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Abstract

Recent catastrophic weather events, existing and prospective federal and state policies, and growing
investments in smart grid technologies have drawn renewed attention to the reliability of the U.S.
electric power system. Whether electricity reliability is getting better or worse as a result of these or
other factors has become a material issue for public and private decisions affecting the U.S. electric
power system.

This study examines the statistical relationship between annual changes in electricity reliability
reported by a large cross-section of U.S. electricity distribution utilities over a period of 13 years, and a
broad set of potential explanatory variables including various measures of weather and utility
characteristics.

We find statistically significant correlations between the average number of power interruptions
experienced annually by a customer and a number of explanatory variables including wind speed,
precipitation, lightning strikes, and the number of customers per line mile. We also find statistically
significant correlations between the average total duration of power interruptions experienced
annually by a customer and wind speed, precipitation, cooling degree-days, the percentage share of
underground transmission and distribution lines. In addition, we find a statistically significant trend in
the duration of power interruptions over time—especially when major events are included. This finding
suggests that increased severity of major events over time has been the principal contributor to the
observed trend.
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Executive Summary

Recent catastrophic weather events, existing and prospective federal and state energy and
environmental policies, and growing investments in smart grid technologies have drawn renewed
attention to the reliability of the U.S. electric power system. Whether electricity reliability is getting
better or worse as a result of these or other factors has become a material issue for public and private
decisions affecting the U.S. electric power system.

Over the past 15 years, the most well-publicized efforts to assess trends in U.S. electric power system
reliability have focused only on a subset of all power interruption events (see, for example, Amin 2008
and Campbell 2012)—namely, only the very largest events, which trigger immediate emergency
reporting to federal agencies and industry regulators. Anecdotally, these events are thought by many to
represent no more than 10% of the power interruptions experienced annually by electricity consumers.
Moreover, a review of these emergency reports has identified shortcomings in relying on these data as
reliable sources for assessing trends, even with the reliability events they report (Fisher et al. 2012).

Recent work has begun to address these limitations by examining trends in reliability data collected
annually by electricity distribution companies (Eto et al. 2012). In principle, all power interruptions
experienced by electricity customers, regardless of size, are recorded by the distribution utility.
Moreover, distribution utilities have a long history of recording this information, often in response to
mandates from state public utility commissions (Eto et al. 2006). Thus, studies that rely on reliability
data collected by distribution utilities can, in principle, provide a more complete basis upon which to
assess trends or changes in reliability over time.

Accordingly, we assembled up to 13 years of information on the annual duration and frequency of
power interruptions for a large cross-section of U.S. electricity distribution utilities. These utilities, taken
together, represent 70% of both U.S. electricity sales and total U.S. electricity customers. We then
performed an econometric analysis to correlate annual changes in reliability reported by these utilities
with a broad set of explanatory variables, including annual information on lightning strikes, average
wind speeds, temperatures, numbers of customers per line mile of distribution, percentage of the
distribution system underground, installation or upgrade of an automated outage management system,
and transmission and distribution (T&D) spending.

The measures of electricity reliability used in this study are the System Average Interruption Duration
Index (SAIDI) and the System Average Interruption Frequency Index (SAIFI). SAIDI can be thought of as
the total amount of time that a utility’s customers, on average, are without power over the course of a
year. SAIFI can be thought of as the total number of times that a utility’s customers, on average, have
experienced power interruptions over the course of a year.

We conducted separate analyses of SAIDI and SAIFI both without and with inclusion of what utilities

term “major events.” In order to facilitate year-on-year comparisons of utility reliability performance,
utilities report SAIDI and SAIFI both without and with inclusion of major events. Major events refer to
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times during the year when the utility is subjected to significant, yet generally infrequent stresses, often
due to severe weather. The number of major events experienced by a utility in any given year can vary
considerably, yet because they are large including them has a disproportionate effect on year-to-year
trends in reported reliability.

Findings related to the annual average duration of power interruptions (SAIDI)

If major events are not included (see Figure ES - 1), we find the following statistically significant
relationships:

e A5%increase in annual average wind speed—above the long-term (generally, 13-year)
average— is correlated with a 5% increase in SAIDI; yet a 10% increase in annual average wind
speed is correlated with a 2% decrease in SAIDI

e Independent of these factors, each successive year over the analysis period is correlated with a
slightly larger than 1% increase in the SAIDI

If major events are included (see Figure ES - 2), we find the following statistically significant
relationships:

e A 10% increase in annual precipitation—above the long-term (generally, 13-year) average—is
correlated with a 10% increase in SAIDI

e A 10% increase in the number of cooling degree-days (i.e., warmer weather)—above the long-
term (generally,13-year) average—is correlated with a 8% decrease in SAIDI

e A 5% increase in annual average wind speed—above the long-term (generally, 13-year)
average—is correlated with a 56% increase SAIDI; a 10% increase in annual average wind speed
is correlated with a 75% increase in SAIDI

e A 10% increase in the percentage share of underground line miles is correlated with a 14%

decrease in SAIDI

Independent of the above factors, each successive year over the analysis period is also correlated with a
nearly 10% increase in SAIDI.

1 We believe that this apparently counterintuitive result is explained by recognizing that utilities categorize higher
average wind speed events (i.e., major storms) into the dataset that includes major events.
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Figure ES - 2: Percentage change in SAIDI (with major events) corresponding to a change in the
explanatory variable

Findings related to the annual average frequency of power interruptions (SAIFI)

If major events are not included (see Figure ES - 3), we find the following statistically significant
relationships:

e A 10% increase in the number of customers per line mile is correlated with a 4% decrease in
SAIFI

e A 5% increase in annual average wind speed —above the long-term (generally, 13-year)
average— is correlated with a 6% increase in SAIFI; yet a 10% increase in annual average wind
speed is correlated with only a 1% increase in SAIFI

If major events are included (see Figure ES - 4), we find the following statistically significant
relationships:
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e A 10% increase in annual lightning strikes is correlated with a 2% increase in SAIFI

e A 5%increase in annual average wind speed —above the long-term (generally, 13-year)
average— is correlated with a 14% increase in SAIFI; 10% increase in annual average wind
speed is correlated with a 15% increase in SAIFI

e A 10% decrease in average total precipitation—below the long-term (generally, 13-year)
average— is correlated with a 3% increase in SAIFI
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(3) *represents coefficients that are significant at the 10% level.

(4) See exact interpretation for these covariates earlier in this executive summary or in section four.

Figure ES - 3: Percentage change in SAIFI (without major events) corresponding to a change in the
explanatory variable
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Figure ES - 4: Percentage change in SAIFI (with major events) corresponding to a change in the
explanatory variable

Discussion of Findings

We find a statistically significant trend in increasing annual average duration of power interruptions
over time. The trend is larger when major events are included, which suggests that increases in the
severity of major events over time has been the principal contributor to the observed trend.

We were also surprised to find that increased T&D spending in the previous year was not correlated in
any statistically significant fashion with improvements in reliability in the following year. We suspect
that reliability is affected differently depending on whether utilities spend relatively more on
preventative maintenance when compared to reactive maintenance. The presence of “competing”
effects within the utility spending data may be influencing the results and leading to the counter-
intuitive findings. Unfortunately, we did not have access to more detailed information on the
constituents of annual utility T&D spending in order to explore these possibilities.
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Strictly speaking, these findings apply only to the utilities whose data we included in our analysis.
Specifically, the utilities included in this study represent a significant portion of total electricity sales
from all regions of the country except the East South Central census region. More precisely, our findings
cannot be assumed to apply to the 25%, 99%, and 97% of investor-owned, municipally-owned, and
cooperative utilities, respectively, that were not included in our study.

Hence, while we believe this analysis is the most comprehensive study of this topic that has been
performed to date, there are a number of areas where we believe improvements should be considered
in future analyses of U.S. electric power system.

First, there may be more appropriate annual weather parameters available to better capture the
factors underlying major events (e.g., number of days per year with peak wind speeds greater than 35
mph, significant drought years followed by abnormally wet years).

Second, as noted, it is important to continue to explore the relationship between reactive and proactive
T&D spending and reliability. Related to this, we also believe that the relationship between reliability

and the long-run deployment of other “smart” technologies should be explored further.

We hope that our findings will help to inform future public and private decisions that will influence the
future reliability of the U.S. electric power system.
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1. Introduction

Recent catastrophic weather events, current and prospective federal and state energy and
environmental policies, and recent federal investments in smart grid technologies have drawn renewed
attention to the reliability of the U.S. electric power system. Whether electricity reliability is getting
better or worse as a result of these or other factors has become a material issue for public and private
decisions affecting the U.S. electric power system.

Over the past 15 years, the most well-publicized efforts to assess trends in U.S. electric power system
reliability have focused on only a subset of all power interruption events (Amin 2008 and Campbell
2012)—namely, only the very largest events, which trigger immediate emergency reporting to federal
agencies and industry regulators. Anecdotally, these events are thought by many to represent no more
than 10% of the power interruptions experienced annually by electricity consumers. Moreover, a
review of these emergency reports has identified shortcomings in relying upon these data as reliable
sources for assessing trends, even on the reliability events they target (Fisher et al. 2012).

Recent work has begun to address these limitations by examining trends in reliability data collected
annually by electricity distribution companies (see, for example, Eto et al. 2012). In principle, all power
interruptions experienced by electricity customers, regardless of size, are recorded by the distribution
utility. Moreover, distribution utilities have a long history of recording this information, often in
response to mandates from state public utility commissions (Eto et al. 2006). Thus, studies that rely on
reliability data collected by distribution utilities can, in principle, provide a more complete basis upon
which to assess trends or changes in reliability over time.

The Eto et al. (2012) study applied econometric methods to account for utility-specific differences
among electricity reliability reports and found that average annual duration and frequency of power
interruptions had been increasing annually per year from 2000 to 2009. In other words, reported
reliability was getting worse. But, the Eto et al. (2012) paper was not able to identify statistically
significant factors, such as which aspects of weather that were correlated with these trends. The
authors suggested that future studies should examine correlations with more disaggregated measures
of weather variability (e.g., lightning strikes and severe storms), other utility characteristics (e.g., the
number of rural versus urban customers, the extent to which distribution lines are overhead versus
underground), and utility spending on transmission and distribution maintenance and upgrades,
including advanced (“smart grid”) technologies.

This paper seeks to extend the Eto et al. (2012) analysis along exactly these lines. We first assemble up
to 13 years of information on the annual duration and frequency of power interruptions for a large
cross-section of U.S. electricity distribution utilities. These utilities, taken together, represent
approximately 70% of both total U.S. electricity sales and customers.

We then attempt to correlate reliability reported by these utilities with a broad set of explanatory
variables, including annual information on lightning strikes, wind speeds, temperatures, numbers of
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customers per line mile of distribution, percentage of the distribution system underground, installation
or upgrade of an automated outage management system, and transmission and distribution (T&D)
spending.’

Electricity Reliability Metrics: SAIDI, SAIFI, and Major Events

The measures of electricity reliability used in this study are System Average Interruption Duration Index (SAIDI)
and System Average Interruption Frequency Index (SAIFI). The Institute of Electrical and Electronics Engineers
(IEEE), Distribution Reliability Working Group has developed a standard that defines both terms, as well as a
related concept called Major Event Days (MEDs) (see Appendix A).

The IEEE Standard 1366 defines SAIDI and SAIFI as follows:

> Customer interruption durations . . .
SAIDI = minutes of interruption per year
Total number of customers served

> Total number of customers interrupted . .
SAIFI = number of interruptions per year
Total number of customers served

SAIDI can be thought of as the total amount of time that a utility’s customers, on average, are without power
over the course of a year. SAIFI can be thought of as the total number of times that a utility’s customers, on
average, have experienced power interruptions over the course of a year.

Major events refer to times during the year when the utility is subjected to significant, yet generally infrequent
stresses, often due to severe weather. The number of major events experienced by a utility in any given year
can vary considerably, yet because they are large events they have a disproportionate effect on reported
reliability. In order to facilitate year-on-year comparisons of utility reliability performance, SAIDI and SAIFI are
often reported without inclusion of the interruptions associated with major events. A discussion of the method
developed by IEEE to identify major events is provided in Appendix A.

This report examines and compares trends in SAIDI and SAIFI both with and without major events included.

With this improved set of information, we seek to answer the following questions:

e Are warmer/cooler, wetter/drier, and/or windier than average years correlated with changes in
the duration and/or frequency of power interruptions? What is the mathematical form of any
such relationship; e.g., is it linear or non-linear?

e Are the number of customers, annual sales of electricity, share of underground lines, or the
presence of outage management systems (OMS) correlated with changes in the duration
and/or frequency of power interruptions? Is previous year T&D spending correlated with
changes in the duration and/or frequency of power interruptions in subsequent years?

e Arethere trends in the duration and/or frequency of power interruptions over time, which we
cannot explain by considering the above factors?

2 The present analysis differs from that in Eto et al. (2012) by including: (1) more utilities: 195 compared to 155, which
represented 50% of U.S. electricity sales and less than 60% of U.S. electricity customers; and (2) a more comprehensive
and granular set of explanatory variables.



This report consists of five additional sections and five technical appendices following this introduction.
Section 2 describes types, source, and summary information of the data we collected for the analysis.
Section 3 describes technical aspects of the approaches we used to analyze the data. Section 4 presents
the principal results from the final regression models we developed to explain, separately, SAIDI and
SAIFI without major events, and SAIDI and SAIFI with major events included. Section 5 presents
supporting analysis we conducted to explore selected aspects of the principal findings. Section 6
summarizes our findings and outlines next steps that we recommend should be considered in future
analyses of U.S. electricity reliability.
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2. Data Collection and Review

This section reviews the information we collected for use in the analysis, including information on utility
reliability as well as on the utilities whose data we analyzed (Section 2.1). We also present a range of
possible utility-specific (Section 2.2) and weather-related factors (Section 2.3), which we explored as
possible statistically significant correlates to changes in the utilities’ reliability data.

2.1. Distribution utility reliability performance data

As described in the previous section, the measures of reliability used in this paper are SAIDI and SAIFI.
The collected information represents SAIDI and SAIFI with or without major events included (although
sometimes both were reported). Major events refer to times during the year when the utility is
subjected to significant, yet generally infrequent stresses, often due to severe weather (see text box in
Section 1 as well as Appendix A).

Our analysis considered each of these four distinct ways of reporting reliability performance separately.
That is, we conducted separate analyses of: (1) SAIDI without major events; (2) SAIDI with major events;
(3) SAIFI without major events; and (4) SAIFI with major events.

The primary source for utility-reported reliability performance information was state utility regulatory
commissions, because many commissions require the utilities they regulate (generally speaking, these
are investor-owned utilities) to report these data, and these commissions typically make this
information publicly available. (see Eto et al. (2006) for a review of state utility commission reporting
practices). In order to collect data on utilities not under the jurisdiction of state utility commissions
(e.g., municipal utilities and cooperatives) or when the commissions either do not require or make
these data publicly available, we also obtained reliability performance data via online press releases
and reports posted by the utility.

Ultimately, we collected reliability data for 195 different utilities located across the U.S. Of these, 152 of
the utilities are investor-owned utilities and 43 are either municipals or electricity cooperatives. In the
following subsections, we review the geographic coverage, completeness, and summarize trends in
SAIDI and SAIFI information we collected.

2.1.1. Geographic coverage

Figure 1 illustrates the geographic distribution of the utilities by U.S. census division. This figure denotes
the number of utilities in each region along with the share of total regional electricity sales they
represent.
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Figure 1: Geographic coverage of utilities included in this study

Table 1 presents the share of retail electricity sales represented by each census division as well as
relative to total U.S. sales. In general, the information we collected represents a large proportion
(nearly two-thirds or more) of total electricity sales for every region of the United States except the East
South Central region. We sought, but were unable to obtain, information from utilities in this region
either because (a) they are not required to report reliability performance data to their state utility
commission, or their state utility commission does not make these data publicly available, or (b)
because we did not readily find information from the utilities directly in this region. Consequently, our
findings are not well represented in this region compared to regions for which we obtained more
information on reliability performance. See Section 5.4 for a more detailed assessment of the
representativeness of our sample to the total population of U.S. utilities.

Overall, the 195 utilities account for approximately 70% of total U.S. electricity retails sales (and 71% of
U.S. electricity customers).
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Table 1: Utility sales (2012) and coverage by U.S. Census Division

. Total electricity sold Percentage Percentage
Total electricity . ki . . Percentage
L by utilities for which of region of region
Census division sold (2012; of sales to
- data were collected (Eto et al. (current
Million TWh) . . U.S. total
(Million TWh) 2012) analysis)
New England 120.5 109.2 86% 91% 3%
Middle Atlantic 362.9 353.9 74% 98% 10%
East North Central 574.8 484.2 68% 84% 13%
West North 293.7 168.7 46% 57% 5%
Central
South Atlantic 769.5 537.7 46% 70% 15%
East South Central 320.0 57.1 1% 18% 2%
West South 556.0 366.9 26% 66% 10%
Central
Mountain 271.4 190.9 51% 70% 5%
Pacific 398.6 294.3 71% 74% 8%
TOTAL 3,694.6 2,562.8 50% 70% 70%

2.1.2. Completeness of reported reliability data by utility and over time

We sought to collect a complete time series of reliability data for each utility, spanning the years 2000—
2012, for all four types of reliability metrics: SAIDI and SAIFI, both with and without major events
included. However, we were only able to obtain a complete record of this information for some of the
utilities. Figure 2 shows the number of utilities by year and type of reliability data. This chart shows that
utilities in our sample more often reported reliability information without major events than with major
events. In addition, there is a marked increase in the total number of utilities between years 2000 and
2006 and a very slight decrease in the last four years.
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Figure 2: Number of utilities with SAIDI and SAIFI data

Figure 3 shows the number of utilities in our sample according the number of years of reliability data we
collected for that utility. This chart shows that we were able to collect a complete dataset (for all years
2000-2012) for more than 80 utilities for SAIDI and SAIFI without major events and for more than 50
utilities for SAIDI and SAIFI with major events included. Overall, we were able to collect at least nine
years of reliability performance information for over 80% of the utilities used in our analysis.
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2.1.3. Distribution of reported SAIDI and SAIFI over time

Figure 4 and Figure 5 show the middle 50% range of SAIDI and SAIFI values, both with major events
(left) and without major events (right) included, respectively. The top and bottom line of each gray-
shaded area represent the 75" and 25" percentiles, respectively, and the line through the box indicates
the median value for that year.
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2.2. Utility Data

In addition to collecting reliability information for each utility, we also collected information on aspects

of the utility itself, including its physical characteristics. The information included:

e year when the utility installed or upgraded its automated outage management systems (OMS)

e number of miles of T&D lines

e annual expenditures on T&D

e share of the utility lines that are underground versus overhead

e annual retail electricity sales

The following subsections describe and present summary information on each of these. Section 3

describes transformations we made to these data for use in the analysis.

2.2.1. Outage management systems (OMS)

An OMS is an automated means for collecting information on utility reliability. It replaces manual

methods for recording the number of customers who are without power and for how long. Eto et al.

(2012) found that installation or updates to these systems were correlated with a decrease in reported

reliability in the following year. They attributed this to a change in the accuracy of reliability reporting

not to a change in reliability experienced by customers.

Table 2 summarizes, by U.S. census division, the number of utilities that installed or upgraded their
OMS by the end of 2012. We found that 146 utilities (nearly 75%) of the 195 utilities in this study had
installed or upgraded their OMS by 2012.

Table 2: Utilities reporting the installation or upgrade of OMS by 2012 by U.S. census division

Census division

New England
Middle Atlantic
East North Central
West North Central
South Atlantic

East South Central
West South Central
Mountain

Pacific

TOTAL:

Number of utilities Number of utilities
considered in this study reporting the use of OMS

34
22
25
18
21
11
33
15
16

195

15
22
23
14
19
10
18
12
13
146
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Figure 6 shows the cumulative percentage of the 195 utilities in our study that installed or upgraded
their OMS.
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Figure 6: Cumulative percentage of the number of utilities that have installed or upgraded their OMS
over time relative to total number of utilities in this study

2.2.2. Retail electricity sales

We obtained retail electricity sales for each utility for the years 2000 to 2012 from information
collected by the U.S. Energy Information Administration (EIA) via Form 861 (EIA 2013). We also
collected information on total customers served by each utility over time from the same EIA source.
Total customers include all customers served by a utility, including residential, commercial, and
industrial customers.

Figure 7 shows median electricity sales per customer by year and by census region for the utilities
examined in our study. Figure 8 shows geographically the median across these years of annual sales per

customer.
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Figure 7: Median electricity sales per customer by census division and year
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Figure 8: U.S. map of median annual electricity delivered per customer
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2.2.3. Transmission and distribution spending

Information on total annual T&D spending for each of the years 2000 through 2012 was obtained by
using the Ventyx Velocity Suite system, which assembles the data from information collected by FERC
(using Form 1) and makes them publicly available for a fee (FERC 2014). Total T&D spending includes
both fixed and variable expenses. We converted all spending data to real 2012 dollars using the Handy-
Whitman index of T&D construction costs (Whitman, Requardt, and Associates 2013).

Figure 9 shows median distribution spending per electricity customer by census region and year. In
general, some regions appear to show a modest decline in spending over the last decade, while others
report relatively constant levels of spending. Note, however, some aspects of these trends are likely
due to different numbers of utilities in the sample each year (see Figure 2), as well as missing data. For
example, the sharp declines in the West South Central region in years 2005 and 2012 are due to missing
values for a few utilities in those years.

Figure 10 shows the regional mapping of the median T&D spending per customer for all years. This map
indicates that the median for the utilities in our study in the West and West North Central regions spent
relatively more per customer, which is consistent with Figure 9.
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Figure 9: Median Distribution spending per customer ($2012) by census division and year3

3 It should be noted that nominal expenditures—for utilities in our sample—are generally increasing over time. However,
the Handy-Whitman T&D construction price index is increasing at a higher rate relative to the observed increase in
nominal expenditures. Furthermore, the number of utility customers is also increasing over time. The combined effect of
the increasing number of customers and the relatively higher construction price index results in decreasing real
expenditures per customer.
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Figure 10: U.S. map of median T&D line expenditures per customer ($2012)

2.2.4. Transmission and distribution line miles

We also obtained T&D line miles, which are also reported on FERC Form 1, from the Ventyx Velocity
Suite. Figure 11 shows the median number of customers per T&D line mile by census region and year
for the utilities for which we obtained data. The New England region shows a noticeably higher
concentration of customers per line mile due to the relatively higher population density for much of this
region coupled with some years with missing data that result in the drop in value, as seen in years 2005
and 2012. The Pacific Northwest, some parts of Texas, Nevada and Southeastern areas (e.g., Georgia,
Florida Panhandle) also reflect higher concentrations of customers per line mile. Figure 12 shows
geographically the median number of customers per T&D line mile.
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Figure 11: Median number of customers per line mile by census division and year
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Figure 12: U.S. map of the median number of customers per T&D line mile
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2.3. Weather Data

Weather is a well-recognized cause of power interruptions. Due to the exploratory nature of our
analysis, we sought to develop information on a wide variety of weather variability measures.
Specifically, we assembled annual weather information for each utility including:

e lightning strikes

e precipitation

e wind speeds

e heating degree-days (HDD)

e cooling degree-days (CDD)

2.3.1. Lightning data

Information on lightning strikes was collected from the Vaisala National Lightning Detection Network
(NLDN) (NLDN/LBNL 2013). According to the NLDN documentation, NLDN provides flash detection
efficiency of 95% and thunderstorm detection efficiency greater than 99%.

We used the latitude and longitude of each strike and the utility service territory boundaries available
in the Ventyx Velocity Suite database system to map each recorded lightning strike to each utility in our
dataset. Utility lightning strikes were then aggregated to an annual total.

Figure 13 shows the median number of annual lightning strikes per customer by census division. With
the exception of the West South Central region, the trends are flat over time. In the West South Central
region, lightning—for the utilities in our analysis—appears to be more prevalent than in other parts of
the United States. The large changes in the medians over time reflect the fact that there are a different
numbers of utilities in the distributions from which these medians are drawn.

Figure 14 shows the U.S. mapping of the median number of lightning strikes per customer, again

illustrating the elevated frequency in Texas and Louisiana consistent with the West South Central line in
Figure 13.
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Figure 13: Median number of lightning strikes per customer by census division and year
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Figure 14: U.S. map of the median number of lightning strikes per customer
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2.3.2. Precipitation data

The Ventyx Velocity Suite was also used to obtain annual precipitation data that is collected by the
National Oceanic & Atmospheric Administration’s National Climatic Data Center (NCDC) (NCDC/Ventyx
2014). Ventyx compiled the daily precipitation data (in inches) for each weather station in each utility
service territory for each year. To estimate precipitation at the annual level, Ventyx sums up daily
precipitation in a given year and then finally calculates an average across all stations to estimate an
annual total precipitation value per utility.

Figure 15 shows the median annual precipitation (in inches) by region over time. Figure 16 shows the
medians over time for each utility geographically. Both show generally higher rainfall for the utilities in
our sample in the Eastern United States compared to those in the West.
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Figure 15: Median annual precipitation by census division and year
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Figure 16: U.S. map of median annual precipitation

2.3.3. Wind Data

The Ventyx Velocity Suite was used to obtain NCDC data for wind speed across all weather stations
assigned to a utility in the contiguous United States. (NCDC/Ventyx 2014). Similar to precipitation, these
data were summed and averaged for each year.

Figure 17 shows the median wind speed at utilities located within each census division. This plot shows
a slight decline in median annual wind speeds over time. Figure 18 is a map of the United States
showing that the highest median wind speeds were experienced by utilities in the Great Plains.
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Figure 17: Median annual wind speed by census division
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Figure 18: U.S. map of median annual wind speed
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2.3.4. Heating and cooling degree-days (temperature)

Annual heating and cooling degree-days (HDD and CDD, respectively) were used to examine the
relationship between temperature and electricity reliability.* Using the Ventyx Velocity Suite, we
obtained temperature data from the National Oceanic & Atmospheric Administration’s National
Climatic Data Center (NCDC/Ventyx 2013). Ventyx was able to provide us with HDD and CDD data at the
utility service territory level within each state. Figures 19-22 show the median by census division.
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Figure 19: Median number of annual heating degree-days by census division

4+ HDD and CDD were originally developed to assess heating or cooling requirements for building. They are calculated by
subtracting the average between the daily high and low temperature from a reference value. The reference value is
intended to represent the temperature below or above which heating or cooling is required, respectively.
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Figure 21: Median number of annual cooling degree-days by census division
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Figure 22: U.S. map of median annual cooling degree-days

Assessing Changes in the Reliability of the U.S. Electric Power System |14



3. Analysis Method and Model Development

This section describes the approaches we used to analyze the data. We first introduce the overall
analysis method known as multivariate regression (Section 3.1). We next summarize, in aggregate, the
data described in section 2 and discuss how we prepared the data for analysis by removing missing
values and extreme outliers. We also describe transformations we made to some of these data in order
to examine specific possible correlations in our analysis (Section 3.2). We then present intermediate
results for preliminary statistical tests we performed in order to determine the appropriate regression
analysis technique to apply to the data (Section 3.3). Then, we describe the sequence of alternate
model specifications we developed and report on their statistical properties (Section 3.4). Finally, we
describe the considerations that guide how we use the results from these analyses to develop the
findings that are presented in Section 4.

3.1. Statistical analysis method

We employ a statistical analysis technique known as multivariate regression to develop quantitative
estimates of the correlation between a dependent variable (in this case, SAIDI or SAIFI) and a set of
independent, or explanatory, variables. We used the following regression equation to analyze the
relationship between utility-specific attributes and weather variability on the duration (SAIDI) and
frequency (SAIFI) of power interruptions:

e g
In(Y, ) =P, + ¥ BaXqt T X v¢Zg +0T+e,
d=2 f=1 (1)

The general model specification described in equation (1) above follows the general form used in earlier
energy-related multivariate panel regressions (e.g., see Erdogdu 2011; Eto et al. 2012). In equation (1),
annual utility reliability (measured by SAIDI or SAIFI with or without major events included) is
represented by the log of the dependent variable: Y;. Electric utility and reporting year are represented
by subscript; and ;, respectively. Subscripts 4 and ;are used to differentiate between observed and
unobservable variables, respectively. Xy and Z;; represent observed and unobservable variables. For
example, variables in X may include annual T&D spending and variables in Z might include non-
observable factors that vary across utility. Finally, €;; represents the model error term and T is a variable
that captures an annual time trend.

As indicated, the array of Z; variables are unobservable. Accordingly, we define a new term, a;, which

represents the combined effect of the unobservable variables on the dependent variable, Y;;. Equation 2
describes the reduced form empirical model used in this analysis.

In(Y,) =B, + ¥, ByXy +0, +8T+e,
d=2 (2)
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The presence of the a;component within this model is “crucially important” (Erdogdu 2011) because it
enables the regression to estimate the combined effect of all the explanatory variables that have not
been captured in the array of X observable variables. If one could determine, in advance, that all
explanatory variables have been fully captured in the array of observable variables, then the a;term
could be eliminated from the model and a pooled ordinary least squares (OLS) regression technique
would be appropriate (Erdogdu 2011). However, this determination can rarely be made prima facie in
analyses of this type. The key point is we do not know this in advance, with any degree of precision or
consistency. For this reason, it is essential to include an a;term in the model and conduct the
econometric analysis assuming the presence of unobservable fixed (or random) utility effects.

3.2. Data characteristics, treatments, and selected transformations

The data used in this study represent many utilities (roughly 100, depending on whether SAIDI or SAIFI
with or without major events included is examined) but for each utility comparatively fewer data points
in terms of years (no more than 13 for any utility). Colloquially, this is referred to as a “short” dataset
(Cameron and Trivedi 2009). In addition, because we do not have 13 years of data for each utility and
because some possible explanatory variables may be missing for some of the utilities, the dataset is also
considered “unbalanced” (Wooldridge 2002). These features of the data set can impact the regression
performance, selection, and results.

Table 3 and Table 4 contain summary statistics for the raw datasets without and with major events,
respectively. The tables show that, for the set of data without major events included, the average
annual duration of customer interruptions (SAIDI) is slightly more than 140 minutes (2 hours and 20
minutes) per year and, for the set of data with major events included, slightly more than 370 minutes (6
hours and 12 minutes) per year—this difference represents a ~260% increase in the duration when
major events are included. Bear in mind that these averages refer to two different sets of utilities both
averaged over all years of data. That is, referring to Figure 2, the dataset of utility SAIDI without major
events included contains different utilities than the dataset of utility SAIDI with major events included.

Assessing Changes in the Reliability of the U.S. Electric Power System |16



Table 3: Summary statistics for SAIDI and SAIFI without major events

Variable (units) oll\::;?\?;l;:r:s Min Mean Median
SAIDI (minutes) 2,062 0 143.1 125.6
SAIFI (# of events) 2,026 0 1.4 1.2
HDD (# of degree days) 2,210 198 4,807.1 5,020.7
CDD (# of degree days) 2,210 0 1,319.6 1,026.0
Lightning strikes
(strikes per customer) 2,181 0 0.5 0.1
Precipitation (inches) 2,210 1.8 35.9 37.9
Wind speed (mph) 2,210 3.4 7.3 7.0
T&D lines (customers per
line mile) 2,024 0 172.2 233
Share of underground (%) 840 0.1% 22.2% 20.4%
Delivered electricity (MWh
per customer) 2,288 1.1 26.7 25.0
T&D spending ($2012 per
customer) 2,084 S4.4 $883.0 $239.8

Table 4: Summary statistics for SAIDI and SAIFI with major events

Variable (units) Number. of Min Mean Median
observations

SAIDI (minutes) 1,438 1.2 372.2 173.0
SAIFI (# of events) 1,440 0 1.8 1.5
HDD (# of degree-days) 1,794 198 5,160.8 5,329.0
CDD (# of degree-days) 1,794 0 1,168.1 897.0
Lightning strikes (strikes per
customer) 1,748 0 0.5 0.1
Precipitation (inches) 1,794 1.8 34.9 37.1
Wind speed (mph) 1,794 3.2 7.0 6.9
T&D lines (customers per
line mile) 1,471 0.0 148.2 27.9
Share of underground (%) 648 0.6% 24.6% 23.4%
Delivered electricity (MWh
per customer) 1,856 1.1 27.3 24.2
T&D expenditures ($2012
per customer) 1,499 S4.4 $734.6 $235.1

Max

1,015.1
20.9

9,697.0
4,313.0

189.9
79.3
12.7

8,942.6
89.8%

181.7

$52,261.0

Max

14,437.6
37.3
9,136.0
4,921.0

189.9
73.2
12.1

3,832.1
89.8%

257.3

$11,076.0

Standard
Deviation

86.9
0.9
2,023.7
894.9

5.2
14.9
1.5

672.8
15.3%

14.4

$2,328.4

Standard
Deviation

825.8
2.0
2,000.6
874.6

5.8
13.6
1.6

409.9
16.1%

22.8

$1,659.2

The raw data were subjected to two screening evaluations, which led to the exclusion of some of the

utilities from the analysis. The first screen is a requirement of the software we used to analyze the data.

The second is a manual process we implemented to remove extreme outliers from the analysis.



It is important to note that a utility has to have at least three years of continuous and balanced panel
data in order for the regression program to find a solution. The regression software will fail to find a
solution if a utility within the panel dataset contains: (1) less than three years of data; or (2) three or
more years of data that are spread out into less than three year blocks throughout the time-series (e.g.,
2001, 2002, 2006, 2011); or (3) the covariates and dependents contain at least three years of
continuous data, but the blocks of reported data are misaligned over the full time series. For example,
in this special case, a utility could have five years of continuous SAIDI data (e.g., 2000-2005) and four
years of continuous covariates (e.g., 2007-2011), but this misalignment would lead to the utility being
excluded from the econometric analysis.

In addition, we investigated extreme outliers to determine if utilities may have incorrectly reported any
of the reliability performance metrics. SAIDI and SAIFI values were flagged for further analysis as
statistically extreme outliers if the reported value was less than the 1* percentile or greater than the
99t percentile value for that particular reliability metric.

For the above reasons, a number of utilities were either automatically (using regression software) or
manually (by the authors) excluded from the datasets prior to conducting the econometric analyses. For
example, prior to running Model A, the regression software automatically removed the following
number of utilities due to insufficient data coverage: 28 (SAIDI without major events), 27 (SAIDI with
major events), 31 (SAIFI without major events), and 28 (SAIFI with major events). In order to get all of
the regressions to solve, we also manually excluded seven more utilities, which although they each had
covariates and dependents containing at least three years of continuous data, the individual groupings
of covariates (or dependents) were not aligned with one another in time. Finally, we excluded two
additional utilities prior to conducting the first econometric analysis, because these utilities (1) failed
the outlier screen and (2) we were able to independently confirm that their reported reliability
performance metrics were inaccurate.

We also transformed some of the explanatory variables in order to examine statistically different ways
that they might be related to changes in reliability. First, we transformed the weather-related variables
to capture the extent to which they deviated from the sample (e.g., 13-year) average. Second, we
transformed some of these same variables to emphasize how much they deviated annually from the
sample average. Finally, we transformed T&D spending data by lagging it in order to examine how
spending in previous years might be correlated with reliability performance in subsequent years.

Data transformation to capture “abnormal” weather

In order to explore the possibility that warmer/cooler, wetter/drier, windier/less windy etc. than
average years were correlated with changes in the duration and/or frequency of power interruptions,
we develop a metric to capture “abnormal” atmospheric conditions. We transformed the weather
variables (W) into pairs of positive (see equation 3) and negative (see equation 4) deviations from the
13-year average.
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For example, positive deviations in annual HDDs and CDDs were calculated by subtracting the HDDs (or
CDDs) in a given year from the 13-year average. Accordingly, a pair of abnormally cold (or hot)
temperature deviations was created to test this hypothesis. If the HDDs (or CDDs) in a given year were
less than the 13-year average, the positive deviation variable was coded with a zero.

This procedure was applied to the annual lighting strike, average wind speed, and annual precipitation
data and repeated for positive and negative deviations.

Data transformation to capture non-linear relationships involving weather

We also transformed the weather variables to explore the possibility that the relationship between
weather, including temperature, precipitation, and wind—and the duration and frequency of power
interruptions—is non-linear. Hitz and Smith (2004) surveyed the literature on the shape of weather-
related infrastructure damage curves and concluded that the curves were nonlinear. Larsen et al. (2008)
argued that using non-linear indicators may be a “more appropriate” choice for estimating damages to
infrastructure.

We transformed the weather variables by expressing them as second-order polynomials. Mclntosh and
Schlenker (2006) show how transforming quadratic functional forms within fixed effects groupings is
preferred to developing global quadratic terms across units Assuming the presence of unobservable
fixed (or random) effects, we follow the lead of MclIntosh and Schlenker (2006) by “first demeaning the
covariate and then squaring it, rather than squaring then demeaning.”

We did not, however, transform the weather variable involving lighting strikes because we could not
envision a plausible scenario in which there could be a non-linear relationship. That is, it seemed to us
that changes in the number of lightning strikes could only affect reliability in a linear fashion since each
strike is associated with a unique, i.e., separate, impact on reliability.
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Data transformation to capture effects of prior year T&D spending

Finally, we lagged T&D spending variables by one year to test the hypothesis that spending in a given
year would not have an effect on reliability performance metrics until the following year (see equation
5).

o+ o+ o+ _
Expenditures,, , = ( TFC,, TVCCJ-Sltorfelifn-l DVC,i., j X ( HWoo1s ]
it

HWo (5)

3.3. Testing for the presence of cross-sectional and random effects

We carried out a two-step process to determine which type of regression effects model was best suited
for analysis of each of the four datasets: (1) SAIDI without major events; (2) SAIDI with major events; (3)
SAIFI without major events; and (4) SAIFI with major events. For the first step, we conducted an F-test
to detect the presence of cross-sectional effects (i.e., utility-specific effects). For the second step, if the
F-test fails to reject the null hypothesis of no utility effects (i.e., we confirm that there are utility-specific
effects), we then used a Hausman (1978) test to determine whether a fixed effects or random effects
regression model is more appropriate to use in developing models for each dataset. We illustrate
application of this two-step method with intermediate results from the analysis conducted using Model
F, which will be described in greater detail in Section 3.4.

The results of the F-test for the first step for Model F (see Table 5) indicates that the null hypothesis of
no utility effects should be rejected for all four regressions (i.e., there are cross-sectional effects
present in the data and that a pooled OLS is not the preferred model specification).

Table 5: Test results for the presence of no utility effects (F-test)

One-way fixed effect (utility)

N . Degrees of freedom Reject null of
Reliability metric F-value . Prob. > F
(numerator/denominator) no effects?
Log of SAIDI—without major events 16.8 62/461 <.0001 Yes
Log of SAIDI—with major events 33 45/290 <.0001 Yes
Log of SAIFI—without major events 18.8 62/460 <.0001 Yes
Log of SAIFI—with major events 10.3 45/292 <.0001 Yes
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The results of the Hausman test for the second step for Model F (see Table 6) indicates that the null
hypothesis of random effects for three of the four regressions cannot be rejected, at p < 0.15. In other
words, the random effects model is the preferred choice for interpreting the results from three of the
four sets of regressions and the fixed effects model is more appropriate for SAIFI (with major events).®

Table 6: Test results for the presence of random effects (Hausman 1978)

One-way random effect (utility)

Reject null of
Reliability metric m-value Degrees of freedom Prob. >m random effects
atp <0.15?
LN SAIDI—without major events 8.3 7 0.30 No
LN SAIDI—with major events 5.7 9 0.77 No
LN SAIFI—without major events 9.2 8 0.33 No
LN SAIFI—with major events 14.3 9 0.11 Yes

3.4. Model development

We developed a sequence of model specifications (each a distinct regression equation following the
form outlined in Section 3.1) and conducted a series of robustness tests to evaluate them following
procedures outlined in Hoen et al. (2009), which evaluated the impact of wind power projects on
residential property values. The procedures involve starting with a simplified model and then
developing alternatives to it by adding new explanatory variables incrementally. We evaluate each
alternative by reviewing statistical measures of the model based on: (1) performance (i.e., fit); (2)
parsimony (i.e., smallest number of explanatory variables); and (3) coefficient stability.

We started with the final regression model developed in Eto et al. (2012), which we label Model A, and
then sequentially incorporated groupings of new explanatory variables that were of interest, which we
label Models B through G. This sequential modeling approach allowed us to evaluate incrementally the

5 Technically speaking, a disadvantage of the fixed effects model estimator is that it does not allow the estimation of the
coefficients of the time-invariant explanatory variables like, in this case, investor-owned utility designation (Baltagi et al.
2003). Accordingly, we conduct the Hausman (1978) test on model specifications that do not include the following time-
invariant explanatory variable: investor-owned utility. A future improvement to this empirical analysis could entail
implementing a Hausman and Taylor (1981) two-stage least squares procedure, which allows some of the explanatory
variables to be correlated with the individual (utility) effects. We do not believe, however, that this technical
enhancement would have a material impact on our findings.

6 The random effects model is only valid if a very restrictive assumption holds: that the group effects are uncorrelated
with the explanatory variables. If the composite error is correlated with the explanatory variables, then the random
effects model is inconsistent and biased (Kennedy 2003). From a theoretical perspective, there is a valid argument to be
made that a fixed effects model is preferred over a random effects model in this analysis, because weather varies
significantly across large utility service territories. The modeling of weather within these sets of equations implies that
utility effects would be correlated with the explanatory variables, which biases the random effects model. For this reason,
we implemented two procedures to ensure that the findings were not biased: (1) we increased the Hausman (1978)
hypothesis test rejection threshold from p < 0.10 to p < 0.15 (i.e. the null hypothesis of the Hausman test is that random
effects is the preferred model); and (2) we report in the technical appendix the findings from both the random and fixed
effects models. Interestingly, the Hausman test failed to reject the null in three of the four regressions indicating that the
random effects model is the preferred model for the majority of the regressions.
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extent to which incorporation of abnormal weather, non-linear measures of weather severity, utility
ownership type, percent underground, line miles per customer, T&D spending, etc. improved the
performance of the model, while not violating the preference of econometricians to use “simpler, more
parsimonious statistical models” (Hoen et al. 2009, Newman 1956).

Table 7 lists the explanatory variables included in all seven models (Models A through G).

Table 7: Parameters for base model and six alternatives

Model A B C D E F G
Intercept ° ° ° ° ° ° °
Electricity delivered (MWh per customer) ° ° ° ° ° ° °
Heating degree-days (#) °
Cooling degree-days (#) °
Outage management system? ° ° ° ° ° ° °
Years since outage management system installation ° ° ° ° ° ° °
Year ° ° ° ° ° ° °
Abnormally cold weather (% above average HDDs) ° ° ° ° ° °
Abnormally warm weather (% above average CDDs) ° ° ° ° ° °
Abnormally high # of lightning strikes (% above average
strikes) * ¢ ¢ ¢ ¢ ¢
Abnormally windy (% above average wind speed) ° ° ° ° ° °
Abnormally wet (% above average total precipitation) . ° ° ° ° °
Abnormally dry (% below average total precipitation) ° ° ° ° ° °
Abnormally cold weather squared ° ° °
Abnormally warm weather squared ° ° °
Abnormally windy squared ° ° ° ° °
Abnormally wet squared ° ° °
Abnormally dry squared ° ° °
Lagged T&D expenditures ($2012 per customer) ° ° ° °
Number of customers per line mile ° ° °

Share of underground T&D miles to total T&D miles o °



Model A, which is a close proxy to the Eto et al. (2012) configuration, includes the following explanatory
variables: electricity delivered, heating and cooling degree-days, year, the presence of outage
management systems, and the length of time the OMS has been installed at each utility.” Model B
extends Model A by replacing the basic temperature metrics with abnormal measures of temperature,
precipitation, wind speed, and lightning. Model C adds to Model B by also including non-linear weather
terms. Model D further adds to Model C by also including previous year T&D spending. Model E
removes non-linear weather terms with the exception of wind speed and includes customers per line
mile. Model F is similar to Model E but with the addition of share of underground T&D line miles. Model
G includes all of the explanatory variables considered in any one of the prior six models—with the
exception of absolute measures of HDDs and CDDs.

The Bayesian Information Criteria (BIC) (i.e., Schwarz Information Criterion) is often used to rank
alternative models by their relative parsimony (Schwarz 1978, Hoen et al. 2009). A low BIC statistic
indicates that a model is relatively more parsimonious than a model with a higher BIC statistic.

As shown in Table 7, the BIC statistic increases from Model A through Model C and then decreases as
the previous year T&D spending, customers per line mile, and share of underground miles are
incorporated into the model. Technical Appendix B contains full regression results for all seven models
for each of the four reliability metrics. Appendix B shows that the coefficients remain stable—that is,
the same explanatory variables generally remain significant at p £ 0.10 and the signs on the coefficients
do not switch from positive to negative (or vice versa).

For the SAIDI regressions (both without and with major events), we found that Model F has slightly
better performance—as measured by generalized r-squared or RMSE—when compared to Model E.
However, it is important to note that the RMSE is the same for both Model F and Model G, but the BIC
is significantly lower for Model F—indicating that Model G is less parsimonious. Similarly, for the SAIFI
regressions, both the RMSE and BIC are lower for Model F (and the adjusted R2 is higher) when
compared to Model E. The RMSE and BIC for Model G are both larger when compared to Model F. In
summary, based on these statistical measures, Model F is superior to the other six models we
considered.

Table 8 reports the statistical properties of each of the models. It shows that sequentially adding
groupings of explanatory variables generally (but not always) improves model performance as
measured by both increased adjusted/generalized r-squared and decreased root mean square error
(RMSE). This is a well-understood artifact, which emphasizes the importance of also considering model
parsimony.

7 There are some differences between Eto et al. (2012) and Model A in the manner the explanatory variables are
expressed. In Model A, sales are normalized by number of customers and utility-specific annual heating/cooling degree-
days are used. Eto et al. (2012) did not normalize sales by customers and incorporated state-level annual heating/cooling
degree-days linked to a single state where the utility primarily operates.
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However, we also observe that the number of utilities included in Model F is significantly less than
those included in Model E. Technical Appendix B shows that the number of utilities modeled drops by
approximately 50% between Models E and F. We traced to the fact that we did not have information on
underground T&D lines for a relatively large number of utilities. This significantly impacted the final
number of utilities used in both the Model F and G regressions.

In view of these results, we will structure the presentation of findings as follows: first, in Section 4, we
will present detailed findings on the impacts of well-understood factors, such as weather and utility
characteristics, on reliability based on Model F. Second, in examining aspects of our main findings in
greater detail, in Section 5, we will present findings based on all of the models we developed.

Table 8: Performance statistics for base model and six alternatives

Dependent variable and
criteria

Adjusted R?
(fixed) /
Generalized
R’ (random)

A B C D E F G

0.78 0.79 0.04 0.80 0.80 0.05 0.08

Root mean

SAIDI square error
(without

major
events)

0.31 0.31 0.31 0.29 0.28 0.26 0.26

Bayesian
Information 1,186.5 1,168.8 1,523.3 1,029.3 784.5 447.7 501.0
Criteria (BIC)

Utility

Fixed Fixed Random Fixed Fixed Random Random
effects:

Degrees of
freedom

Adjusted R?
(fixed) /
Generalized
R’ (random)

1,479 1,463 1,604 1,327 1,260 523 519

0.06 0.09 0.10 0.13 0.12 0.14 0.15

Root mean
SAIDI R 0.80 0.80 0.79 0.73 0.74 0.73 0.73
(with

major
events)

Bayesian
Information 3,018.5 2,942.0 2,998.1 2,200.3 2,131.8 949.4 1,000.1
Criteria (BIC)

Utility

Random Random Random Random Random Random Random
effects:

Degrees of
freedom

SAIFI Adjusted R
(without (fixed) /

major Generalized
events) R’ (random)

1,124 1,091 1,086 820 813 335 331

0.01 0.01 0.02 0.02 0.02 0.03 0.03
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Root mean

0.38 0.38 0.38 0.34 0.33 0.24 0.25
square error

Bayesian
Information
Criteria (BIC)

Utility
effects:

1,926.8 1,923.5 2,000.4 1,531.1 1,355.5 335.5 404.9

Random Random Random Random Random Random Random

Degrees of 1,603 1,586 1,581 1,441 1,368 522 518
freedom

Adjusted R?

(fixed) / 0.49 0.03 0.04 0.09 0.65 0.71 0.71
Generalized

R’ (random)

SAIFI

Root

(with ot mean 0.47 0.45 0.45 0.31 0.31 0.26 0.27
square error

major

events)

Bayesian
Information 1,649.8 1,744.5 1,823.3 823.8 667.0 255.5 317.5

Criteria (BIC)
Utility
effects:

Fixed Random Random Random Fixed Fixed Fixed

Degrees of 1,009 1,001 1,086 820 727 292 288
freedom
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4. Principal Findings

This section describes the principal findings from our analysis. Figure 23 and Figure 24 show results for
the SAIDI and SAIFI regressions, both with and without major events included for Model F.2 Our findings
will refer to the coefficients for the statistically significant explanatory variables listed in the following
figures and in the tables in Technical Appendices B and C.

4.1. What factors are correlated with the annual average duration of power
interruptions (SAIDI)?

If major events are not included (see Figure 23 and Figure 25), we find the following statistically
significant relationships:

e A 5% increase in annual average wind speed—above the long-term (generally, 13-year)
average— is correlated with a 5% increase in SAIDI; yet a 10% increase in annual average wind
speed is correlated with a 2% decrease in SAIDI°

e Independent of these factors, each successive year over the analysis period is correlated with a
slightly greater than 1% increase in the SAIDI

If major events are included (see Figure 24 and Figure 25), we find the following statistically significant
relationships:

e A 10% increase in annual precipitation—above the long-term (generally, 13-year) average—is
correlated with a 10% increase in SAIDI

e A 10% increase in the number of cooling degree-days (i.e., warmer weather)—above the long-
term (generally,13-year) average—is correlated with a 8% decrease in SAIDI

e A5%increase in annual average wind speed—above the long-term (generally, 13-year)
average— is correlated with a 56% increase SAIDI; a 10% increase in annual average wind speed
is correlated with a 75% increase in SAIDI

e A 10% increase in the percentage share of underground line miles is correlated with a 14%
decrease in SAIDI

Independent of the above factors, each successive year over the analysis period is also correlated with a
nearly 10% decrease in SAIDI.

Above average precipitation and wind speed are correlated with longer duration interruptions and
warmer than average temperatures and increased line miles undergrounded are correlated with
shorter duration interruptions, but no other potential factors, except for the time trend, are statistically

8 Comparable and more detailed results for all seven model specifications (pooled OLS, fixed, random) and reliability
metrics (SAIDI and SAIFI—both without and with major events included) are presented in Technical Appendices B and C.
9 We believe that this apparently counterintuitive result is explained by recognizing that utilities categorize higher
average wind speed events (i.e., major storms) into the dataset that includes major events.
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significant in Model F (when major events are included). In view of its potential significance, we will
explore further our finding regarding the time trend in SAIDI with major events included in Section 5.

Model F (base)

-0.2% % Share of underground T&D miles
-0.3% % Number of customers per line mile
-0.5% % Lagged T&D expenditures
.2 0.1% Abnormally dry
% 0.2% Abnormally wet
-0.2%%** I Abnormally windv-squared
- 2.196** Abnormally windy
0.1% Abnormally high # of lightning strikes
| 0.0% Abnormally warm weather
0.1% Abnormally cold weather

- 1.3%* Year
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(1) ***represents coefficients that are significant at the 1% level.
(2) **represents coefficients that are significant at the 5% level.
3) *represents coefficients that are significant at the 10% level.
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4) See exact interpretation for these covariates earlier in this section.
p

Figure 23: Percentage change in SAIDI (without major events) corresponding to a change in the
explanatory variable
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Model F (base)
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(1) ***represents coefficients that are significant at the 1% level.
(2) **represents coefficients that are significant at the 5% level.
(3) *represents coefficients that are significant at the 10% level.
4) See exact interpretation for these covariates earlier in this section.
p

Figure 24: Percentage change in SAIDI (with major events) corresponding to a change in the
explanatory variable
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Figure 25: Above-average wind speed and duration of interruptions (SAIDI)

4.2. What factors are correlated with the annual average frequency of power
interruptions (SAIFI)?

If major events are not included (see Figure 26 and Figure 28), we find the following statistically
significant relationships:

e A 10% increase in the number of customers per line mile is correlated with a 4% decrease in
SAIFI

e A5%increase in annual average wind speed—above the long-term (generally, 13-year)
average— is correlated with a 6% increase in SAIFI; yet a 10% increase in annual average wind
speed is correlated with only a 1% increase in SAIFI

Above average wind and population density are correlated with more frequent interruptions. Eto et al.
(2012) found that the installation of an OMS was correlated with more frequent interruptions, but that
an OMS-related "learning effect" may have reduced the frequency of interruptions over time. In these
results, we find that there was no statistically significant correlation between the installation of OMS (or
years since the installation) and the frequency of interruptions.

If major events are included (see Figure 27 and Figure 28), we find the following statistically significant
relationships:

e 10% increase in annual lightning strikes is correlated with a 2% increase in SAIFI

Assessing Changes in the Reliability of the U.S. Electric Power System |29



e 5% increase in annual average wind speed—above the long-term (generally, 13-year) average—
is correlated with a 14% increase in SAIFI; 10% increase in annual average wind speed is

correlated with a 15% increase in SAIFI

e 10% decrease in average total precipitation—below the long-term (generally, 13-year)
average— is correlated with a 3% increase in SAIFI

Above average wind and lightning and below average precipitation is correlated with more frequent
interruptions, but no other potential factors are statistically significant in this fixed effects model (when

major events are included).

Model F (base)

0.1% Share of underground T&D miles
-0.4%** I Number of customers per line mile
. % .
-2.0% %//% Lagged T&D expenditures
£ 0.1% Abnormally dry
-0.1% ’ Abnormally wet
-0.2%** I Abnormally windy-squared
- 2.3%%* Abnormally windy
0.0% Abnormally high # of lightning strikes
0.0% Abnormally warm weather
-0.1% Abnormally cold weather
% 0.4% Year
-0.3% % Years since OMS installation
% 0.3% Outage management system (OMS)
; 0.2% Electricity delivered

-8% -6% -4% -2% 0% 2% 4% 6% 8% 10% 12% 14%

Notes:

(1)  ***represents coefficients that are significant at the 1% level.

(2) **represents coefficients that are significant at the 5% level.

(3) *represents coefficients that are significant at the 10% level.

(4) See exact interpretation for these covariates earlier in this section.

Figure 26: Percentage change in SAIFI (without major events) corresponding to a change in the
explanatory variable
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(4) See exactinterpretation for these covariates earlier in this section.
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Figure 27: Percentage change in SAIFI (with major events) corresponding to a change in the

explanatory variable
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Figure 28: Above-average wind speed and frequency of interruptions (SAIFI)
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5. Assessment, Discussion, and Caveats

This section discusses factors that should be considered when interpreting our findings. First, we review
the composition of the dataset as compared to the population of U.S. electric utilities so that we can
comment on the segments of the industry represented (and not represented) in our analysis. Second,
we examine in greater detail our findings regarding a time trend in reliability that is not explained by
other factors we considered. Third, we comment on our findings regarding the absence of a statistically
significant correlation between prior year T&D expenditures and reliability. Fourth, we compare our
findings to those developed earlier in Eto et al. (2012). Fifth, we conclude by reviewing caveats and
other considerations affecting interpretation of findings from the current study.

5.1. Discussion of utilities included in this study versus population of
utilities
Strictly speaking, our findings apply only to the utilities whose data we included in our analysis. As
discussed earlier, we collected information from nearly 200 utilities, which taken together represent
approximately 70% of total U.S. electricity sales. A key question is how the utilities that are included in
our study compare to the utilities that are not included in our study. As noted in Section 2.2,
geographically speaking, the utilities included in our study represent a significant portion of total
electricity sales from all regions of the country except the East South Central census region. In this
subsection, we extend this review by examining differences in both the ownership and size of the
utilities included and not included in our analysis.

Figure 29 shows the number of utilities by ownership type that are included in this study. Nearly three-

fourths of the utilities are I0Us with the remainder comprised of a mix of municipals, cooperatives or
other types.’ EIA reports that there are 192
investor-owned, 2,009 municipally owned and 877
cooperative utilities in the United States (EIA

n;;f ';: 2013). Accordingly, the 145 investor-owned
utilities, 30 municipal utilities, and 16
n=30 cooperatives included in our study represent 75%,
16% <1%, and 3%, respectively, of these totals. In other
words, our findings cannot be assumed to apply to
n=145 the 25%, 99%, and 97% of investor-owned,
74% municipally-owned, and cooperative utilities,
IOUs respectively, that were not included in our study.
Coops
Munis

Figure 29: Number and proportion of utilities by
m Other ownership included in this study

10 The “other” category refers to retail power marketers or political subdivisions, as defined by the EIA Form 861.
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Figure 30 shows the mix of small- (< 100,000 customers), medium- (100,001 to 999,999 customers), and
large- (> 1,000,000 customers) sized utilities represented as electricity sales (TWh) that are included
and not included in this study. As shown in this figure, the utilities we included are almost evenly split
between small- and medium-sized utilities (40% and 43%, respectively) and 17% large-sized utilities.
Our sample of 195 utilities contains a disproportionate share of larger utilities—expressed in sales—
compared to the population (17% for this study versus 14% for the entire population of utilities). Figure
30 also shows that we have a smaller number of small-sized utilities in our study compared to the U.S.
total (40% and 45%, respectively).

447 TWh 519 TWh
17% 14%
1,012 1,673
TWh TWh
40% 45%
1,104 It
TWh Uil
43% g
# small utilities (<=100k) # small utilities (<=100k)
# medium utilities # medium utilities
# large utilities (>= 1M) # large utilities (>= 1M)

Figure 30. Represented sales (TWh) and proportion of utilities, by size, included (left) and for total U.S.
(right) in this study

5.2. Are there remaining trends in reliability over time, which we cannot yet
explain?

While the analysis we presented in Section 4 found strong correlations between many annual aspects of
weather and the characteristics of utilities and reliability, we also found an independent, highly
statistically significant correlation between year and SAIDI. The trend is statistically significant both
when the annual average duration of power interruptions includes what utilities categorize as major
events as well as when it excludes these events. Moreover, the trend is much larger when major events
are included, which suggests that increases in either the number or severity of major events over time
has been the principal contributor to the observed trend over time.

In view of the potential significance of this finding and to pave the way toward a more detailed analysis

of this finding in the future, this subsection reviews the robustness of our findings regarding time trends
in reliability both across models and through analysis of more selective sub-samples of the data.
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Figure 31 and Figure 32 show the year coefficients for all seven SAIFI and SAIDI models, respectively,
both without and with major events included. Figure 31 shows that both when major events are and
are not included in SAIFI, the year coefficients are both modest and not highly statistically significant.
Figure 32 shows that when major events are included in SAIDI, the year coefficients are always both
positive and highly statistically significant for all seven models. It also shows that when major events are
not included in SAIDI that the year coefficients, while positive, are both smaller and less statistically
significant.

To summarize, we found:

e essentially no trend in SAIFI, without or with major events included over time

e asmall, but significant positive trend of increasing SAIDI without major events included over
time

e alarger and significant positive trend of increasing SAIDI with major events included over time

10% -+
SAIFI (without major events)
B SAIFT (with major events)
*** represents coefficients that are significant at the 1% level
** represents coefficients that are significant at the 5% level
= 8% - * represents coefficients that are significant at the 10% level
5 n represents the number of utilities modeled
o
=
[«5]
S
(@)
S 6% -
Y
@
bt
(&)
=
S 4% -
(<5}
=}
o
bt
-
S 1.8%*
c 2% - n=114 Ry Ok
< 1.3% 1.3% 1.2% 1.1%
n=111 .99, N=111 =46 =70
0.7% - 0.6% n=46
0.5% _ n=145 070 0.5% 0.5% (49 0.4%
- n=145 ~ 0.2% n=89 - ~ 4% 4%
n=146 & \ .£70 n=130 n=89 n=63 n=63
\ \ n=136
0% - T k T k
A B C D E F (base) G

Model Specification

Figure 31: Annual increase in frequency of interruptions: all models considered
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Figure 32: Annual increase in duration of interruptions: all models considered

We next evaluated sub-samples of utility data used in our analysis to further evaluate the robustness of
this finding. Specifically, we sought to determine the extent to which changes in the composition of
utilities involved in regression models might have an influence on our findings. For example, if our
unbalanced panel included a number of utilities with: (a) less than 13 years of observations; (b)
observations that were predominantly in later years (compared to utilities with complete datasets
spanning all 13 years); and (c) higher SAIDI values on average compared to other utilities in the full
dataset, then an increasing trend in SAIDI might be due solely to inclusion of these utilities in the
analysis. Similarly, since the number of utilities included in the SAIDI regressions without and with
major events differ, it is possible that differences between in the value of year coefficients might be due
solely to the fact that different groups of utilities were included in each regression.

We examined the first possibility by restricting the regression analysis to only include utilities for which
we had all 13 years of SAIDI data. We call this dataset the “partially restricted panel.” We examined the
second possibility by further restricting the regression analysis to the subset of these utilities which had
both SAIDI without and with major events included. We call this dataset the “fully restricted panel.” We
conducted these analyses for both Models E and F because Model E allowed us to include more utilities
in each dataset. We compare the resulting year coefficient to those from our original analysis, called

|”

the “unrestricted pane
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Table 9 shows that for both Models E and F, the year coefficient for SAIDI with major events is both
consistently positive and statistically significant for all three panels. Similarly, the year coefficients for
SAIDI without major events are also consistently positive but smaller and less statistically significant for
all three panels. Technical Appendix D contains the full results from this analysis.

We conclude that SAIDI with major events is increasing over time in a manner not captured by the
explanatory variables we have considered to date and that this finding is not influenced by restrictions
we have placed on the utilities to take into account some of the potential inherent biases in the
underlying data we analyzed.

Table 9: Fully restricted, partially restricted, and unrestricted panel regression results for annual
trend (YEAR variable) for model F and model E

Model F Model E
Partiall Full Partiall Full
e . Unrestricted art.la v u' v Unrestricted art.la v u. v
Reliability metric restricted restricted restricted restricted
panel panel
panel panel panel panel
SAIDI annual trend—
) . 9.59%*** 9.8%*** 9.30%6%** 5.5%%** 4.8%** 3.9%*
with major events
AlIDI | -
SAIDI annual trend 1.3%* 1.9%* 1.9%* 0.6% 1.0%** 0.9%

without major events

Notes:

(1) ***represents coefficients that are significant at the 1% level.
(2) **represents coefficients that are significant at the 5% level.

(3) *represents coefficients that are significant at the 10% level.

5.3. Discussion of findings for utility T&D spending

Our a priori expectation was that increased T&D spending in the previous year would be correlated (and
statistically significant) with improvements in reliability in the following year. The regression output
tables in Appendix D show that the coefficients on lagged T&D spending per customer were negative
for 10 of the 12 regressions, which suggests that reliability improvements are negatively correlated with
increased T&D spending in the previous year—of course, these results were generally not significant at
the 90" percentile or above. We were surprised to find that T&D spending was not significantly
correlated with interruption frequency or duration in Model F.*!

Furthermore, we observed counter-intuitive results within the Model F regressions. For example, the
coefficient for lagged T&D spending SAIDI models had a negative and positive sign when major events
were and were not included, respectively. Although none of these coefficients were statistically
significant, the Model F suggests that increased spending may be correlated with less frequent and
shorter duration interruptions if major events are not included. If major events are included, increased

11 It is important to note that the pooled SAIDI and SAIFI regressions (i.e., no fixed or random effects included) did find
statistically significant correlations for lagged T&D spending.
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spending may be correlated with less frequent and shorter interruptions. Consequently, we re-ran the
models to confirm if these counter-intuitive findings persisted under alternative approaches for
expressing lagged T&D spending (e.g., spending per line mile; spending per MWh delivered; spending
per customer; spending from previous two years; distribution-only spending; transmission-only
spending; % deviation in annual spending compared to 13-year average, etc.). We found that some of
these alternatively formulated spending variables became statistically significant, but many still showed
a mix of both positive and negative signs depending on the reliability metric (SAIDI or SAIFI) and
whether or not major events were included.

Unfortunately, FERC Form 1 filings do not contain more detailed breakdowns on annual utility spending
related to T&D. We suspect that reliability is affected differently depending on whether utilities spend
relatively more on preventative maintenance when compared to reactive maintenance. The presence
of “competing” effects within the utility spending data may be influencing the results and leading to the
counter-intuitive findings. For example, a proactive utility may anticipate future reliability problems and
then justify investing a large amount of capital now to reduce the likelihood of a future interruption. In
this case, the utility would have higher (lagged) T&D spending and a relatively lower SAIDI and/or SAIFI.
Alternatively, a reactive electric utility simply spends more on operations and maintenance as reliability
problems arise. In this case, the utility would have higher (current year, not lagged) T&D spending and a
relatively higher SAIDI and/or SAIFI. However, it is certainly possible that proactively investing in a new
line may increase future utility exposure while not necessarily improving existing system reliability. In
summary, it is possible that competing proactive versus reactive utility spending strategies could
explain the aforementioned inconsistencies in the signs and poor statistical significance of our findings
with respect to lagged T&D spending.

5.4. Comparison to previous findings

Eto et al. (2012) found that reliability, as measured by all four indices (SAIDI and SAIFI both without and
with major events included) was getting worse over time and that the correlations were highly
statistically significant. The study also found very limited and generally not highly statistically significant
correlations with the weather- and utility-specific factors it considered.

The current study finds that only the correlations for the annual average duration of power
interruptions with major events included is highly statistically significant with the time-trend variable.
Moreover, the current study, in contrast to Eto et al. (2012), also finds several statistically significant
correlations between reliability and a number of weather and utility-specific factors.

Table 10 summarizes the difference in the findings for the time-trend coefficients between the Eto et al.
(2012) study and the current study.
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Table 10: Comparison of annual trend in reliability metrics (% per year)

Reliability metric: Eto et al. (2012) Model F Model E
SAIDI (with major events) 2.6%*** 9.5%*** 5.5%***
SAIDI (without major events) 6.5%*** 1.3%* 0.6%
SAIFI (with major events) 2.1%*** 1.2% 0.5%
SAIFI (without major events) 3.3%*** 0.4% 0.5%
Notes:

(1) ***represents coefficients that are significant at the 1% level.
2) **represents coefficients that are significant at the 5% level.
p g
(3) *represents coefficients that are significant at the 10% level.

5.5. Additional caveats when interpreting the study findings

There are a number of final caveats that should be considered when evaluating the results of our study.
We summarize them briefly, as follows:

First, we have found that the regression results differ significantly depending on whether major events
are included in SAIFI and SAIDI. While there are industry standards for defining major events (see, for
example, IEEE 2012), utilities sometimes use other criteria to define them (Eto and LaCommare 2008;
Eto et al. 2012). Reliability reported with inconsistent major event definitions may bias the results. The
effects models (random or fixed) which were used in this study were implemented to mitigate the
effect of these types of utility-by-utility differences. However, we cannot state conclusively that these
inconsistencies have been fully mitigated.

Second, there is also the possibility of selection bias affecting this analysis (Heckman 1979). As we
discussed in Section 5.1, our sample of 195 utilities contains a disproportionate share of larger
utilities—expressed in sales—compared to the population (17% for this study versus 14% for the entire
population of utilities). Under-represented smaller utilities, which may include cooperatives and
municipals, could have fundamentally different reliability than the sample of 195 utilities evaluated in
this study. Many of these under-represented utilities do not collect and/or publish reliability
performance metrics. For this reason, it is not appropriate to extend our findings to the entire
population of U.S. electric utilities unless these potential sources of bias have been taken into account.

Third, although we believe that this econometric analysis is a significant improvement over the model
originally specified in Eto et al. (2012), there are still areas for improvement. A number of the
regressors used in this model are simple proxies for the inconsistently reported causes of reliability
events. There is also evidence of collinearity between the linear and non-linear weather terms—and,
more generally, with the entire suite of weather variables. Multi-collinearity does not create bias, but it
can lead to inflated standard errors and p-values (e.g., see Greene 2000 and Wooldridge 2002).

Fourth, there are other unobservable or intangible factors, which could significantly affect utility
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reliability. One example of an intangible factor might include the effect of “culture” for a utility (PA
Consulting 2014) on reliability. It has been shown that some utilities take a “splintered approach” to
addressing reliability problems, which can lead to inefficient use of company resources (APPA 2014).
Another example of an unobservable factor is the share of utility customers who have installed smart
grid technologies. These technologies could improve reliability, but penetration rates of smart grid
technologies are not currently reported for a significant number of utilities.
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6. Next Steps and Conclusion

While we believe this analysis is the most comprehensive study of this topic that has ever been
performed, there are a number of areas where we believe improvements should be considered in
future analyses of U.S. electricity reliability.

First, it is important to continue to explore the relationship between reactive and proactive T&D
spending and reliability. Also, the relationship between reliability and the long-run deployment of other
“smart” technologies should be explored further as new information becomes available.

Second, there may be more appropriate annual weather parameters available to more accurately
capture the impact of major events (e.g., number of days per year with wind speeds greater than 35
mph, significant drought years followed by abnormally wet years).

Third, in addition to collecting more information from non-I0Us, it might be possible to address small
utility selection bias using an approach similar to what was first proposed by Heckman (1979).

The reliability of the electric power system is determined by how it is operated in the face of the
reliability-threatening events to which it is subjected. Some of these factors can be managed, at least to
a degree, by planning and preparing for routine events that the electric power system is expected to
withstand. Others events are less manageable, including infrequent, yet catastrophic storms, which
stress the electric power system beyond expectations. This study has sought to assess the relative
contributions of, on the one hand, planning and operations and, on the other hand, the frequency and
intensity of reliability-threatening events on the measured reliability performance of a large cross-
section of U.S. electricity distribution companies over the past 13 years. In doing so, we hope that our
findings will help to inform future public and private decisions that will influence the future reliability of
the U.S. electric power system.
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Appendix A. IEEE definition and calculation of Major Event Days

To make year-to-year comparisons of reliability performance more meaningful, utilities and their
regulators have developed methods for segregating reliability performance using a concept known as
“major event days.” The Institute of Electrical and Electronics Engineers (IEEE) defines them as follows:

“A major event day is a day in which the daily System Average Interruption Duration Index (SAIDI)
exceeds a Major Event Day threshold value [called TMED]. For the purposes of calculating daily
system SAIDI, any interruption that spans multiple calendar days is accrued to the day on which the
interruption began. Statistically, days having a daily system SAIDI greater than TMED are days on
which the energy delivery system experienced stresses beyond that normally expected (such as
during severe weather). Activities that occur on Major Event Days should be separately analyzed and
reported.” (IEEE Power Engineering Society 2012)

IEEE Std. 1366 uses the previous five years of a utility’s daily SAIDI data in order to establish a threshold
value for daily SAIDI values recorded in the current year. The equation for the threshold value, known
as Tmed, is as follows:

Tmed = e(@+2:58)

Where for each utility:
a is the log-normal average of the previous five years of daily SAIDI
B is the log-normal standard deviation of the previous five years of daily SAIDI

Application of the method involves first calculating Tmed for the current year (based on daily SAIDI
values for the prior five years) and then comparing the daily SAIDI to this value. If daily SAIDI exceeds
Tmed, that day is identified as an MED. Having partitioned some of the daily SAIDI values in this
manner, the remaining daily SAIDI values are summed to an annual SAIDI without major events. Utilities
sometimes report two annual SAIDI values: one without major events and one with major events.
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Appendix B. Base model robustness tests

Table B - 1: Alternative specifications for SAIDI (without major events) regressions

Model specification:

Intercept

Electricity delivered (MWh per customer)

Heating degree-days (#)

Cooling degree-days (#)

Outage management system?

Years since outage management system installation
Year

Abnormally cold weather (% above average HDDs)

Abnormally warm weather (% above average CDDs)

Abnormally high # of lightning strikes (% above average
strikes)

Abnormally windy (% above average wind speed)
Abnormally wet (% above average total precipitation)
Abnormally dry (% below average total precipitation)
Abnormally cold weather squared

Abnormally warm weather squared

Model 1-A

-8.732
(7.915)

0.02***

(0.006)
0
(0)

0
(0)

0.092***

(0.03)
-0.002
(0.005)
0.007*
(0.004)

Model 1-B

-5.959
(8.037)

0.021%**
(0.006)

0.094%**
(0.029)

0
(0.005)
0.005
(0.004)
0
(0.001)
0
(0.001)
0.001%**
(0)
0.004
(0.004)
0.002*
(0.001)

0.001
(0.001)

Model 1-C

-10.571
(7.766)

0.007***
(0.003)

0.086***
(0.029)

-0.004
(0.005)
0.008*
(0.004)
-0.002
(0.002)
0.002
(0.002)
0.001**
(0)
0.024%**
(0.007)
0
(0.002)

0.006%**
(0.002)

Model 1-D

-2.895
(8.398)

0.022%**
(0.006)

0.11%**
(0.031)
0.004
(0.005)
0.004
(0.004)
-0.003
(0.002)
0.001
(0.001)
0.001***
(0)
0.025%**
(0.007)
0
(0.002)
0.006***
(0.002)
0*
(0)
0
(0)

Model 1-E

-7.011
(8.218)

0.024%**
(0.006)

0.108***
(0.031)

0.003
(0.005)
0.006
(0.004)
0
(0.001)
0
(0.001)
0.001%**
(0)
0.023%**
(0.007)
0.002**
(0.001)

0.001
(0.001)

Model 1-F

-21.218
(13.53)

0.002
(0.002)

0.037
(0.049)
-0.007
(0.009)
0.013*
(0.007)

0.001
(0.001)

0
(0.001)
0.001
(0)
0.021**
(0.009)
0.002
(0.002)
0.001
(0.002)

Model 1-G

-19.689
(13.167)

0.002
(0.002)

0.037
(0.049)

-0.006
(0.008)
0.012*
(0.007)

-0.003
(0.003)
0.004
(0.004)
0.001**
(0)

0.021**

(0.009)
-0.006
(0.004)

0.004
(0.004)
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Model specification: Model 1-A Model1-B  Model1-C  Model1-D Model 1-E = Model 1-F  Model 1-G

Abnormally windv sauared -0.002*** -0.002*** -0.002** -0.002** -0.002**
Yy windy sq (0.001) (0.001) (0.001) (0.001) (0.001)
0 0 0
Abnormally wet squared
ywersd (0) (0) (0)
0% * 0** 0
Abnormally dry squared
y dry sq (0) (0) (0)
-0.012 -0.01 -0.005 -0.006
L. D i 2012
agged T&D expenditures ($2012 per customer) (0.051) (0.051) (0.026) (0.026)
Number of customers per line mile 0 ~0.003 ~0.004
P 0) (0.003) (0.003)
. . -0.002 -0.003
Share of underground T&D miles to total T&D miles (0.004) (0.004)
Degrees of freedom: 1,479 1,463 1,604 1,327 1,260 523 519
Number of utilities: 148 147 147 138 132 63 63
Adjusted R’ (fixed) / Generalized R? (random) 0.78 0.79 0.04 0.80 0.80 0.05 0.08
Akaike Information Criteria (AIC) 1,181.2 1,163.5 1,517.4 1,024.1 779.4 443.4 496.7
Bayesian Information Criteria (BIC) 1,186.5 1,168.8 1,523.3 1,029.3 784.5 447.7 501.0
Utility effects: Fixed Fixed Random Fixed Fixed Random Random
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Table B - 2: Alternative specifications for SAIDI (with major events) regressions

Model specification:

Intercept

Electricity delivered (MWh per customer)

Heating degree-days (#)

Cooling degree-days (#)

Outage management system?

Years since outage management system installation
Year

Abnormally cold weather (% above average HDDs)

Abnormally warm weather (% above average CDDs)

Abnormally high # of lightning strikes (% above average
strikes)

Abnormally windy (% above average wind speed)
Abnormally wet (% above average total precipitation)
Abnormally dry (% below average total precipitation)
Abnormally cold weather squared

Abnormally warm weather squared

Model 2-A

-50.288**
(21.095)

0
(0.004)
0***
(0)

O* k%
(0)
0.295%**
(0.089)
0.019
(0.015)
0.028***
(0.011)

Model 2-B

-71.301%**
(23.166)

0.012
(0.009)

0.292%**
(0.089)
0.02
(0.015)

0.038***
(0.012)
-0.006**
(0.003)
-0.002
(0.002)
0.001*
(0.001)
0.03%**
(0.01)
0.006***
(0.002)
0.001
(0.002)

Model 2-C

-72.831%*x
(23.65)

0.011
(0.009)

0.289%**
(0.089)
0.025*
(0.015)
0.039%**

(0.012)
-0.009
(0.007)
0.002
(0.005)
0.001
(0.001)
0.103***
(0.022)
0.018***
(0.004)
-0.006
(0.006)

Model 2-D

-87.303%**
(29.505)

0.004
(0.01)

0.21%*
(0.09)
0.014

(0.017)

0.046***

(0.015)

-0.004
(0.008)
0.004
(0.005)
0.002%**
(0.001)
0.079***
(0.021)
0.019%**
(0.005)
-0.001
(0.006)
0
(0)
0*
(0)

Model 2-E

105.128***

(29.124)
0.007
(0.012)

0.196**
(0.09)
0.013

(0.017)
0.055%**
(0.015)
-0.004
(0.003)
-0.003
(0.002)
0.003***
(0.001)
0.081***
(0.021)
0.007***
(0.003)
0.002
(0.003)

Model 2-F

185.236***

(49.627)
0.004
(0.015)

0.128
(0.136)
-0.02
(0.025)
0.095***
(0.025)
0.004
(0.013)
-0.008*
(0.004)
0.001
(0.002)
0.121%**
(0.031)
0.01*
(0.005)
0.001
(0.005)

Model 2-G

-180.85%**
(49.934)

0.003
(0.015)

0.143
(0.136)

-0.023
(0.025)
0.093***
(0.025)
-0.036

(0.028)
-0.006
(0.01)
0.001
(0.002)
0.118***
(0.031)
0.016*
(0.009)
-0.007
(0.012)
0.004
(0.003)
0
(0)



Model specification: Model 2-A° Model2-B  Model 2-C  Model 2-D Model 2-E  Model 2-F  Model 2-G

Abnormally windy squared -0.007*** -0.005*** -0.006*** -0.007*** -0.006***
y windy sq (0.002) (0.002) (0.002) (0.002) (0.002)
Abnormally wet squared
ywersd (0) (0) (0)
0 0 0
Abnormally dry squared
yansa (0) (0) (0)
. -0.004 0.002 0 -0.005
Lagged T&D expenditures ($2012 per customer) (0.047) (0.046) (0.07) (0.073)
Number of customers per line mile 0 0.006 0.006
P 0) (0.007) (0.007)
. . -0.014** -0.014**
Share of underground T&D miles to total T&D miles (0.007) (0.007)
Degrees of freedom: 1,124 1,091 1,086 820 813 335 331
Number of utilities: 115 112 112 90 89 46 46
Adjusted R’ (fixed) / Generalized R? (random) 0.06 0.09 0.10 0.13 0.12 0.14 0.15
Akaike Information Criteria (AIC) 3,013.0 2,936.5 2,992.7 2,195.3 2,126.8 945.8 996/5
Bayesian Information Criteria (BIC) 3,018.5 2.942.0 2,998.1 2,200.3 2,131.8 949.4 1,000.1
Utility effects: Random Random Random Random Random Random Random

Assessing Changes in the Reliability of the U.S. Electric Power System |49



Table B - 3: Alternative specifications for SAIFI (without major events) regressions

Model specification:

Intercept

Electricity delivered (MWh per customer)

Heating degree-days (#)

Cooling degree-days (#)

Outage management system?

Years since outage management system installation
Year

Abnormally cold weather (% above average HDDs)

Abnormally warm weather (% above average CDDs)

Abnormally high # of lightning strikes (% above average
strikes)

Abnormally windy (% above average wind speed)
Abnormally wet (% above average total precipitation)
Abnormally dry (% below average total precipitation)
Abnormally cold weather squared

Abnormally warm weather squared

Abnormally windy squared

Model 3-A Model 3-B

-10.03

(10.796)
0.004%**

(0.002)
0
(0)

0
(0)
-0.038
(0.039)
0.002
(0.007)

0.005
(0.005)

-13.409

(10.247)

0.005***
(0.001)

-0.037
(0.039)
0.004
(0.007)

0.007
(0.005)

0
(0.001)
0
(0.001)
0
(0)
0.005
(0.004)
0
(0.001)
0.002*
(0.001)

Model 3-C

-17.161
(10.703)
0.005***

(0.001)

-0.04
(0.039)
0.004
(0.007)

0.009
(0.005)

0
(0.003)
-0.001
(0.002)

0

(0)
0.025%**
(0.009)

0

(0.002)

0.005*
(0.002)

0
(0)
0
(0)
-0.002%**
(0.001)

Model 3-D

-4.403
(9.217)

0.005***
(0.001)

-0.03
(0.041)
0.012*
(0.006)
0.002
(0.005)
-0.002
(0.003)
0.001
(0.002)
0
(0)
0.03%**
(0.008)
0
(0.002)
0.005*
(0.002)
0
(0)
0
(0)
-0.003%**
(0.001)

Model 3-E

-10.661
(9.543)

0.003***

(0.001)

-0.043
(0.041)

0.01*
(0.006)

0.005
(0.005)

-0.001
(0.001)
0
(0.001)
0.001
(0)
0.03%**
(0.009)
0
(0.001)

0.001
(0.001)

-0.002%**
(0.001)

Model 3-F

-8.622
(15.225)
0.002
(0.002)

0.003
(0.038)
-0.003
(0.006)

0.004

(0.008)
-0.001
(0.001)

0
(0.001)
0
(0.001)

0.023**
(0.011)
-0.001
(0.001)

0.001
(0.001)

-0.002**
(0.001)

Model 3-G

-8.573
(15.276)

0.002
(0.002)

0.003
(0.038)
-0.004
(0.006)

0.004
(0.008)

-0.003

(0.002)

0
(0.003)
0
(0.001)
0.023**
(0.011)
-0.001
(0.003)
0
(0.002)
0
(0)
0
(0)
-0.002**
(0.001)



Model specification: Model3-A Model3-B  Model3-C Model3-D Model3-E Model3-F Model 3-G

0 0 0
Abnormally wet squared
ywersa (0 (0) (0)
0 0 0
Abnormally dry squared
y dry sq (0) (0) (0)
. 0.04 0.036 -0.02 -0.022
Lagged T&D expenditures ($2012 per customer) (0.031) (0.031) (0.021) (0.022)
Number of customers per line mile 0 -0.0047 -0.005%*
P 0) (0.002) (0.002)
. . 0.001 0.001
Share of underground T&D miles to total T&D miles (0.002) (0.002)
Degrees of freedom: 1,603 1,586 1,581 1,441 1,368 522 518
Number of utilities: 146 145 145 136 130 63 63
Adjusted R’ (fixed) / Generalized R* (random) 0.01 0.01 0.02 0.02 0.02 0.03 0.03
Akaike Information Criteria (AIC) 1,920.8 1,917.6 1,994.4 1,525.3 1,349.7 331.3 400.7
Bayesian Information Criteria (BIC) 1,926.8 1,923.5 2,000.4 1,531.1 1,355.5 335.5 404.9
Utility effects: Random Random Random Random Random Random Random
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Table B - 4: Alternative specifications for SAIFI (with major events) regressions

Model specification:

Intercept

Electricity delivered (MWh per customer)

Heating degree-days (#)

Cooling degree-days (#)

Outage management system?

Years since outage management system installation
Year

Abnormally cold weather (% above average HDDs)

Abnormally warm weather (% above average CDDs)

Abnormally high # of lightning strikes (% above average
strikes)

Abnormally windy (% above average wind speed)
Abnormally wet (% above average total precipitation)
Abnormally dry (% below average total precipitation)
Abnormally cold weather squared

Abnormally warm weather squared

Abnormally windy squared

Model 4-A

-35.713*
(21.044)

0.021***
(0.007)
0
(0)

0
(0)
0.075
(0.047)
-0.004
(0.01)

0.018*
(0.011)

Model 4-B

-26.117*
(15.415)
0.005
(0.003)

0.074*
(0.039)
-0.005
(0.008)
0.013*
(0.008)
0
(0.002)
0
(0.001)
0.001**
(0.001)
0.005
(0.006)
0.002*
(0.001)

0.003*
(0.002)

Model 4-C

-25.86
(15.734)

0.004
(0.003)

0.075*
(0.039)

-0.005
(0.008)

0.013*
(0.008)

0.004
(0.004)

0.002
(0.003)

0.001%**
(0.001)

0.007
(0.013)

0.003
(0.002)

0.007**
(0.003)

(0.001)

Model 4-D

-12.806
(12.185)

0.004
(0.003)

0.102**
(0.041)
0.005
(0.007)
0.006
(0.006)
0.002
(0.003)
0.003
(0.002)
0.001***
(0)
0.033%**
(0.01)
0.005**
(0.002)
0.004
(0.003)
0
(0)
0
(0)
-0.002%**
(0.001)

Model 4-E

-9.913
(14.793)

0.021%**
(0.008)

0.121%**
(0.046)
0.012
(0.009)

0.005
(0.007)
-0.001
(0.001)
-0.001
(0.001)

0.002%**

(0)

0.032%**

(0.01)

0.003***

(0.001)

0.002
(0.001)

-0.003%**
(0.001)

Model 4-F

-23.488
(20.295)

-0.005
(0.011)

-0.02
(0.051)
0
(0.012)

0.012
(0.01)
0.002

(0.005)
0
(0.001)
0.002**
(0.001)
0.04%**
(0.012)
0.002
(0.001)

0.003*
(0.002)

-0.003%**
(0.001)

Model 4-G

-21.692
(20.263)

-0.006
(0.011)

-0.015
(0.05)
0.001

(0.012)

0.011
(0.01)
-0.005
(0.012)
0.001
(0.003)
0.001**
(0.001)
0.04%**
(0.012)
0.003
(0.003)
0.004
(0.004)
0.001
(0.001)
0
(0)
-0.003***
(0.001)



Model specification: Model 4-A Model4-B  Model 4-C Model4-D Model4-E  Model4-F  Model 4-G
0 0 0
Abnormally wet squared
ywersa (0) (0) (0)
0 0 0
Abnormally dry squared
yansa (0) (0) (0)
. 0.028 -0.01 -0.069 -0.071
Lagged T&D expenditures ($2012 per customer) (0.045) (0.119) (0.184) (0.188)
Number of customers per line mile 0 0.008 0.008
P (0) (0.005) (0.005)
. . -0.001 0
Share of underground T&D miles to total T&D miles (0.004) (0.004)
Degrees of freedom: 1,009 1,091 1,086 820 727 292 288
Number of utilities: 114 111 111 89 89 46 46
Adjusted R’ (fixed) / Generalized R? (random) 0.49 0.03 0.04 0.09 0.65 0.71 0.71
Akaike Information Criteria (AIC) 1,644.8 1,739.1 1,817.9 818.9 662.4 251.8 313.8
Bayesian Information Criteria (BIC) 1,649.8 1,744.5 1,823.3 823.8 667.0 255.5 317.5
Fixed Random Random Random Fixed Fixed Fixed

Utility effects:
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Appendix C. Full regression results for Model F

Table C - 1: Results for SAIDI regressions

Log of SAIDI (without major events) Log of SAIDI (with major events)
Explanatory variables: Pooled Fixed Random Pooled Fixed Random
Effects Effects Effects Effects
Intercept 5.617 -14.062 -21.218 -169.108*** -165.597** -185.236***
P (15.84) (14.736) (13.53) (40.624) (64.648) (49.627)
. . . -0.001* 0.018* 0.002 0.002 -0.019 0.004
Electricity delivered (MWh per customer) (0.001) (0.01) (0.002) (0.008) (0.045) (0.015)
-0.001 0 0.001 0.004 0.008 0.004
Abnormally cold weather (% above average HDDs) (0.001) (0.001) (0.001) (0.015) (0.013) (0.013)
0.002 -0.001 0 -0.006 -0.007 -0.008*
Abnormally warm weather (% above average CDDs) (0.002) (0.001) (0.001) (0.005) (0.005) (0.004)
Abnormally high # of lightning strikes (% above average strikes) (3881) (8881) 0'(%())1 (gggi) (gggg) (888%)
. . 0.015 0.019* 0.021** 0.11%** 0.122%** 0.121***
Abnormally windy (% above average wind speed) (0.015) (0.01) (0.009) (0.034) (0.033) (0.031)
Abnormally windv sauared 0 -0.002** -0.002** -0.005** -0.007*** -0.007***
Yy wincy sq (0.001) (0.001) (0.001) (0.002) (0.002) (0.002)
= k% *
Abnormally wet (% above average total precipitation) (88831) (888;) (8882) (8832) (0000105) (8'8(1)5)
s 0.004* 0.001 0.001 0.004 0 0.001
Abnormally dry (% below average total precipitation) (0.002) (0.002) (0.002) (0.005) (0.006) (0.005)
Outage management svstem? -0.001 0.033 0.037 0.233* 0.112 0.128
8 8 ystems (0.066) (0.05) (0.049) (0.137) (0.15) (0.136)
Years since outage management system installation ~0.004 0.002 ~0.007 -0.034* “0.011 "0.02
(0.009) (0.01) (0.009) (0.02) (0.036) (0.025)
Year 0 0.009 0.013* 0.087*** 0.085*** 0.095***
(0.008) (0.007) (0.007) (0.02) (0.032) (0.025)
. -0.084** -0.017 -0.005 -0.05 -0.347 0
Lagged T&D expenditures ($2012 per customer) (0.035) (0.035) (0.026) (0.038) (0.538) (0.07)
Number of customers ber line mile -0.009*** 0.002 -0.003 -0.003 0.033* 0.006
P (0.001) (0.004) (0.003) (0.004) (0.017) (0.007)
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Log of SAIDI (without major events) Log of SAIDI (with major events)

Explanatory variables: Fixed Random Fixed Random
Pooled Pooled
Effects Effects Effects Effects
. . -0.005*** 0.002 -0.002 -0.015*** -0.006 -0.014**
Share of underground T&D miles to total T&D miles (0.002) (0.005) (0.004) (0.003) (0.012) (0.007)
Degrees of freedom: 523 461 523 335 290 335
Number of utilities: 63 63 63 46 46 46
Adjusted R’ (fixed) / Generalized R (random) 0.18 0.75 0.05 0.16 0.44 0.14
Root mean square error 0.46 0.27 0.27 0.86 0.75 0.73
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Figure C - 1: SAIDI base model fit diagnostics (without major events included)
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Figure C - 2: SAIDI base model fit diagnostics (with major events included)
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Table C - 2: Results for SAIFI regressions

Explanatory variables:

Intercept

Electricity delivered (MWh per customer)

Abnormally cold weather (% above average HDDs)
Abnormally warm weather (% above average CDDs)
Abnormally high # of lightning strikes (% above average strikes)
Abnormally windy (% above average wind speed)
Abnormally windy squared

Abnormally wet (% above average total precipitation)
Abnormally dry (% below average total precipitation)
Outage management system?

Years since outage management system installation
Year

Lagged T&D expenditures ($2012 per customer)
Number of customers per line mile

Share of underground T&D miles to total T&D miles

Degrees of freedom:

Number of utilities:

Adjusted R’ (fixed) / Generalized R’ (random)
Root mean square error

Log of SAIFI (without major events)

Pooled

-4.635
(18.676)
0.001*
(0.001)
0.001
(0.002)
-0.003
(0.002)
0
(0.001)
0.012
(0.016)
-0.001
(0.001)
-0.002
(0.002)
0.001
(0.002)
-0.072
(0.053)
-0.009
(0.007)
0.003
(0.009)
-0.08***
(0.021)
-0.007***
(0.001)

-0.002
(0.001)

522
63
0.15
0.43

Fixed
Effects
0.509
(18.277)
0.003
(0.007)
-0.001
(0.001)
0
(0.001)
0
(0.001)
0.023**
(0.011)
-0.002***
(0.001)
-0.001
(0.001)
0.001
(0.001)
0.011
(0.039)
0.003
(0.008)
0
(0.009)
0.027
(0.035)
0.001
(0.003)

0.005
(0.003)

460
63
0.76
0.24

Random
Effects
-8.622
(15.225)
0.002
(0.002)
-0.001
(0.001)
0
(0.001)
0
(0.001)
0.023**
(0.011)
-0.002**
(0.001)
-0.001
(0.001)
0.001
(0.001)
0.003
(0.038)
-0.003
(0.006)
0.004
(0.008)
-0.02
(0.021)
-0.004**
(0.002)

0.001
(0.002)

522
63
0.03
0.24

Log of SAIFI (with major events)

Pooled

-57.398***
(16.256)
0
(0.002)
-0.001
(0.007)
-0.002
(0.002)
0.002**
(0.001)
0.025
(0.016)
0
(0.001)
0.001
(0.002)
0.003
(0.002)
0.017
(0.066)
-0.022**
(0.009)
0.029%***
(0.008)
-0.06%**
(0.022)
-0.004**
(0.002)

-0.01%**
(0.002)

337
46
0.25
0.40

Fixed
Effects
-23.488
(20.295)

-0.005
(0.011)

0.002
(0.005)

0

(0.001)
0.002**
(0.001)
0.04%**
(0.012)

-0.003***

(0.001)
0.002
(0.001)
0.003*
(0.002)
-0.02
(0.051)
0
(0.012)
0.012
(0.01)
-0.069
(0.184)
0.008
(0.005)

-0.001
(0.004)

292
46
0.71
0.26

Random
Effects
-39.159%**
(16.705)
0.002
(0.004)
0.001
(0.005)
0
(0.001)
0.001**
(0.001)
0.04***
(0.012)
-0.002%**
(0.001)
0.002
(0.001)
0.003*
(0.002)
-0.028
(0.05)
-0.006
(0.009)
0.02**
(0.008)
-0.026
(0.049)
0
(0.004)

-0.006*
(0.003)

337
46
0.11
0.26
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Figure C - 3: SAIFI base model fit diagnostics (without major events included)
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Appendix D. Differences between utilities that have consistently
reported reliability information and those that have not

This appendix evaluates the robustness of eight sets of model results (i.e., Models E and F multiplied by
four reliability metrics) by comparing consistency of results between (1) an unrestricted panel data set;
(2) a partially restricted panel data set; and (3) a fully restricted panel data set.

For the purposes of this analysis, the unrestricted panel data set includes utilities which have at least
two years of coverage for all of the independent regressors and the reliability performance metrics.

Alternatively, the partially restricted panel data set only contains information for utilities who reported
all 13 years of reliability data and at least two years of coverage for all of the independent regressors.

The fully restricted panel data set only contains information for utilities who reported all 13 years of
reliability data and at least two years of coverage for all of the independent regressors. In addition, the
fully restricted data set is limited to only those utilities which reported SAIDI (SAIFI) with and without
major events included.

The intent of this analysis is to evaluate whether electric utility reliability performance—when major
events are included—continues to decline regardless of whether utilities reported the full 13 years of
reliability metrics (2000-2012) or an incomplete range of reliability information (e.g., no more than two
years of missing reliability metrics, did not report reliability both with and without major events). Tables
D.1 through D.4 compares the panel regression results under these three cases for SAIDI and SAIFI,
respectively.
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Table D - 1: Fully restricted, partially restricted and unrestricted panel data regression results (SAIDI; without major events)

Regression:

Intercept

Electricity delivered (MWh per customer)

Abnormally cold weather (% above average HDDs)

Abnormally warm weather (% above average CDDs)

Abnormally high # of lightning strikes (% above average
strikes)

Abnormally windy (% above average wind speed)

Abnormally windy squared

Abnormally wet (% above average total precipitation)

Abnormally dry (% below average total precipitation)

Outage management system?

Years since outage management system installation

Year

Lagged T&D expenditures ($2012 per customer)

Number of customers per line mile

Share of underground T&D miles to total T&D miles

Degrees of freedom:

Unrestricted panel

Model E

-7.011
(8.218)
0.024***
(0.006)
0
(0.001)
0
(0.001)
0.001***
(0)
0.023***
(0.007)
-0.002**
(0.001)
0.002**
(0.001)
0.001
(0.001)
0.108***
(0.031)
0.003
(0.005)
0.006
(0.004)
-0.01
(0.051)
0
(0)

1,260

Model F

-21.218
(13.53)
0.002
(0.002)
0.001
(0.001)
0
(0.001)
0.001
(0)
0.021**
(0.009)
-0.002**
(0.001)
0.002
(0.002)
0.001
(0.002)
0.037
(0.049)
-0.007
(0.009)
0.013*
(0.007)
-0.005
(0.026)
-0.003
(0.003)
-0.002
(0.004)
523

Model E

-15.727
(9.992)
0.012**
(0.006)
0.001
(0.001)
0.001
(0.001)
0.001
(0)
0.031%**
(0.008)
-0.002%**
(0.001)
0
(0.001)
0.002*
(0.001)
0.147***
(0.036)
-0.002
(0.006)
0.01**
(0.005)
0.084*
(0.045)
0
(0)

678

Partially restricted panel

Model F

-33.598
(20.875)
0.015
(0.011)
0
(0.001)
-0.002
(0.003)
0.001*
(0.001)
0.034**
(0.014)
-0.003%**
(0.001)
-0.002
(0.001)
0.002
(0.003)
0.097
(0.07)
0.007
(0.013)
0.019*
(0.01)
-0.209%*
(0.095)
-0.003
(0.005)
-0.002
(0.007)
223

Fully restricted panel

Model E

-13.164
(11.281)

0.025***

(0.008)
0
(0.001)
0.001
(0.001)
0.001
(0)
0.03%**
(0.009)
-0.002**
(0.001)
0
(0.001)
0.002*
(0.001)
0.15%**
(0.036)
0.004
(0.007)
0.009
(0.006)
0.139*
(0.074)
0
(0)

611

Model F

-33.598
(20.875)
0.015
(0.011)
0
(0.001)
-0.002
(0.003)
0.001*
(0.001)
0.034**
(0.014)
0.003***
(0.001)
-0.002
(0.001)
0.002
(0.003)
0.097
(0.07)
0.007
(0.013)
0.019*
(0.01)
-0.209%*
(0.095)
-0.003
(0.005)
-0.002
(0.007)
223



Number of utilities: 132 63 56 25 55 25
Adjusted R’ (fixed) / Generalized R (random) 0.80 0.05 0.10 0.10 0.75 0.10
Root mean square error 0.28 0.26 0.26 0.28 0.26 0.28
Utility effects: Fixed Random Random Random Fixed Random
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Table D - 2: Fully restricted, partially restricted and unrestricted panel data regression results (SAIDI; with major events)

Unrestricted panel Partially restricted panel Fully restricted panel
Regression:
Model E Model F Model E Model F Model E Model F
Int ¢ -105.128*** -185.236*** -91.928%** -191.25%** -74.808* -181.833***
nterce
P (29.124) (49.627) (44.745) (64.892) (42.778) (64.928)
. . 0.007 0.004 0.013 0.017 0.017 0.022
Electricity delivered (MWh per customer)
(0.012) (0.015) (0.012) (0.024) (0.012) (0.023)
-0.004 0.004 -0.004 -0.006 -0.003 0
Abnormally cold weather (% above average HDDs)
(0.003) (0.013) (0.01) (0.02) (0.01) (0.019)
-0.003 -0.008* -0.004 -0.009 -0.003 -0.005
Abnormally warm weather (% above average CDDs)
(0.002) (0.004) (0.003) (0.006) (0.003) (0.005)
Abnormally high # of lightning strikes (% above average 0.003*** 0.001 0.003** 0.002 0.004** 0.005**
strikes) (0.001) (0.002) (0.002) (0.003) (0.002) (0.002)
) ) 0.081%** 0.121%** 0.087*** 0.101** 0.094*** 0.114%**
Abnormally windy (% above average wind speed)
(0.021) (0.031) (0.027) (0.041) (0.027) (0.039)
. -0.006*** -0.007*** -0.006*** -0.004* -0.006*** -0.005**
Abnormally windy squared
(0.002) (0.002) (0.002) (0.002) (0.002) (0.002)
L 0.007*** 0.01* 0.013*** 0.032*** 0.013*** 0.028***
Abnormally wet (% above average total precipitation)
(0.003) (0.005) (0.005) (0.009) (0.005) (0.008)
. 0.002 0.001 -0.002 -0.014** -0.003 -0.016***
Abnormally dry (% below average total precipitation)
(0.003) (0.005) (0.003) (0.006) (0.003) (0.005)
0.196** 0.128 0.172 0.217 0.188 0.212
Outage management system?
(0.09) (0.136) (0.125) (0.214) (0.119) (0.191)
. . . 0.013 -0.02 0.06** -0.049 0.07** -0.04
Years since outage management system installation
(0.017) (0.025) (0.028) (0.051) (0.027) (0.049)
y 0.055%** 0.095%** 0.048%** 0.098%*** 0.039* 0.093***
ear
(0.015) (0.025) (0.022) (0.033) (0.021) (0.033)
] 0.002 0 0.056 -0.071 0.062 -0.076
Lagged T&D expenditures ($2012 per customer)
(0.046) (0.07) (0.06) (0.118) (0.061) (0.114)
. . 0 0.006 0 -0.005 0 -0.009
Number of customers per line mile
(0) (0.007) (0) (0.014) (0) (0.014)
] . -0.014** -0.025** -0.022*
Share of underground T&D miles to total T&D miles
(0.007) (0.012) (0.012)

Degrees of freedom: 813 335 337 108 324 98



Number of utilities: 89 46 29 14 28 13

Adjusted R’ (fixed) / Generalized R (random) 0.12 0.14 0.25 0.33 0.27 0.43
Root mean square error 0.74 0.73 0.70 0.64 0.68 0.53
Utility effects: Random Random Random Random Random Random
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Table D - 3: Fully restricted, partially restricted and unrestricted panel data regression results (SAIFI; without major events)

Unrestricted panel Partially restricted panel Fully restricted panel
Regression:
Model E Model F Model E Model F Model E Model F
-10.661 -8.622 -31.342%** -43.356 -31.313** -43.356
Intercept
(9.543) (15.225) (14.942) (27.454) (14.933) (27.454)
. . 0.003*** 0.002 0.004 -0.008 0.004 -0.008
Electricity delivered (MWh per customer)
(0.001) (0.002) (0.005) (0.009) (0.005) (0.009)
-0.001 -0.001 -0.001 -0.001 -0.001 -0.001
Abnormally cold weather (% above average HDDs)
(0.001) (0.001) (0.001) (0.001) (0.001) (0.001)
0 0 0 0 0 0
Abnormally warm weather (% above average CDDs)
(0.001) (0.001) (0.001) (0.003) (0.001) (0.003)
Abnormally high # of lightning strikes (% above average 0.001 0 0 0 0 0
strikes) (0) (0.001) (0.001) (0.001) (0.001) (0.001)
5 ) 0.03*** 0.023** 0.031%** 0.029* 0.032%** 0.029*
Abnormally windy (% above average wind speed)
(0.009) (0.011) (0.011) (0.017) (0.011) (0.017)
. -0.002*** -0.002** -0.002** -0.002** -0.002** -0.002**
Abnormally windy squared
(0.001) (0.001) (0.001) (0.001) (0.001) (0.001)
Abnormally wet (% above average total precipitation) 0 0.001 0.001 0 0.001 0
g ° & Rl (0.001) (0.001) (0.001) (0.002) (0.001) (0.002)
Abnormally dry (% below average total precipitation) 0.001 0.001 0.003 0.001 0.003 0.001
yary e & precip (0.001) (0.001) (0.002) (0.002) (0.002) (0.002)
-0.043 0.003 -0.088 -0.046 -0.088 -0.046
Outage management system?
(0.041) (0.038) (0.066) (0.057) (0.066) (0.057)
. . . 0.01* -0.003 0.01 -0.02* 0.01 -0.02*
Years since outage management system installation
(0.006) (0.006) (0.01) (0.011) (0.01) (0.011)
Year 0.005 0.004 0.016** 0.022 0.016** 0.022
(0.005) (0.008) (0.007) (0.014) (0.007) (0.014)
Lagged T&D expenditures ($2012 per customer) 0.036 0.02 0-136** 0.028 0-136** 0.028
g8 P P (0.031) (0.021) (0.054) (0.099) (0.054) (0.099)
. . 0 -0.004** 0 -0.003 0 -0.003
Number of customers per line mile
(0) (0.002) (0) (0.003) (0) (0.003)
. . 0.001 0.003 0.003
Share of underground T&D miles to total T&D miles
(0.002) (0.004) (0.004)

Degrees of freedom: 1,368 522 669 223 665 223



Number of utilities: 130 63 56 25 55 25

Adjusted R’ (fixed) / Generalized R (random) 0.02 0.03 0.04 0.05 0.04 0.05
Root mean square error 0.33 0.24 0.37 0.29 0.37 0.29
Utility effects: Random Random Random Random Random Random
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Table D - 4: Fully restricted, partially restricted and unrestricted panel data regression results (SAIFI; with major events)

Regression:

Intercept
Electricity delivered (MWh per customer)
Abnormally cold weather (% above average HDDs)

Abnormally warm weather (% above average CDDs)

Abnormally high # of lightning strikes (% above average
strikes)

Abnormally windy (% above average wind speed)
Abnormally windy squared

Abnormally wet (% above average total precipitation)
Abnormally dry (% below average total precipitation)
Outage management system?

Years since outage management system installation
Year

Lagged T&D expenditures ($2012 per customer)
Number of customers per line mile

Share of underground T&D miles to total T&D miles

Degrees of freedom:

Unrestricted panel

Model E

-9.913
(14.793)
0.021%**
(0.008)
-0.001
(0.001)
-0.001
(0.001)
0.002%**
(0)
0.032%**
(0.01)
-0.003***
(0.001)
0.003***
(0.001)
0.002
(0.001)
0.121%**
(0.046)
0.012
(0.009)
0.005
(0.007)
-0.01
(0.119)
0
(0)

727

Model F

-23.488
(20.295)
-0.005
(0.011)
0.002
(0.005)
0
(0.001)
0.002**
(0.001)
0.04%**
(0.012)
-0.003***
(0.001)
0.002
(0.001)
0.003*
(0.002)
-0.02
(0.051)
0
(0.012)
0.012
(0.01)
-0.069
(0.184)
0.008
(0.005)
-0.001
(0.004)
292

Model E

-23.783
(19.194)
0.028%**
(0.007)
-0.002
(0.004)
-0.002
(0.002)
0.001**
(0.001)
0.035%**
(0.011)
-0.002%**
(0.001)
0.003**
(0.001)
0
(0.002)
0.083
(0.052)
0.031%**
(0.012)
0.011
(0.01)
0.066
(0.092)
O*

(0)

321

Partially restricted panel

Model F

-54.97**
(23.396)
-0.007
(0.009)
0
(0.007)
0
(0.002)
0.002*
(0.001)
0.035%**
(0.013)
-0.002**
(0.001)
0.004**
(0.002)
0
(0.002)
-0.004
(0.071)
-0.028
(0.018)
0.028**
(0.012)
-0.044
(0.06)
-0.004
(0.007)
-0.013%**
(0.004)
119

Fully restricted panel

Model E

-17.972
(20.642)
0.025***
(0.008)
-0.001
(0.004)
-0.002
(0.002)
0.002%**
(0.001)
0.037***
(0.012)
-0.003***
(0.001)
0.003**
(0.001)
0
(0.002)
0.108**
(0.054)
0.035%**
(0.013)
0.009
(0.01)
0.08
(0.091)
O*

(0)

297

Model F

-48.081*
(26.848)
-0.012
(0.011)
-0.003
(0.008)
0.003
(0.002)
0.003**
(0.001)
0.033**
(0.015)
-0.001*
(0.001)
0.006*
(0.003)
-0.001
(0.003)
0.059
(0.074)
-0.034
(0.021)
0.024*
(0.014)
-0.173
(0.185)
0.013
(0.016)
-0.02%**
(0.006)
86



Number of utilities: 89 46 30 15 28 13

Adjusted R’ (fixed) / Generalized R (random) 0.65 0.71 0.72 0.23 0.72 0.73
Root mean square error 0.31 0.26 0.29 0.24 0.29 0.23
Utility effects: Fixed Fixed Fixed Random Fixed Fixed
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