’ lives. We select two examples of specific events: the
Midwest derecho of August 2020, and Hurricane Ida in 2021.

For this case study we assume that an investment made to
harden the infrastructure would result in a 10% reduction in
the number of outages. Different types of investments can be
made to get such 10% hardening. For example, reinforcing or
replacing vulnerable transmission towers and lines, installing
high-strength conductors, vegetation management, and harden-
ing the substations to minimize damage due to flooding. The
type of hardening depends on the landscape of the area where
the transmission system is located and the type of threats the
transmission system is most exposed to.

To implement the 10% hardening, we randomly remove
10% of the outages from the event and recompute the re-
silience metrics. This step is done for 10 000 different random
removals and the resulting 10 000 resilience metrics are aver-
aged to find the average resilience metrics obtained with the
investment. Then the change in each resilience metric is the
average resilience metric with the investment minus the base
case resilience metric.

Investments can also be made to improve the restoration
process. Such investments include up-skilling existing crews
and/or hiring more crews to complete the restoration process
faster, equipping the crews with more and better resources,
improving the post-event restoration planning with automa-
tion, and improving the stockpiles of critical components. To
quantify the benefits of faster restorations, we assume that
such an investment would make the restoration 10% faster.
We rerun the resilience processing for each event with the
same outages but adjust the restoration times to reflect 10%
faster restorations.1

A. Hurricane Ida, August 2021

Hurricane Ida, a Category 4 hurricane, made landfall in
Louisiana on August 29, 2021. As the hurricane cut across
Southeastern Louisiana, it maintained hurricane strength,
primarily affecting entities in Louisiana and Mississippi.
Hurricane-force winds reaching up to 150 mph were predom-
inately isolated to Louisiana. Approximately 1.2 million cus-
tomers lost power in SERC Reliability Corporation’s footprint,
including the greater New Orleans area. In New Orleans, all

1The restore duration, which is the outage restore time minus the time of
the first restore in the event, is reduced by 10%, as long as the new restore
time occurs after its outage time; see [7, sec. 6.3.7].



TABLE I
RESILIENCE IMPROVEMENT RESULTS FOR HURRICANE IDA

Base Case Change with Change with
Resilience Metric Value Hardening Faster Restorations

Event Size 225 -10.0% 0%
Nadir (elements) 171 -10.2% 0%
D95% (hours) 457.8 -2.24% -10.0%
MVA-days out 641506 -10.2% -10.3%

eight transmission lines serving the city were knocked offline.
Further analysis of Ida is in [8].

The base case resilience metrics of Hurricane Ida, along
with the improvement in each resilience metric due to 10%
hardening and 10% faster restorations, are shown in Table I.
The event size is the number of outages in the event. Since we
randomly remove 10% of the outages2, the event size metric
decreases by exactly 10%. The nadir is the maximum mean
number of elements simultaneously outaged during the event,
or the negative of the minimum value of the performance curve
shown in Fig. 1. For Hurricane Ida, the nadir occurred on 08-
30-2021 at 1:40 AM CDT. If an outage is removed from an
event, the impact on the nadir depends on the timing of the
outage and its restoration. If both the outage and its restoration
occur before the nadir, the nadir remains unchanged. However,
if the outage occurs before the nadir and its restoration takes
place after the nadir, the nadir will decrease by 1. This means
that if the initial outages that take a long time to restore can
be identified and mitigated, then a more substantial reduction
in the nadir can be achieved.

The D95% metric is the time of the 95% quantile of
restoration minus the time of the first restoration as calculated
using interpolation in [9]. D95% decreases with hardening
when the restoration time of a removed outage is ≥ D95%;
i.e., it falls in the upper 5% quantile. Removal of any other
outage from the event results in a slight increase in D95%.
In the case of Hurricane Ida, there are only 12 out of 225
outages with restoration times ≥D95%, so these 12 outages
are less likely to be randomly removed, that is why overall we
see a 2.24% decrease in D95% with 10% hardening in Table I.

MVA-days out is the area under a performance curve drawn
with the elements’ MVA rating lost on the vertical axis and a
time scale of days. It is also equal to the sum of the products of
MVA rating lost and the duration of each outage in the event.
Removal of any outage with a positive duration decreases the
MVA-days out metric.

When one or more outages are removed from an event, the
event can occasionally get split into two or more events. We
keep track of the split events using the “Super Event” concept
[7]. The metrics of all the events in a super event are aggre-
gated, with the aggregation method varying with the metric.3

2Since 10% of 225 is 22.5, 22 outages are randomly removed in 5000
samples and 23 outages are randomly removed in the other 5000 samples to
get an overall 10% reduction in outages.

3We aggregate event size and MVA-days out by adding the corresponding
values for each of the split events in the super event. We aggregate nadir by
taking the maximum nadir of all the split events. For D95%, we consider the
super event as a single event to calculate D95%.
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Fig. 1. Outage & restore processes, and performance curve of Hurricane Ida

The faster restoration results for Hurricane Ida are shown in
Table I. Faster restorations do not affect the outages so that the
event size does not change. Faster restorations have little effect
or, in this case, no effect on the nadir. 10% faster restorations
decreases D95% by exactly 10%.

The change in MVA-days out due to faster restorations
varies, as it depends on different factors, including the number
of momentary outages in the event, whether the outage occurs
before or after the first restore in the event, and the duration
of each outage. When we decrease the restore duration of an
outage by 10%, it doesn’t always reduce the outage duration
(and thus MVA-days out) of that outage by 10%. All the
outages that start after the time of the first restore decrease
more than 10% in their MVA-days out, whereas all the outages
that begin before the time of the first restore decrease less
than 10%. Therefore, if more outages start after the time of
first restore as compared to the outages that started before the
time of first restore, the overall decrease in MVA-days out will
tend to be greater than 10%, as in the case of Hurricane Ida.
However, overall the decrease in MVA-days out averages to
approximately 10% for a large-size event.

B. Midwest Derecho, August 2020

On August 10-11, 2020, a powerful derecho swept through
the Midwest, bringing hurricane-force winds exceeding 100
mph and causing widespread devastation in multiple states.
The storm, spanning over 700 miles, left more than a million
customers without power across Iowa, Illinois, and surround-
ing areas. In Iowa alone, nearly 600,000 people experienced
prolonged outages as utility crews faced massive infrastructure
damage, including downed lines and debris-blocked access
routes. The outage process, restore process, and the perfor-
mance curve of the derecho are shown in Fig. 2.

The base case resilience metrics, along with the improve-
ment in each resilience metric due to 10% hardening and
10% faster restorations, are shown in Table II. The changes in
metrics are similar to those in Table I, except for D95%. The
D95% decreases more in this case as compared to Hurricane
Ida due to the effects explained in section IV-A. In general,
larger events with a few outages taking longer times to restore



Aug 17 Aug 24 Aug 31

-60

-40

-20

0

20

40

60

80

Time

E
le
m
en
ts

outage process O(t)
restore process R(t)

performance curve P(t)

Aug 10 2020 Midwest Derecho 74 outages

Fig. 2. Outage & restore processes, & performance curve of Midwest Derecho

TABLE II
RESILIENCE IMPROVEMENT RESULTS FOR THE MIDWEST DERECHO

Base Case Change with Change with
Resilience Metric Value Hardening Faster Restorations

Event Size 74 -10.0% 0%
Nadir (Elements) 62 -10.6% 0%
D95% (hours) 431.6 -6.84% -10.0%
MVA-days out 65693 -10.1% -9.96%

see a smaller decrease in D95% as a result of hardening as
compared to smaller events.

V. RERUN HISTORY FOR ALL LARGE EVENTS IN A REGION

Previously, we demonstrated how to calculate the benefits
of resilience investments for a single event. In this section,
we extend this method to quantify resilience benefits across
all large events within a region of a transmission system. It is
important to note that while this method could theoretically
be applied to a vast transmission footprint, such as the
entire Eastern Interconnection, doing so will be less useful
for a number of reasons. First, large transmission systems
cross multiple jurisdictions, each with distinct regulatory
frameworks, operational procedures, and investment priorities.
Consequently, analysis at this scale would not accurately
capture the varied types of investments and their impacts
across such a system. Second, large transmission systems often
span geographically diverse regions with distinct climates and
different types of extreme weather events. Applying a uniform
resilience analysis across such diverse conditions would
produce generalized results that can fail to accurately reflect
the localized impacts and benefits of resilience investments
in any particular region. Therefore, to ensure more applicable
results, we apply this method to a smaller, more homogeneous
region. Specifically, for our example use case, we select all
large (more than 20 outages) weather events in the Midwest4

4The Midwest comprises Illinois, Indiana, Iowa, Kansas, Michigan, Min-
nesota, Missouri, Nebraska, North Dakota, Ohio, South Dakota, and Wiscon-
sin, as per the U.S. Census Bureau’s definition. This differs from the definition
of NERC’s Region (Electric Reliability Organization’s Regional Entity).

TABLE III
DETAILS OF LARGE EVENTS IN THE MIDWEST REGION

Event ID Year Event Type Event Size MVA-days lost
1 2015 Winter weather 21 420
2 2015 Winter weather 62 2420
3 2015 Tornado 21 12333
4 2015 Tornado 24 9133
5 2016 Thunderstorm 21 4253
6 2017 Thunderstorm 102 241730
7 2018 Thunderstorm 25 7492
8 2018 Tornado 42 5207
9 2019 Winter weather 20 2971
10 2019 Winter weather 49 37239
11 2019 Tornado 22 19892
12 2020 Thunderstorm 20 7121
13 2020 Thunderstorm 58 44732
14 2021 Winter weather 21 3923
15 2021 Thunderstorm 87 63693

USA for our analysis. Details of the large events in the
Midwest from 2015 to 2021 are given in Table III.

We select all the large events with weather causes in the
Midwest region and calculate their base case average resilience
metrics. To represent asset hardening, we randomly remove
10% of outages (from all outages in large events), repeat
several times, and calculate the average resilience metrics
with hardening. Then, to represent faster restorations, we
calculate the average resilience metrics after decreasing the
restore duration of all the large events. The results with 10%
hardening and 10% faster restorations are shown in Table IV.
The results of hardening can be compared with the results
of faster restorations. The faster restorations do not affect
the outages or the nadir. However, it is more effective than
hardening in reducing the duration D95%, and roughly equally
effective in reducing the MVA-days out.

TABLE IV
RESILIENCE IMPROVEMENTS FOR 10% HARDENING OR 10% FASTER

RESTORATIONS FOR LARGE EVENTS IN THE MIDWEST

Base Case Change with Change with
Resilience Metric Value Hardening Faster Restorations

Event Size 40 -10.0% 0%
Nadir (Elements) 21.4 -14.9% 0%
D95% (hours) 147.7 1.39% -10.0%
MVA-days out 30837 -10.0% -10.4%

VI. RERUN HISTORY FOR A SPECIFIC TYPE OF EVENTS

Transmission system resilience can be enhanced through
various investment strategies. Certain investments may im-
prove resilience across a range of large events, while others can
be tailored to strengthen the system resilience for specific types
of weather events. In this section, we examine large events
caused by thunderstorms in the Midwest and estimate the
benefits of 10% system hardening and a 10% improvement in
restoration by applying the analysis outlined in Section V. The
results are presented in Table V. This method can be similarly
applied to events caused by tornadoes or winter weather or
hurricanes or other hazards, offering a general way to assess
the impact of tailored resilience investments.



TABLE V
RESILIENCE IMPROVEMENTS FOR 10% HARDENING OR 10% FASTER

RESTORATIONS FOR THUNDERSTORMS IN THE MIDWEST

Base Case Change with Change with
Resilience Metric Value Hardening Faster Restorations

Event Size 52.2 -10.0% 0%
Nadir (Elements) 30.8 -14.7% 0%
D95% (hours) 223.5 2.71% -10.0%
MVA-days out 61503 -10.0% -10.3%

VII. DISCUSSION AND CONCLUSIONS

It is useful to quantify the benefits of transmission system
investments that improve resilience by reducing outages or
restoring faster. In this paper, we show how to rerun historical
events while including the effect of reducing outages or restor-
ing faster to calculate the change in resilience metrics, and
hence quantify the benefits that a proposed investment would
have had if it had been implemented in the past. We find that
reducing outages not only reduces event size but also often re-
duces event duration [16]. Faster restorations do not affect the
outages and the event size, and have little or no effect on the
nadir, but of course are effective in reducing duration metrics.

To illustrate our method, we analyze the effects of reduced
outages and faster restorations separately as nominal 10%
changes for a specific event or over a region of the network.
However, in practice, a utility would evaluate using the same
method a more specific and localized upgrade and estimate
the percentage reduction from the engineering details of the
upgrade. Moreover, some upgrade plans would produce both
reduced outages and faster restorations, which also would be
easy to analyze.

The benefits for resilience are computed for specific single
events, all events in a region, and for a single type of events in
a region. This enables flexibility in making a case for invest-
ment in resilience. The benefits for a single extreme event that
the stakeholders can recall from their own experience can be
more tangible and persuasive. Alternatively, the accumulated
benefits over all the recorded large events in a region may be
of interest to stakeholders.

A larger region has more large events and thus more data,
but more variations over the region. We consider a relatively
large region, the Midwest USA, that has some features of
geography and extreme weather threats in common to cal-
culate the benefits over the region. However, smaller regions
such as states could be considered, especially if the benefits
needed to be quantified for the state stakeholders. While some
investments, such as stronger towers or lighter conductors,
would increase resilience for a range of threats to resilience,
other investments, such as better lightning protection, would
target more specific resilience threats. Therefore, we also show
how to calculate the resilience benefits for particular types of
events, such as thunderstorms.

The case studies express the hardening in terms of a percent
reduction in outages and a percent increase in the rate of
restoration. In this paper, we mention some of the ways that a
utility could achieve these improvements, but do not describe

any of the detailed engineering needed to plan and estimate
the percentage improvements. This detailed engineering is
important, but should be done by utilities for specific improve-
ments for specific grids, taking into account their particular
vulnerabilities. Utilities already have considerable depth of
expertise in this detailed engineering that leads to estimates of
percentage improvements. This paper shows a straightforward
way to take these estimates and better quantify the resilience
benefits of these proposals with metrics by rerunning history.
Moreover, the improvements in the metrics can assist in com-
municating the resilience benefits of proposals to stakeholders.

REFERENCES

[1] Billion-dollar weather and climate disasters,
https://www.ncei.noaa.gov/access/billions/time-series,
National Centers for Environmental Information, NOAA
website, Accessed 2024-10-28.

[2] A. Stankovic et al., “Methods for analysis and quantification
of power system resilience,” IEEE Trans. Power Systems,
no. 5, pp. 4774–4787, 38 2023.

[3] M. Panteli et al., “Metrics and quantification of operational
and infrastructure resilience in power systems,” IEEE Trans.
Power Systems, vol. 32, no. 6, pp. 4732–4742, 2017.

[4] F. Mujjuni, T. R. Betts, and R. E. Blanchard, “Evaluation
of power systems resilience to extreme weather events: A
review of methods and assumptions,” IEEE Access, vol. 11,
pp. 87 279–87 296, 2023.

[5] C. Nan and G. Sansavini, “A quantitative method for assessing
resilience of interdependent infrastructures,” Reliability Engi-
neering & System Safety, vol. 157, pp. 35–53, 2017.

[6] B. A. Carreras, D. E. Newman, and I. Dobson, “North
American blackout time series statistics and implications for
blackout risk,” IEEE Trans. Power Systems, vol. 31, pp. 4406–
4414, Nov. 2016.

[7] A. Ahmad and I. Dobson, “Towards using utility data to quan-
tify how investments would have increased the wind resilience
of distribution systems,” IEEE Trans. Power Systems, vol. 39,
no. 4, pp. 5956–5968, 2024.

[8] S. Ekisheva, D. K. Pratt, M. Kachadurian, et al., “Grid restora-
tion after extreme weather events,” in IEEE PES Innovative
Smart Grid Technologies Europe, Oct. 2023.

[9] I. Dobson and S. Ekisheva, “How long is a resilience event in
a transmission system?: Metrics and models driven by utility
data,” IEEE Trans. Power Systems, vol. 39, no. 2, pp. 2814–
2826, Mar. 2024.

[10] I. Dobson, “Models, metrics, and their formulas for typical
electric power system resilience events,” IEEE Trans. Power
Systems, vol. 38, no. 6, pp. 5949–5952, Nov. 2023.

[11] M. Kelly-Gorham, P. Hines, K. Zhou, and I. Dobson, “Using
utility outage statistics to quantify improvements in bulk
power system resilience,” Electric Power Systems Research,
vol. 189, p. 106 676, Dec. 2020.

[12] Transmission Availability Data System (TADS) data reporting
instructions, NERC, 2024.

[13] S. Ekisheva et al., “Impact of extreme weather on North
American transmission system outages,” in IEEE PES General
Meeting, Jul. 2021.

[14] S. Ekisheva, I. Dobson, R. Rieder, and J. Norris, “Assessing
transmission resilience during extreme weather with outage
and restore processes,” in Probabilistic Methods Applied to
Power Systems, Manchester UK, Jun. 2022.

[15] NERC, “2023 State of Reliability technical assessment, June
2023,” North American Electric Reliability Corp., Tech. Rep.

[16] NERC, “Lesson learned: Weathering the storm-system hard-
ening,” North American Electric Rel. Corp., Tech. Rep., 2023.


