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Abstract

Information on the value of reliable electricity service can be usesk&ss the economic
efficiency of investments in generation, transmission and distribution systestrategically
target investments to customer segments that receive the most benefjdtem s
improvements, and to numerically quantify the risk associated with differentiogemanning
and investment strategies. This paper summarizes research designedd® ggtimates of the
value of service reliability for electricity customers in the US. €&hestimates were obtained by
analyzing the results from 28 customer value of service reliability stedieducted by 10 major
US electric utilities over the 16 year period from 1989 to 2005. Because thaes atetl

nearly identical interruption cost estimation or willingness-to-papgjpt methods it was possible
to integrate their results into a single meta-database describingltieeof electric service
reliability observed in all of them. Once the datasets from the various siveliegombined, a
two-part regression model was used to estimate customer damage functicas thegenerally
applied to calculate customer interruption costs per event by season, tingeadydaf week,

and geographical regions within the US for industrial, commercial, and reslidestiamers.
Estimated interruption costs for different types of customers and of difféweation are
provided. Finally, additional research and development designed to expand the usefulngss of
powerful database and analysis are suggested.

Keywords: electric power reliability; customer value of service reliahilityerruption cost;
customer damage function.
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Executive Summary

One of the guiding principles in evaluating investments designed to improveidhditglof
electricity systems is that these investments should be economicaligreffThat is, the cost of
improving the reliability and power quality supplied by an electric systemald not exceed the
value of the economic loss to customers that the system improvement is intendedrt pies
approach to utility investment planning is generally referred to as vatsstbeliability
planning.

Value-based planning explicitly balances the incremental costs of imprdiadalitg in
generation, transmission, and/or distribution against the incrementaltberfieinhanced (or
maintained) system reliability with both costs and benefits defined asad@nsts and societal
benefits. The incremental societal benefits include the customers’ added vedue adf
reliability. The customers’ added value of service reliability can be ifednby the willingness
of customers to pay for service reliability, taking into account the reso{@egesincome) of the
residential customer or by a firm’s expected net revenues associdtdadevadded reliability.
Measures of the added value of service reliability include reported econosgs (o0&t of
benefits) and measurements of customer’s willingness-to-pay to avoid semedi@bility or
their willingness-to-accept compensation for it. These measures of thee\adde of service
reliability do not measure all the societal benefits that result frbabilegy improvements.

They do not, for example, account for such benefits as improved public safety or pulitic heal
that result from avoided widespread electric service interruptions. Suetesbenefits must be
incorporated separately. A system improvement is considered economitiaigneff its
marginal societal benefits (the economic value of the improvement ihilighlaexceed the
marginal societal costs (the cost of the investment, including direct basametirect (e.g.,
environmental) costs).

The cost of system improvements is usually estimated using engineastranalysis. The
economic value of the benefit to customers is estimated as the avoided econsthiatlo®uld
have occurred if the investment had not occurred. Two components comprise thisestineat
expected improvement in service reliability (in minutes, frequency, ung&rad or un-served
kwh) and the expected economic losses that customers experience when senaoeipgad —
usually obtained by surveying representative samples of customers about theietussss
they experience as a result of electric service interruptions or poaktyqroblems or,
alternatively, customers’ willingness-to-pay to avoid/willingnessaccept compensation for
such problems.

Value-based reliability planning concepts have been in use for more than 20 hegrbave
been used in a variety of utility planning and ratemaking applications including:
1. Estimating the cost of electric reliability to the US economy;
2. Establishing the marginal cost of generating capacity for purposes nfss#ctric
rates and establishing economically efficient planning reserve margins;

Yn this report, we use the term “customer inteliarptosts” to refer to value of electricity serviediability
estimates developed through either surveys of¢baamic losses customers experience as a reseledfic
service interruptions or those developed throughesis of customers’ willingness-to-pay to avoidlingjness-to-
accept compensation for such problems.
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3. Assessing the economic costs of additional load on transmission systematedsoci
with wholesale and retail wheeling;

Assessing the economic benefits of transmission system reliabitifgnaements;
Assessing the economic benefits of distribution system reinforcements;
Prioritizing distribution system reinforcement alternatives to obtain theapset of
projects to carry out given limited capital,

7. Evaluating the costs and benefits of alternative substation design standdnhgst
recently,

Establishing the economic worth and cost-effectiveness of investments inGmdart
Improving the design of demand response programs that aim to assign limited
capacity to those with the highest willingness to pay during supply shortages.

o gk

©

A comprehensive review of publicly available interruption cost estimatepuidished in 2001
by Eto et. al. In this review they found that analysts had estimated custormeipind@ costs in
a variety of ways. The analysts had studied interruption costs in a number @fpdecar
locations at different points in time; and they had reported results in slijtiésent metrics.
Consequently, it was impossible to use the results of publicly available siudiesve
meaningful estimates of customer interruption costs generally.

The published information on customer interruption costs in the US was quite lirSitexding

in the mid-1980s, however, a number of utilities in the US conducted a number of customer
value of service reliability studies. Because most US utility companiies e these studies
could be used by competitors and opponents in the regulatory arena to gain advantage, only
summary reports from such surveys were made available to state rgghtatiees and others.
Detailed results of most of these studies (i.e., including individual date)ne¢released to the
public domain until about 2003 — and then only under strict confidentiality guidelines.

This paper describes work to assemble a meta-database on electrioityestiaterruption costs
for the US and analyze the resulting data to develop customer damage functioin®use
evaluating the economic benefits of electric system reliabilityosiements. This work is an
extension of work originally published by Lawton et. al. in 2004. Several important shange
have been made to the data and analysis methodology in the original work and thé&oesults
this study supersede the prior estimates in both scope and quality. The imprevenieaistudy
are as follows:
1. The meta-database has been updated to include results from utilities vitatgbye
declined to participate — extending the geographical coverage of the tagantarth-
central Midwest region and the time period covered by the database to 2005.
2. The interruption costs have been estimated in 2008 dollars by adjusting original
estimates using the US Bureau of Economic Analysis GDP deflator.
3. The customer damage functions have been estimated using a two part modelavhich w
believe is more appropriate for estimating interruption costs than the Tobit nsede
by Lawton et. al. (2004)
4. The results have been summarized by customer type and size instead of bgrcustom

type only.
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The 28 studies comprising the current meta-database were selected fdrestauase they

employed a common estimation methodology including: sample designs, meadureme
protocols, survey instruments, and operating procedures. This common survey methodology is
described in detail in the Electric Power Research Insfutage Cost Estimation Guidebook
(Sullivan and Keane, 1995). The studies were carried out by major utilities in Southeas
Northwest, West and Midwest.

With the exception of aggregate interruption costs for Duke Energy and Mid-cen{see

Sullivan, Vardell, and Johnson (1997) and Chowdhury et al (2005)), none of the interruption cost
information reported in the previous study and this one were widely available in the publi

domain before this research beda8p, one major benefit from this research is that the results of
these important studies are now available in the public domain. Other benefsshditom

combining the data from these studies are:

1. Individual utilities typically represent only one region of the country whereas a
combined data set allows interruption cost estimation across regions, observing
differences in interruption costs associated with climate, energyspand economic
conditions.

2. Utility customer populations are heterogeneous, particularly in the caranand
industrial (C&I) sectors; and combining data from a number of studies enlagges t
number of cases considered from all businesses, allowing for the analysis of
differences in interruption costs for different business segments.

3. All of the studies examined used a survey method in which customers were asked to
state their costs for interruptions that could occur under varying conditionsi(esg., t
of day, duration, season extent of notice, etc). Several of these “scenaries” wer
common to all surveys, while others were unique to specific studies. So, the
combined data from the studies allows both the comparison of customer interruption
costs across the country for similar circumstances and estimation ofeitts ef
specific circumstances that may have been studied on only one occasion.

4. Because several of the contributing utilities repeated their VOS suniagsexsictly
the same methodology at two points in time, it is possible to carefully anthlyz
change in interruption cost that occurred over a time.

5. The resulting regression models can be used to predict intemugasts for regions
or utilities that do not have or plan to conduct VOS surveys.

The Methodology for Estimating Customer Damage Functions

The meta-analysis consists of two steps. The first step is to combine th® fresalthe various

studies into a single data base with common variable definitions. In this wagsthis from all

of the studies are combined into one large data base consisting of responses of tisitfir

7,693 households. Once this has been done, the second step in the meta-analysis is to analyze the
data using statistical regression techniques to identify the best @ttsigmer damage functions

for the data. Our procedures in carrying out these steps are discussed below

2 Many utilities routinely submit the full reportoim their value of service reliability studies teithstate utility
commissions and, in some but not all cases, thadés are accessible publicly from these commissio
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Combining Data Sets

Digital files and documentation describing the results of the 28 interruptiostoogys were
obtained from all of the participating utilities, in return for assuranceslétailed data
describing their customers would not be disclosed. Utilities that provided data ahclude
Bonneville Power Administration, Cinergy (Now Duke Energy), Duke Energy, Migica
Power, Pacific Gas and Electric Company, Puget Sound Energy, Salt Rivet,FSoj¢hern
California Edison, and Southern Company.

While the survey instruments and procedures were very similar in all of the alsege tb@ data
was provided in varying digital formats with differing variable names. reestep in the
process of consolidating the data was to convert the information in these 2&dilasommon
format with common variable definitions and names.

Meta-data sets were created for three customer groups: Small Coalraeccindustrial

customers (those operating facilities with less than 50 thousand annual kWh usatjein fnd
Large Commercial and Industrial customers (i.e., those operatingiéaonith more than 50
thousand annual kWh usage); and, residential customers. The studies colleatgationierost

data by describing hypothetical interruptions and asking customers totestwmaosts that

would occur if they experienced interruptions of varying duration, at difféiraes of the day

and during different seasons. Residential customers were asked to indicateuheé they

would be willing to pay to avoid interruptions occurring under the same conditions. Resgondent
were typically asked to estimate their costs for between four and eighthbgipal interruptions

-- varying the onset times, durations, seasons, etc as described®above.

To adjust for the fact that these studies were conducted over a 16-year pefiteythption-
cost estimates were adjusted for inflation to 2008 dollars using the US Bureau of Eeconom
Analysis GDP Deflator.

Finally, we dealt with the significant outliers in the interruption cost. dtttistics derived from
data sets that include outliers can be extremely misleading. Outlirecscar by chance in any
distribution, but they are often indicative either of measurement errbathie population has a
long-tailed distribution. In the former case outliers should be discardedistictashould be
used that are robust to outliers. In the latter case outliers indicatedtthstribution has high
kurtosis and that one should be very cautious in making the assumption of normality. A

% There has been a long simmering debate aboutlftity and reliability of customer reported inteption costs
measured using survey techniques. There are twoaterniticisms of the use of survey methods tineste
customer interruption costs. The first applies galheto interruption cost surveys that use hypttat
interruptions as a framework within which to aslestions about interruption costs. In particulagr¢his concern
that cost estimates based on hypothetical circurostamay over or under estimate the costs that aceler real
conditions. There is no empirical evidence one wagnother as to whether this concern is justifiedecond
concern applies principally to the measurementatefruption costs for residential customers tleat on what are
called contingent valuation methods or stated peefee methods. Contingent valuation studies haea tiee
subject of considerable controversy — particuladyapplied to the measurement of damage arising fro
environmental problems. The validity and reliailif various approaches to damage cost measurarsint
contingent valuation have been discussed at ldndtie literature. We cannot do it justice in tipacse available in
this format. Those interested in this debate shee&lMitchell and Carson (1989) or Horowitz and gzl
(2002).
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common cause of the outlier problem is that that the so-called outliers belamtfferent
populationthan the rest of theampleset. For example, for medium and large C&I customers
the top five values for a 1 hour interruption are greater than 100 million dollars, amndhbst
interruption cost reported in the distribution is 112,000 times the mean interrapson
Whether these observations are due to measurement error or are a totadiyygbpulation of
customers is unknown in this case. Careful inspection of the data for the aboveedescrib
statistical outliers suggests that the costs they are reporting astbfga They are reported by
customers operating extremely large and complicated industriatiéscikiith very high energy
use. Nevertheless, meaningful statistical modeling cannot be developed to take atthe
interruption costs experienced by this numerically small but potentigtigrtant class of
customers. Extreme outliers were therefore excldd®atliers were eliminated after first
transforming the data to a lognormal scale (see the detailed discimsSiection 3.4 below).
The total number of observations eliminated is approximately 2.8%.

Estimating Customer Damage Functions

Customers’ economic losses as a result of reliability and power-qualliieprs can be

summarized by what is called a customer damage function (CDF). Thisagddast suggested

in 1994 by Goel and Billinton (1994). They described the customer damage function as a simple
linear equation relating average interruption cost to the duration of an ink@nrugdtey used

data collected from customers to describe this function. In 1995, Keane andrSsillggested a
more general form of the CDF — that could be used to predict interruption cost vaiues fr

number of variables that have been shown in interruption cost surveys to influencescustom
interruption costs. Their form of the CDF appears below:

Loss = f {interruption attributes, customer characteristics, environmental attributes}. Q)

The interruption cost (Loss) in Eq. 1 is expressed in dollars per event, per quJtoenactors
() on which interruption costs depends are defined as follows:

e Interruption attributes are factors such as interruption duration, season, time of day, and
day of the week during which the interruption occurs.

e Customer characteristics include factors such as: customer type, customer size, business
hours, household family structure, presence of interruption-sensitive equipment, and
presence of back-up equipment.

e Environmental attributes include: temperature, humidity, storm frequency, and other
external/climate conditions.

In the work described in this report, regression analysis techniques are useky tternative
specifications of the customer damage functions for commercial and residastomers and
ultimately to summarize the impacts of interruption attributes, custatirdsutes, and
environmental conditions on the economic losses that customers said would occuukh®h res
electric interruptions in numerous studies.

* It is also possible that such observations reptesteategic responses designed to bias the results
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The ideal statistical framework for analyzing the above-describedsdamaltiple regression.
However, the use of an ordinary-least squares (OLS) approach to paramn@ateicasin
regression is inappropriate because large percentages of respondentaufatioriecost surveys
report “0” (zero) interruption costs for short-duration interruptions.

To solve the above problem a two-part regression model was used to estimate thercustom
damage functions in this study. The two-part model assumes that the zesovahee
distribution of interruption costs are correctly observed zero values. Tthalisre not errors.
In the first step, a limited dependent model is used to predict the probability thacalgra
customer will report a value of zero versus any positive value for a particidauption
scenario, based on a set of independent variables which describe the nature oftipdontes
well as customer characteristics. The predicted probabilities fromrtisthge are retained. In
the second step, interruption costs for only those customers who report positiaeosiated
to a set of independent variables (which may or may not be the same as the independent
variables used in the first stage). Predictions are made from this modéktimstamers,
including those who reported zero interruption costs. Finally, the predicted pittdmbidbm the
“first part” are multiplied by the estimated interruption costsfithe “second part” to generate
the final interruption cost predictions.

The functional form for the second part of the two-part model, must take account ot thatfac
the interruption cost distribution is bounded at zero and extremely right skewdh$i @ long
tail in the upper end of the distribution). OLS is not an appropriate functional form these
conditions. A simple way to define the customer damage function given the ainstaints is
to estimate the mean interruption cost, which is linked to the predictor vartlatdagh a
logarithmic link function.

The values of the parameters in the two-part model cannot be directly irgdrprétrms of
their influence on interruption costs because the relationships are amongahkesan their
logs. However, the estimated model produces a predicted interruption cost, givatuéseof
variables in the models. To analyze the magnitude of the impact of variable<iDfhen
interruption cost, it is necessary to compare the predictions made by theriunddier varying
assumptions. For example, it is possible to observe the effects of duration aptidercost by
holding the other variables constant at their sample means. In this way, one careperdge
customer interruption costs of varying durations holding other factors coristizsticzally.

Results

Table ES- 1 displays estimated average electricity customeruiptiern costs for 2008 expressed

in costs per event, costs per average kW demand and costs per annual kWh sales. @est estim
are provided for three customer segments and for durations ranging from < Ssminute
(momentary) to 8 hours. They are reported for three customer classes dsfiodows:

Medium and Large Commercial and Industrial (all non-residential custamitbrsales > 50,000
kWh per year); Small Commercial and Industrial Customers (all non-resideccounts with

sales <= 50,000 kWh per year); and residential customers.

The values in the table have been calculated using the general customer dectayesf
described in Sections 4-6 of this report. These chapters describe the deve withreset
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customer damage functions — one for each customer type (i.e., medium and larggaaimm
and industrial customers, small commercial and industrial customer andtiegidestomers).
These customer damage functions provide estimates of the costs of interraptiansng
duration; occurring at different times of day (morning, afternoon and evenayg) ofl week
(weekends or weekdays) and season (summer and winter. They also providegstimat
interruption costs for customers of different size; and in the case of businessangsty
business type (i.e., retail, utilities, construction, etc.). It is possiblditoats costs for planned
as opposed to unannounced interruptions and for customers with and without backup generation.
Thus by inserting reasonable assumptions about the interruption chatiastand customers
into the customer damage functions, it is possible to use them to estimate the caseof a w
range of interruptions for a wide range of customers.

Table ES- 1. Estimated Average Electric Customer Interruption Cds US 2008% by Customer
Type and Duration (Summer Weekday Afternoon)

Interruption Duration

Interruption Cost Momentary | 30 minutes 4 hours 8 hours
Medium and Large C&I
Cost Per Event $11,756 $15,709 $20,360 $59,188 $93,890
Cost Per Average kW $14.4 $19.3 $25.0 $72.6 $115.2
Cost Per Un-served
kWh $173.1 $38.5 $25.0 $18.2 $14.4
Cost Per Annual kWh $1.65E-03 | $2.20E-03 | $2.85E-03 | $8.29E-03 | $1.31E-02
Small C&I
Cost Per Event $439 $610 $818 $2,696 $4,768
Cost Per Average kW $200.1 $278.1 $373.1 $1,229.2 $2,173.8
Cost Per Un-served
kWh $2,401.0 $556.3 $373.1 $307.3 $271.7
Cost Per Annual KWh $2.28E-02 | $3.18E-02 | $4.26E-02 $0.1403 $0.2482
Residential
Cost Per Event $2.7 $3.3 $3.9 $7.8 $10.7
Cost Per Average kW $1.8 $2.2 $2.6 $5.1 $7.1
Cost Per Un-served
kWh $21.6 $4.4 $2.6 $1.3 $0.9
Cost Per Annual kWh $2.06E-04 | $2.48E-04 | $2.94E-04 | $5.81E-04 | $8.05E-04

The most widely used (and desired) metric for expressing interruption ctstseispected cost
of un-served energy. Estimates of the expected cost per un-served kWh aregres€able
ES-1 and Table ES-5 below. This estimate was derived by dividing the interruptigeicos
event by [(annual kwWh/8760) times the interruption duration]. While we recognize this
calculation oversimplifies the estimation of un-served kWh, the data availabkrcmgcthe
distribution of customer loads and energy use across time is quite limitechfuga) &Wh and
in some cases annual maximum demand). It may be possible to derive moregsten@ies of
kWh un-served in future efforts, but the resources available to the current pgrdjaot permit
exploration of the alternative ways that may be available (e.g., using |eadateslata to
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develop hourly customer load shapes by season and customer type and then adlocatihg
kWh across the hours of the year).

The interruption costs in Table ES- 1 are for the average sized customemetéhdatabase for
interruptions originating on summer afternoons without advance notice. Thgaaeaual kWh
usages for the respondents in the meta-database were as follows:

Sector ‘ Annual kWh ‘
Medium and Large C&lI 7,140,501
Small C&l 19,214
Residential 13,351

The interruption cost estimates in Table ES- 1 describe the impact of duratrdaramption
costs for different types of customers and illustrate the dramatic difisean interruption costs
for different type customers. These interruptions costs are appropriafgfmation to
customers anywhere in the US within customer type. However, since theenuktiurstomers
by type varies by geographical location, readers are advised to caloa&dten specify
interruption costs using the equations described in chapters 4-6 taking accountyof loca
available information about usage and business type to the extent that this iwioisati
available. The different interruption cost metrics in ES-1 can be used to talotggaruption
costs using information about interruption frequency (i.e. cost per event), for leéfed (cost
per average kW demand) and for different quantities of un-served load per hour (i.e.; aast pe
served kwh).

Table ES-2 through ES-5 display estimated customer interruption costatsddor different
kinds of interruptions and different kinds of customers for the US for interruptionsrimg on
summer weekday afternoons.

Table ES-2 displays the interruption cost per event for summer afternogoptiters for non-
residential customers of different business types. This table illistheevide variation in
interruption costs that occur for different business types within medium and largeahd s

firms. For medium to large sized firms, interruptions of one hour duration rangstifram

about $8,000 for agricultural firms to about $47,000 thousand for manufacturing firms — a factor
of almost 6. For small commercial and industrial customers, interruptios\agtfrom a low

of about $461 per event for Public Administration to about $1,900 for Construction — a factor of
about 4.
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Table ES- 2. Estimated Average Electric Customer Interruption Cds Per Event US 2008$ by
Duration and Business Type (Summer Weekday Afternoon)

Interruption Duration

30 minutes

Interruption Cost Momentary

Medium and Large C&I

Agriculture $4,382 $6,044 $8,049 $25,628 $41,250
Mining $9,874 $12,883 $16,366 $44,708 $70,281
Construction $27,048 $36,097 $46,733 $135,383 | $214,644
Manufacturing $22,106 $29,098 $37,238 $104,019 | $164,033
Telecommunications & Utilities $11,243 $15,249 $20,015 $60,663 $96,857
Trade & Retail $7,625 $10,113 $13,025 $37,112 $58,694
Fin., Ins. & Real Estate $17,451 $23,573 $30,834 $92,375 $147,219
Services $8,283 $11,254 $14,793 $45,057 $71,997
Public Administration $9,360 $12,670 $16,601 $50,022 $79,793
Small C&l

Agriculture $293 $434 $615 $2,521 $4,868
Mining $935 $1,285 $1,707 $5,424 $9,465
Construction $1,052 $1,436 $1,895 $5,881 $10,177
Manufacturing $609 $836 $1,110 $3,515 $6,127
Telecommunications & Utilities $583 $810 $1,085 $3,560 $6,286
Trade & Retail $420 $575 $760 $2,383 $4,138
Fin., Ins. & Real Estate $597 $831 $1,115 $3,685 $6,525
Services $333 $465 $625 $2,080 $3,691
Public Administration $230 $332 $461 $1,724 $3,205
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Table ES-3 displays estimated utility customer interruption costasigroer type, for
interruptions occurring during different seasons and days of the week. Aveexgepitidn costs
vary by season and by time of day for each customer type. Interruptionstén are generally
less costly than interruptions occurring in summer. Interruptions are®et80% and 70% less
costly on weekends than they are on weekdays for business customers. Foraksig#atners,
weekend interruptions are about 15% more costly than weekday interruptionstféites ce
between weekday and weekend interruption costs increases with interruptitondioraboth
businesses and residential customers.

Table ES- 3. Estimated Average Electric Customer Interruption Cds Per Event US 2008$ by
Customer Type, Duration, Season and Day Type

Outage Duration

Outage Cost Momentary 30 minutes
Medium and Large C&I
Summer Weekday $11,756 $15,709 $20,360 $59,188 | $93,890
Summer Weekend $8,363 $11,318 $14,828 | $44,656 | $71,228
Winter Weekday $9,306 $12,963 $17,411 $57,097 | $92,361
Winter Weekend $6,347 $8,977 $12,220 | $42,025 | $68,543
Small C&l
Summer Weekday $439 $610 $818 $2,696 | $4,768
Summer Weekend $265 $378 $519 $1,866 | $3,414
Winter Weekday $592 $846 $1,164 $4,223 | $7,753
Winter Weekend $343 $504 $711 $2,846 | $5,443
Residential
Summer Weekday $2.7 $3.3 $3.9 $7.8 $10.7
Summer Weekend $3.2 $3.9 $4.6 $9.1 $12.6
Winter Weekday $1.7 $2.1 $2.6 $6.0 $8.5
Winter Weekend $2.0 $2.5 $3.1 $7.1 $10.0

Table ES-4 displays the interruption cost per event for summer afternogoptiters for non-
residential customers of different business types. This table illistheevide variation in
interruption costs that occur for different business types within medium and largeahd s

firms. For medium to large sized firms, interruptions of one hour duration range fnocos

about $8,000 for agricultural firms to about $47,000 thousand for manufacturing firms — a factor
of almost 6. For small commercial and industrial customers, interruptios\agtfrom a low

of about $461 per event for Public Administration to about $1,900 for Construction — a factor of
about 4.
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Table ES- 4. Estimated Average Electric Customer Interruption Cas Per Event US 2008$ by
Customer Type, Duration and Time of Day

Interruption Duration

Interruption Cost Momentary | 30 minutes
Medium and Large C&I
Morning $8,133 $11,035 | $14,488 $43,954 | $70,190
Afternoon $11,756 $15,709 | $20,360 $59,188 | $93,890
Evening $9,276 $12,844 | $17,162 $55,278 | $89,145
Small C&l
Morning $346 $492 $673 $2,389 | $4,348
Afternoon $439 $610 $818 $2,696 | $4,768
Evening $199 $299 $431 $1,881 | $3,734
Residential
Morning $3.7 $4.4 $5.2 $9.9 $13.6
Afternoon $2.7 $3.3 $3.9 $7.8 $10.7
Evening $2.4 $3.0 $3.7 $8.4 $11.9

The variations in interruption cost estimates in the foregoing tables ar@naoim. Interruptions
of different duration result in very different costs. Interruptions for some typasstdmers are
very much more expensive than for others. Interruptions occurring during uliffer@sons, days
of the week and times of day all result in significantly different co$tee differences are
systematic and reflect the fact that different kinds of customers &eediially affected by
different kinds of service interruptions. This inherent variation in the cost ofservic
interruptions is an empirical fact that should not be ignored for purposes of computational
convenience. That is, it is not appropriate to just pick one of the interruption costs (foifia spe
season, day of the week and onset time of day).

Of course, it is often the case that the variation in the reliability of thersysith respect to
season, day of week, and time of day is unknown. In such situations it is useful to lagiply w
might be termed an “anytime” interruption cost. This is an average interrupsbthat has
been weighted so that it properly reflects the costs of interruptions irediffeeasons, on
different days of the week and at different times of day. This cost is obtaimesidiiting the
interruption costs for different time periods (in the customer damage functionshia sty

that differences in interruption cost by season, time of day and day of weaopeely reflected
in to the calculated average.

® Because of the large numbers of observationsamitdels used to estimate the customer damagedunttie
parameters in these models indicating the effdcteason, time of day, customer type and duratierhahly
statistically significant. The statistical sig#dince for each of these parameters is presentbd subsequent
tables. P-values for the parameters generallyesbamb significance at 99% or higher.
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Table ES-5 displays the anytime average customer interruption costs i thEhe reader will
note that these costs are significantly lower than the costs displayed enEl&fil. In essence,

the anytime interruption costs have been deflated to take account of the factriydwoons in

the year (e.g., night time and on weekends) represent periods when customsgatiobecosts

are relatively low — compared with the costs of interruptions during times whemeaus are

using electricity. This is done by simply calculating the average intemugst weighted for

the amount of hours within a year by season, day of the week and time period during tme day.
this way the wide variations that occur in customer interruption costs resulting different
impacts of seasons, times of day and day of week can be taken account of in futureeibst ben
calculations. The anytime costs in Table ES-5 can be reasonably appliditébars like

SAIDI and SAIFI for purposes of calculating the impacts of system improveltientare
expected to impact these indicatbrs.

Table ES- 5. Estimated Average Electric Customer Interruption Cas US 2008% Anytime By

Interruption Duration

Duration and Customer Type

Interruption Cost Momentary | 30 minutes

Medium and Large C&I

Cost Per Event $6,558 $9,217 | $12,487 | $42,506 | $69,284
Cost Per Average kW $8.0 $11.3 $15.3 $52.1 $85.0
Cost Per Un-served
KWh $96.5 $22.6 $15.3 $13.0 $10.6
Cost Per Annual kWh 9.18E-04 1.29E-03 | 1.75E-03 | 5.95E-03 | 9.70E-03
Small C&I
Cost Per Event $293 $435 $619 $2,623 $5,195
Cost Per Average kW $133.7 $198.1 $282.0 | $1,195.8 | $2,368.6
Cost Per Un-served
kKWh $1,604.1 $396.3 $282.0 $298.9 $296.1
Cost Per Annual kWh 1.53E-02 2.26E-02 | 3.22E-02 $0.137 $0.270
Residential
Cost Per Event $2.1 $2.7 $3.3 $7.4 $10.6
Cost Per Average kW $1.4 $1.8 $2.2 $4.9 $6.9
Cost Per Un-served

kwh $16.8 $3.5 $2.2 $1.2 $0.9
Cost Per Annual kWh 1.60E-04 2.01E-04 | 2.46E-04 | 5.58E-04 | 7.92E-04

Ideally, in calculating the interruption costs arising from the historicaliéty of a given
electrical system or part of an electrical system one must takectaard the historical
distribution of unreliability with respect to time on the circuit(s) of intereserruptions on

® For a discussion of the properties of these irsdlin®l the factors that influence their values $ercking the
Reliability of the U.S. Electric Power System: Assessment of the Publicly Available Information Bgd to
State Public Utility Commissions”, by Joe Eto andskKna Hamachi LaCommare (2008).
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circuits that are primarily composed of residential customers willtresuéry different
customer interruption costs than interruptions on circuits with significant lsgstustomer
loads. If the interruptions are concentrated in the afternoon (because of teneparghunder
storms) the costs of interruptions will be different than if they are comtedtin the early
morning (because of animal contacts with equipment).

It is possible to build interruption cost estimation models that take account of thesevs

using the customer damage functions outlined in this paper in combination withcddetaile
historical information about the temporal distribution of unreliability and thaluision of sales

to customers of different types on the circuit(s) of interest. In ess#is involves estimating

the economic cost that customers on the circuit(s) must have experienceltl §pp&ience)

based on the number of customers interrupted by type, for how long, during what seasoin, time
day and day of week. While computationally intensive, this calculation is notubearityc

difficult to accomplish.

Concluding Remarks

This paper describes research designed to merge the results from 28 previoudiyntainbr

not widely available interruption cost surveys into several large, ineebdaita sets (for different
customer types) that can be used to estimate electricity customarptiter costs for the US.
The principal benefit of this work is the development of reliable estimatestohogis
interruption costs for populations of industrial, commercial, and residential crstamthe US
derived from a rich database of responses to customer interruption cossslihenterruption
costs reported in this paper illustrate the usefulness of the customer danags$ that have
been estimated using the meta-database assembled for this research.

Although customer damage functions reported in this paper represent @angmihprovement
over past information about customer interruption costs, there are limitatibos/tthe data
from this meta-analysis should be used. First, certain very important vairatiesdata are
confounded among the studies we examined. In particular, region of the country aoftlyear
study are correlated in such a way that it is impossible to separateettts effthese two
variables on customer interruption costs. Thus, for example, it is unclear whethéegher
interruption cost values for the southwest are purely the result of the hot sunmage ¢h that
region or whether those costs are higher in part because of the particular ecmbmigrket
conditions that prevailed during the year when the study for that region was done.

There is also some correlation between regions and scenario charestérst sponsors of the
interruption-cost studies were generally interested in measuringuptien costs for conditions
that were important for planning for their specific systems. Asudtr@sterruption conditions
described in the surveys for a given region tended to focus on periods of time wheptiotesr
were more “problematic” for that region (e.g., summer peak or months when thundsrater
common). Unfortunately, the time periods when the chance of interruptionstssgea not
identical for all sponsors of the studies we relied upon, so interruption scemaaateristics
tended to be different in different regions. Fortunately, most of the studiesangned included
a summer afternoon interruption, so we could compare that condition among studies.
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A further limitation of our research is that the surveys that formed the dfaie studies we
examined were limited to certain parts of the country. No data were avditabl¢he
northeast/mid-Atlantic region, and limited data were available for @ty the Great Lakes.
The absence of interruption cost information for the northeast/mid-Atlagimres particularly
troublesome because of the unique population density and economic intensity of dmatlregi
unknown whether, when weather and customer compositions are controlled, the average
interruption costs from this region are different than those in other parts of theycount

This paper has removed an important barrier to the widespread use of value lesiétyrel
planning in regulation and utility system planning — the availability of resse estimates of
customer interruption costs. There are others. Additional work that needs to be dons:include
1. Additional interruption cost surveying should be carried out in regions where
information on customer interruption costs is currently unavailable (i.e., the Bsirthe
Corridor and the Northern Tier of the Mid-West)
2. An easy to use interruption cost calculator should be developed driven by the customer
damage functions described in this paper.
3. Additional work should be carried out to develop the ability to model uncertainty in
interruption cost estimates
4. Robust examples of the use of customer interruption costs to assess the besedts a
from different kinds of reliability reinforcements and regulatory decisions &zl
developed and published
5. Additional basic research is needed to develop reasonable ways of using customer
interruption cost information with currently used indicators of reliability peréorce
(e.g., SAIFI and SAIDI); estimate partial interruption cost; and develop moderesnd |
expensive techniques for estimating customer interruption costs.

XXX
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1. Summary of Data and Overview of Analysis

The discussion of the background for this research and the basic approach to datebdsdyg as
was presented in the report provided by Lawton et. al. in 2004. It is repeated and upé&ated her
for the convenience of the reader.

Ensuring reliability has and will continue to be a priority for electricitustry expansion and
restructuring. Reliable electric power delivered on demand is a corneo$teleetricity’s
ubiquitous adoption and use. A central feature in electricity’s value to consurhetsemhey
are individual households or large industrial complexes, is the infrequent occuwfence
interruptions or other power disturbances that interrupt the use of appliances, ®letdronics,
or any of the other myriad of end uses for which electricity is the primargyeseurce.

While no one disagrees that customers seek reliable power, ensurindjtseisabicomplex and
multi-faceted problem. The strategies available to meet that goal aszaustand the price tags
associated with them vary greatly. Most important of all, reliability veays been a shared
responsibility because it is a public good. Therefore, who pays and who benefitsdreased
reliability has always been an important question for both private and public decikersma

Underlying any strategy is assumptions about the value end-use customeo placbility.
During times of crisis caused by either short-term events, a common €/kelieve
inappropriate) assumption is that customers will pay almost any pricelidsle power. In
contrast, during periods of reliable power delivery but accompanied by risasgararising
taxes, there are frequent charges that the system is being overbuilsgmeddo a higher
standard of reliability than customers are willing to pay.

A general framework for addressing this planning problem has been the applafatalue-

based planning. For example see: (Munasinghe, 1979), (Burns and Gross, 1990), (Sanghvi et
al., 1991), (Allan and Billinton, 1992), (Sullivan et al., 1996), (Sullivan and Keane, 1995),
(Vojdani et al., 1996), (Wacker et al., 1983), (Wojczynski et al., 1983), (Woo and Train, 1988),
(Matsukawa and Fuijii, 1994), (Dalton et al., 1996), (de Nooij et al, 2006) and 2008), (Ghajar and
Billinton, 2005), (Billinton et al., 1983), (Wangdee and Billinton, 2004), (Reitz and Sen, 2006)
and (Rose et al, 2007) (LaCommare and Eto, 2006)

Value-based planning is designed to match the level of investment in refialititthe societal
benefit of the improvement in reliability. The use of value-based planningesgumethod for
estimating customers’ economic value of service reliability. Hisitbyicgeneration,

transmission, and distribution systems investments have been planned usingieggnéeria

that do not consider the economics of the decision. With value-based planning, it is abstimed t
customer preferences for service reliability can be measured andebatreferences can be

used to establish economically justified reliability targets for geioergtansmission, and
distribution investments.

In the application of value-based planning, the value of service reliability wnoerst has been
conceptualized as equal to the economic losses that customers would expea&ncenf
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interruption occurred. The economic losses experienced by customers as a result of reliability
or power quality problems can be described by a Customer Damage Functiofi. (CB¢)
general form of a CDF is:

Loss = f{interruption attributes, customer characteristics, geographical attributes}.

The dependent variable of economic loss is expressed as a loss in dollars per ek, qfer
un-served energy, per kWh of annual energy consumption or per kW of annual peak demand.
The equation predicts the economic loss from factors that influence interrapsits The
interruption attributes might include duration, season, time of day, advance maotidayaof the
week. The customer characteristics could include annual kWh usage, kW demand, type of
business, type of household, presence of various interruption sensitive equipment, mfesence
backup equipment, and other firmographic or demographic characteristicsy gewdraphical
attributes might include temperature, humidity, frequency of storms and otlygagkeical
conditions affecting economic losses from interruptions.

Customer damage functions are useful for reliability planning in several Wwags, the

customer damage function provides a framework for conceptualizing and estithatfagtors
that influence customers’ interruption costs for particular types of inteongt Second, the use
of a customer damage function allows for analysis of the isolated effatifteecent attributes of
interruptions such as duration or time of day. Third, it can be used to quantify the economic
losses from different electricity system reliability investmentsilltiplying appropriately
defined customer damage functions by the un-served energy expected under difstesnt
investment options. These calculations then become the basis for compariegiékability
solutions and evaluating whether the economic benefits to customers areljbstifne costs of
the investment options.

The use of customer damage functions and value of service reliability testiapgplies to many
investment decisions facing utility planners, regulators, and policy makeroniae
alternatives in a planning framework, the calculations may focus on the ecomnstsioc
benefits of changes in un-served energy, the frequency of key events lilkentapm
interruptions or voltage sags), or other aspects of the economic value of tgliabilew
examples serve to illustrate:

" In practice, for residential customers the sunieytsis study rely on willingness-to-pay and/otlingness-to-
avoid questions. These are taken to be alterrsativdirect measurements of measuring residenis&bmers’
value of service reliability. Some additional arsi of the relationship between the WTP/WTA regasnand the
direct interruption cost measures would be of egen assessing the difference between the tweunement
approaches, however budget limitations precludefdoms pursuing it at this time.

8 For a discussion of the application of such fuortito electric power supply reliability planniregs‘Prediction of
Customer Load Point Service Reliability Worth Esttes in an Electric Power System,” L. Goel and iRinBon,
1994, IEEE Proc.-Gener, Tans, Dist, Vol.141, Naluly 1994.

% In this report, we use the term “customer inteliarptosts” to refer to value of electricity serviediability
estimates developed through either surveys of¢baamic losses customers experience as a resel¢dfic
service interruptions or those developed throughesis of customers’ willingness-to-pay to avoidlintjness-to-
accept compensation for such problems.

% Detailed examples of the use of interruption cost&rious generation, transmission, and distiitsuplanning
situations are provided in “Outage Cost Estima@ndebook”, M. Sullivan and D. Keane, TR-106082%dtlic
Power Research Institute, Palo Alto, CA: Decemide&95.
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e Generation planning: As utilities add capacity, the probability of a geoe@dpacity
shortfall declines and the cost of un-served energy at the time of peak demaresdec
Reducing the amount and hence cost of un-served energy is valuable to customers, the
guestion is whether these benefits outweigh the costs of obtaining them. Baranaly
how the benefits from reducing un-served energy are distributed across cudtmses
and by knowing the economic value of that un-served energy has for different castomer
planners can determine whether costs to improve system generatiotityeadi
balanced with the value of the improvement to customers.

e Transmission planning: Transmission planners analyze the reliabilignsitission
lines to assure sufficient capacity exists to serve customers undegrdifigiure
contingencies. With value-based planning, the failure scenarios can be exarmsgtkd ba
on the number and frequency of voltage sags or power quality events they create and the
costs to reinforce the system to reduce these power quality problems. Byiogmpar
these costs to the economic value to customers of the reduction in power quality
problems, decisions can be made as to whether system reinforcement aféekests
net benefits to justify these added costs. The customer damage functions, domithine
the estimates of the frequency with which certain events might occur, seheelasis
for calculating the economic value of various options.

e Distribution planning: Customers on a distribution circuit can be served withediffer
circuit design configurations (e.g., radial, loop, networked, with or without different
Smart Grid). Each configuration varies in its cost to implement and each leasrdiff
implications for the expected frequency and duration of interruptions to custeamnesd s
by these circuits. Planners can compare options by calculating theezkpeeterved
energy from various circuit designs and by examining the types of customerstiguon
the circuit and forecasted to locate near the circuit through time. Thelsoatompare
designs on the likelihood of various power quality problems. Using a customer damage
function, the economic value of the reliability improvements can be calculated for
specific groupings of customer types and for the specific reliability
problems/improvements anticipated for a given circuit. This economic value can be
compared to the cost of various options to balance the costs with the anticipated.benefi

Value-based planning concepts have been around for 20 or more years. Over this pegiod, the
have been numerous studies to quantify the value of reliability as a basis for bathpplidy

and private investment, and for operating decisions regarding generationj$smsm

distribution, and retail offerings. Efforts have been made to measure intamropsts or value

of service using a range of methods and techniques. See for example: (LaatoR0&4),

(Keane and Woo, 1992), (Sullivan et. al. 1996), (Woo and Train, 1988), Matsuaka and Fuljii,
1994), Wacker, Wojczynski and Billinton (1983), (Billinton, Tollefson and Wacker, 1992),
(Caves et. al. 1992), (Beenstock et. al. (1997), (Doane, Hartman and Woo, 1988), (Hartman,
Doane and Woo, 1991), (Woo and Pupp, 1992), (Balducci et. al, 2002), (Gilmer and Mack,
1983).

Despite these efforts, Eto, et al. (2001) noted that there were few estoh#ie aggregate cost

of unreliable power to the U.S. economy, and the estimates that were availabjEoomy
documented or based on questionable assumptions. Costs of large-scale interruptiga.gvents
State- or region-wide power interruptions) were not well documented aedwestly based on
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natural disasters for which it is difficult to separate costs of elantaoruptions from damages
caused by other disaster features (e.g., property damage from wind or watdigs &f
hypothetical interruptions obtained from interruption cost surveys could be usegp#oeor
aggregate estimates of interruption costs. However, there are impotfiar@ndiés in the survey
and statistical methodologies used in the studies that must be addressed itazayatysis
relying upon them. Finally, very little information was available in the publicadonmegarding
the costs of power quality problems — an increasingly important aspect ceseahability.

In 2002 LBNL sponsored an effort to assemble the data from a large number of studiaslfior
results had never been reported in the public domain and prepare a statisticahahgsis
designed to estimate customer damage functions for utility customersUisth8ee Lawton et.
al. (2004).

The research effort assembled respondent level data from 24 studies carrie@ majby US
utilities over the course of 13 years. These studies were based on cavedaliyed customer
interruption cost surveys of residential, commercial and industrial custofieisreport
describes the expansion and continuation of that research effort and incorporatdsea of
improvements in the data processing and econometric techniques designed te gstieat
customer damage functions.

The credibility of the estimates rests to a large extent on an understandingiofdrouption

costs were estimated in the various studies and how they have been combined. &$e studi
chosen for this research were selected because they employed a convepmstinodology
including sample designs, measurement protocols, and survey instruments andgoperatin
procedures. This methodology is described in detail in ERRKage Cost Estimation

Guidebook (Sullivan and Keane, 1995). A brief discussion of this methodology can be found in
Appendix B.

The 28 studies used in this research include observations from virtually all the Spurtttesh of
the western U.S. (including almost all of California, rural Washington ango@rend the
largest metropolitan areas in Arizona and Washington), and the Midwest south ofoChiteagy
time frame covered by the studies ranges from 1989 to 2005 — a period of 16 yearal Seve
studies examined interruption costs for similar customer populations (edentes customers)
at roughly the same time using nearly identical measurement protocols, butonducted by
utilities located in different parts of the country. Moreover, more than one of patitg
utilities had measured customer interruption costs using the same inds@memprocedures at
different points in time — one after five years and another after 12 yeaabndat all of the
studies, detailed demographic and firmographic information was collectedtirdyn s
respondents and incorporated into the database of results.

While each individual study was extensively analyzed by the utility that cteditie study for

their own use, until this research was undertaken in 2002 there had been no efforts to combine
the data from the studies into a single database. The value of combining the dateetomirg

a set of meta-models is the prospect of extending the results of the individuss stuskveral

ways:
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e Individual utilities typically represent only one region of the country, whereas a
combined dataset provides an opportunity to evaluate value of service across hegions t
will include differences in temperature, humidity, energy rates, andnageconomic
conditions.

e Utility customers are heterogeneous, particularly in the commemiaindustrial sectors.
Combining the data provides additional cases to examine value of service for mporta
sub-segments (i.e., business types).

e Most of the studies examined here use a survey method in which customers responded to
various interruption scenarios. By combining the data across studies, a bavageof
scenarios can be used to estimate the impacts of time of day, duration, season,iand certa
special conditions, such as receipt of advance notice.

e Because some of the studies were carried out at different times fontbeeagraphical
area, it is possible to assess how customer interruption costs are chandiffgrent
customer types as time passes.

Combining the data has several positive features, but there are alsodmsitaiih which to
contend. First, because the studies were conducted for specific utilities At goéais in time
some variables of interest are “collinear” with each other. Consequentlynpassible to
develop a model that separates the impacts of time and geography. Secdndjdbe&lsosen
for this combined dataset used similar methods for collecting the data but they did not
necessarily use identical methods. As a result, it is important to consideoiiaeffects
identified in the data may be the result of “methods” effects rather than sikesetfects of
different variables.

1.1 Data Update

The major objective of this project was to identify, gather, and combine th&aatarior

utility value of service or interruption cost studies into separate datab@s@ming the findings
for three distinct customer groups: residential, small commercial and intd(S&iy and
medium and large C&I. As part of the initial review of past studies, 12 utiliges identified
that had measured customer interruption costs using survey-based methods for aneeodr m
these three customers groups. Altogether, 28 datasets from 10 companiesmwatelylt
acquired, standardized, and then merged. While each dataset presented cerdaiseissue
Appendix A), it was possible in most cases to develop rules for combining the datadrom t
separate studies into meaningful meta-datasets based on common questions @d metri

The following steps were taken in creating the databases:

1. Contact the utilities that had conducted customer interruption cost (or ValeevafeS

or interruption cost) studies;

2. Negotiate agreement(s) to participate in the study, including agreenmtsdisclose
customer-specific information or present information that could be attributed to an
individual firm;

Obtain the datasets, codebooks, and original survey questionnaires;
Standardize each dataset in terms of variable selection and construct;
Merge the datasets;

ok ow
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6. Normalize interruption costs to a common base year (2008), using the GDBrgeflat
and,
7. Review the data and exclude outliers and other data anomalies.

The core elements of this process are described in this chapter. Additioralatetprovided
in Appendix A.

First, all variables were standardized using common metrics. For exammle studies may
have described the interruption duration in hours (e.g., a 1 hour interruption) while otiiers ma
have used minutes (e.g., a 30 or 60 minute interruption). In this instance, the resudits for
studies were converted to minutes. Although the survey instruments for the variousrsiaylie
have used slightly different wordings, each study measured the same basiginodericepts.
These included:

e Attributes of the Interruption (e.g., duration, frequency, season, time of day)

e Summary of Costs (e.g., labor costs, material costs, damage costs)

e Customer Characteristics (e.g., company size, household income)

Second, all of the scenarios were hypothetical. This is both a strength and weékimedsody

of studies. The goal in presenting customers with hypothetical interrupgoarsos is that they

can respond to the same stimulus (a carefully controlled description of a seéntesraptions).

This simplifies associating costs and customer characteristicattributes of interruptions like
duration and time of day. However, because these are hypothetical, customers do not provide
actual costs for actual events. Instead, they are asked to carefoligtesheir costs for the
hypothetical situations, regardless of previous interruption experiencesarwet determine,

prime facie, the biases inherent in such self-reports of cost estimsesassd with hypothetical
interruption scenarios.

Third, the interruption scenarios varied in several ways, including
e duration,
e onset time of day
e onset day type (weekday or weekend)
e season (summer or winter)
e Extent of advance notice of upcoming interruption

Because planners are typically interested in interruptions occurring sjrefgfic system
conditions, many interruption scenarios described interruptions assogittesystem peak
conditions. For example, studies conducted in northern climates were focusedyadmari
winter interruptions, while those in southern climates were focused dgirmarsummer
interruptions. Some studies measured interruption costs for momentary integwptida

others did not. Some studies measured costs for long interruptions (i.e., 8-12 hourshewhile
maximum interruption duration was limited to 4 hours in others. The most commonly used
interruption scenarios involved interruptions of one- and four-hour durations ogcoinrin
summer afternoons. Most of the studies included a common 1-hour interruption occurring at
time of system peak for all observations.
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Fourth, the studies were conducted over a 16-year period. The results from each study are
appropriate for the time period during which the data were originally cedle€b compare the
results across time it was necessary to take account of inflation and chmatingesost of living.
Accordingly, all of the cost data have been adjusted to 2008 dollars using the US Bureau of
Economic Analysis GDP Deflator.

The strategy used to collect interruption cost data in most of these shwdiked presenting
customers with a series of hypothetical interruptions and asking them tibdekeir costs (or

to respond to a willingness to pay to avoid their costs) to each one. Each respondent provided
cost estimates for more than one scenario (in some cases, up to 8 scenarissalSiatver of

the results was enhanced by organizing the data so that the responses f@reathiaa

survey were treated as independent observations or records. For example, pameergs
provided separate cost estimates for each of 3 scenarios, then these resutwated into

three separate records in the meta-database. The common variablesnegyaphic

information such as SIC code, were appended to each record.

As explained above, meta-datasets were created for three customer gesighsntial, small

C&l (50 thousand annual kWh or less) and medium and large C&I (more than 50 thousand
annual kwh). The commercial and industrial datasets include the following informatiacton e
observation:

Season

Onset time of day

Onset day of week

Interruption duration

Whether advanced warning was received

Year interruption cost study was completed

Estimated interruption cost;

Customer’s SIC code

. Customer’s business type

10. Number of employees

11.Whether company has back-up generation

12.Customer’s annual kWh consumption

CoNohrwWNE

The residential customers’ survey included similar interruption scenaoioriafion (items #1-7,
above) but also included:

Willingness to pay measure (WTP)

Willingness to accept credit (WTA)

Type of housing

Home ownership

Household income

Whether household has sickbed resident

Whether household uses medical equipment in the home

Whether household has a home business

N RAWNE

The commercial and industrial, and the residential datasets are alseddfffan one another in
other important respects, as described below.
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1.2 Commercial and Industrial Datasets

Development of commercial and industrial sector databases involved crepaingtselatabases
for the medium and large C&Il and small C&l data. Each includes enterprises involMed in a
aspects of commercial and industrial activity as well as governmenteser Although utilities

use slightly different criteria for defining small, medium and largéotner classes, we used
common criteria to assign customers to either small versus medium and larg@&l@&gmall
commercial and industrial customer was defined as a one using 50 thousand kWh annually or
less. The medium and large C&I customer was defined as a customer using more than 50
thousand kWh annually.

For both commercial and industrial customers, all of the studies employed thansanugtion
cost estimation methodology — direct worth or direct cost estimation (see Ap@ndix the
direct worth estimation methodology, customers were asked to estimatssks they would
experience under varying assumptions about the timing, duration and extent of electric
interruptions. In most cases, the estimation involved customers completing a \wofksleach
scenario in which they reported various types of costs and various types of saviags.cdsts
and savings were then summed to calculate a net cost of the interruption. Cugterse
generally asked to provide estimates for four to ten scenarios (i.e., cansratonset time,
duration, extent of advance warning, season and day of the week). Thus, these sttdoesi pr
a range of estimated interruption costs for each customer — one for edshatem of
interruption conditions on which they were asked to report. It is not uncommon for some of the
customers within a given study to receive one randomly chosen set of interrequiditions,
while others receive a somewhat different randomly chosen set.

For the two commercial and industrial datasets, the primary dependentes&itdill cost of

the interruption on a per event basis. In most cases, demand and usage informatain for ea
customer was also available and, for reporting purposes, was used to expneggiomerost on
a per average k¥Wand per annual kWh basis.

1.3 The Residential Dataset

Unlike the commercial and industrial customers where costs associateahvinitterruption can
be converted into an economic loss based on lost profits or costs over savings, the costs of
interruptions to residential customers are often more intangible. Realdrristiomers tend to
describe their costs in terms of the “hassle” or “inconvenience” of anupt&m rather than in
terms of specific labor or material costs. For this reason, most of the redioletruption cost
studies in this meta-analysis use some form of ‘willingness to pay’ (therarti® household
respondent would be willing to pay in order to avoid an interruption of a certain scersathe)

" The use of average kW in this report is differfieain many previous studies where maximum kW deniand
used. Maximum kW is not used in this report beeduis not included in many of the datasets. dadt average
kW is calculated by dividing annual kWh by 8760 tsdyear. If necessary, maximum kW can be estimbyed
dividing average kW by an assumed load factor.
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dependent variable (rather than rely on estimation of direct tos®)e meta-analysis described
here focuses on these ‘willingness to pay’ measures.

Unlike the commercial and industrial customers where costs associdteahvisitterruption can
be converted into an economic loss based on lost profits or costs over savings, the costs of
interruptions to residential customers are often more intangible. Redidest@mers tend to
describe their costs in terms of the “hassle” or “inconvenience” of anuptem rather than in
terms of specific labor or material costs. For this reason, most of the regdioeetruption cost
studies in this meta-analysis use some form of ‘willingness to pay’ (therdrie household
respondent would be willing to pay in order to avoid an interruption of a certain scerite)
dependent variable (rather than rely on estimation of direct tbs)e meta-analysis described
here focuses on these ‘willingness to pay’ meastires.

12 50me of the studies measured willingness to palingness to accept and direct worth interruptimst
estimates. Willingness to accept and direct worlasurements were not analyzed in developing tsteicwer
damage functions reported in later sections.

13 Some of the studies measured willingness to palingness to accept and direct worth interruptimst
estimates. Willingness to accept and direct worlasurements were not analyzed in developing tsteicwer
damage functions reported in later sections.

1% The validity and reliability of various approactiesdamage cost measurement using contingent vatuhtive
been discussed at length in the literature. We ataghm it justice in the space available in thisxfat. Those
interested in this debate should see Mitchell aacs@n (1989) or Horowitz and McConnell (2002).
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2. Methodology
2.1 The Nature of Interruption Cost Data

The distribution of reported interruption costs has at least three chetaztevhich present
significant challenges to the modeling exercise contemplated hest.asignificant portion of
the observations have a value of zero. For example, 33.3% of reported interruptioarcosts f
medium and large C&I customers are zero. Second, the nonzero interruption costs are
significantly right-skewed (for most of this range, interruption costgjapeoximately
lognormal). Third, the right tail of the distribution deviates substantially fogmbrmality due
to excess kurtosis.For example, for medium and large C&I customers, the value of the
distribution of interruption costs at the'®percentile is more than 1,000 times larger than the
figure at the % percentile. In addition, there are a small number of large customers whose
interruption costs are several orders of magnitude higher than other respo@ilegr these
characteristics, it is likely that standard regression techniques (€53.v@ll produce extremely
unreliable results, subject to serious bias and inflated error variances.

There is a significant literature dealing with analysis of data on hagdtlexpenditures which
has similar properties (See Jones (2000) for an overview). For example, annoal data
healthcare expenditures is characterized by a large cluster of datadsa Gight skewed
distribution of the remaining outcomes. For instance, people who do not get sick garsrall
$0 of medical care in a given year. Of those who do get sick, most are not selicmstythere
will be a subset of the population who will incur significant medical expenseaddition, there
will be a small number of outliers with extremely expensive medical danm@m an applied
statistical perspective, how should one take these characteristicsdotm& These issues are
addressed below.

2.2 Ouitliers

The distribution of interruption costs contains significant outliers. For exaapladicated
above for medium and large C&l customers the top five values for a 1 hour intamragi
greater than 100 million dollars, and the highest interruption cost reported is 11288 @hat
of the mean interruption cost. Outliers are generally classifiedldutliers or extreme
outliers. In statistical terms a value X is an extreme outlier if:

X<Q1-3*IQR 1)

X>Q3+3*IQR 2

Mild outliers are any data values which lie between 1.5 times and 3.0 times thaaniér
range below the first quartile or above the third quartile. We computed the impicgtivalues

based on the medium and large C&I survey responses for a 1-hour interruption. Ttkearesul
described below:

15 For example, for the data on medium and large @&tomers, the test for normality fails to rejéet tull
hypothesis of normality for the skew of the digtitibn, but easily rejects the null based on ex&es®sis.

11
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Low High
Mild Outlier cutoff points -6,448.3 | 11,451.9
# mild outliers 0 578
% mild outliers 0.00% 4.05%
Severe Outlier cutoff points -13,160.8 | 18,164.4
# severe outliers 0 1618
% severe outliers 0.00% 11.34%

Unfortunately, the extreme kurtosis of the data leads the standard method ta sejestantial
fraction of the dataset (15%) as outliers. However, because the dgppEndaraately
lognormal over a most of the distribution, and the form of the primary interruption cost
regression is logarithmic, it appropriate to examine the data in log liomatural logarithms,
the outlier diagnostics provide much more reasonable results:

Low High

Mild Outlier cutoff points 1.794 | 13.440
# mild outliers 4 51
% mild outliers 0.04% 0.55%

Severe Outlier cutoff points | -2.573 | 17.810
# severe outliers 0 0
% severe outliers 0.00% 0.00%

For the regression analyses presented in this report, both the mild and sevesveerttie
eliminated using the above procedure, except that these criteria were apftlia industry and
duration for log interruption costs and within industry for log annual kWh usage.|2&lal
data combined, approximately 2.8% of cases are excluded owing to outliers and oassi
leaving 51,741 cases available for calculating total cost. For the redidiattiset,
approximately 2.7% of cases are excluded owing to outliers and missing aatag 26,026
cases available for calculating total cost.

2.3 Functional Form and Transformation

Excluding the zeros and outliers, the distribution of interruption costs is apataky
lognormal. For such distributions, estimation using logged estimates &ill yield more
precise and robust results than direct analysis of unlogged dependent vAsahleh, one
might propose the following simple loglinear specification for interruptiotscoshere ¢
represents reported interruption costs for each scenario;aadr¥sents a vector of scenario-
related and firmographic variables:

¢ =In(C) @
X =In(x) @
C =p-X%+Uy )

12
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Of course, we are not interested in log scale results per se. The questiorstdeehay to derive
the desired predictions of raw interruption cdstérom the estimated equation above. Note that
taking the antilogarithm of the predicted values from the loglinear equation albwetwield

the desired predictions, i.e., ekp(# Ci. Indeed, given the nature of the data on interruption
costs, the results of that procedure are likely to be far from the correcs.value

Many economic models specify loglinear relations between variabtesh weans that after a
log-transformation of the dependent variable, and possibly independent variables, this mode
standard linear regression model in the transformed variables. The trartsfoodel can
therefore be estimated by OLS and optimal predictors for the transformed depencebles
are easily obtained. However, one is generally interested in predictingdhmalbvariables, not
the variables in logs. One solution is just to take the inverse transform of thelgpédiator in
the transformed model, i.e. take the exponential of the optimal predictor from lihedog
model. This solution is not optimal for the original variable because the nonlimeznsg)
transformation results in a biased predictor, due to both the distribution of thetestinththe
random nature of the disturbance term. The problem is one of relating (conditipead)ations
before and after a nonlinear transformation. This relation is trivial in Imedels but for
nonlinear models the problem cannot usually be solved analytically.

If the error term us both normal and homoskedastic, then the predicted values can be recovered
via the following relation:

0_2

Eclx]=e""2 (6)

Whereo? is the variance of the error u. Of course, the assumption of normality and
homoskedasticity is unlikely to hold in general and in particular is extramékely to hold for
the interruption cost data at issue here. If the data are nonnormal, anotheifste
“smearing” estimator of Duan (1983), where 3 factor is replaced by the mean of the
antilog of the residuals, however this estimator also assumes homoskedésticit

The fundamental issue here is not one of simply transformation but a broader question of
functional form. Of course, one simple approach would be (despite the charastefigtie data
described above) to use OLS on the raw interruption cost data. The advantage of akishalspr
simplicity — there is no retransformation issue with a purely linear moddhareffects of
various factors on interruption costs can be clearly observed. The disadvantage®rhare
numerous and fatal. First, the high skew of the underlying data means that ttsearesnbt
robust to smaller data sets, i.e., the results from one dataset may provide giotiopsefor
another dataset. OLS can also produce negative interruption costs. Oh& extremely
inefficient in the statistical sense due to the enormous residual variance

A simpler way to address the issue is to abandon the goal of estimating EpdgifYjavor of
estimating log(E[Y|X]). In other words, we estimate the mean interruptidnwbih is linked
to the predictor variables through a log function, while the loglinear approach niozleiean
log(G). Another way of thinking about the difference between these two models is that the GLM

16 See Ai and Norton (2000).
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approach models the arithmetic mean of interruption costs, while the standareldoglpproach
models the geometric mean of the interruption cost. Of course, the estimatadtpesavill

then be arithmetic means instead of geometric means, but in our case the goahas\the
generation of accurate interruption cost predictions under various scendhniesthan the
interpretations of individual parameters per se. Another advantage of the GLMdpisrtizat
arithmetic means are still even when the outcome is zero, and thus such an apqriokioh c
used to model interruption costs including the zero values (although the use of-fhettwo
model obviates the need to do so).

Following the approach laid out by Manning and Mullaly (1999), the GLM framework is
specified by two relationships. The first specifies the mean function for tkeveldsaw-scale
variable G (interruption costs in our case) conditional on a set of independent variables X

InEC)=4-X (7)

or
ECl=u(B-X%)=¢" (8

The second relationship relates the variance function for Y to X:

Var(C) = o -v(X,) ©)

It is useful to consider a general class of variance functions of the form:

V(C) = x(u(B- X))y (10)

wherey must be finite and non-negative. In the cgs@, we obtain the usual nonlinear least
squares estimator. In the casd., we obtain the Poisson like class, where the variance is
proportional to the mean, which is itself a function of X. In the cagedive get the gamma
family of distributions, from which the lognormal, Weibull, and Chi-squared are variants
depending on the shape parameters. Manning and Mullaly (1999) note that the fagartynaé
models {=2) are in some respects a natural “baseline” specification, sinceiiéhmodel is
actually C= exp(>B)*u, then it is natural to suggest that Var[C|X] is proportional to the mean
E[C|X] squared. Deb, Manning and Norton (2006) suggest the use of the GLM Family Test (a
variant of the Park test) to identify the correct value of gamma. The purpdeeGLM Family
Test is to determine the relationship between the mean and variance asdspettibdast
equation above. The procedure for implementing the test is as fdffows:

1. Regress interruption cos@ (raw scale) onX (using either OLS or GLM)

2. Save the raw scale residudlsand C , the predicted values &

3. Regress the log of the estimated residuals on the log of the predicted values. The
estimated coefficienf from this regression gives the family:

" See Pregibon (1980).

14



Estimated Value of Service Reliability for Electtittility Customers in the United States

If 7=0, Gaussian NLLS (variance unrelated to mean)
If 7=1, Poisson (variance equals mean)

If =2, Gamma (variance exceeds mean)

If 7=3, Wald or inverse Gaussian

The estimated values of gamma for the three customer groups are presented below

Estimate of Standard

Gamma Error
Medium and Large C&lI 1.919 0.00608
Small C&l 1.844 0.01083
Residential 1.654 0.02997

Although the high number of observations and resulting low standard errors lead tdi@refec
the null hypothesis that gamma=2 in each case, the fact that the valuesaie & strongly
favors the use of the gamma family of errors. Thus the decision was made oy &hM with

a logarithmic link function with gamma distributed errors.

Because the total number of observations represent the answers to multipies¢epdo 6),
the standard errors presented in all of the regression estimates contalmeeckpott are
adjusted to reflect clustering by respond&nt.

2.4 The Regression Specification

Previous literature has dealt with the peculiarities of interruption ctsudang a variety of
regression specifications, many of which can be described under gralgetric of switching
regressiond’ The most general setting is as follows:

Regime 1:y, = /X, +u, ifand only if yZ, > u,
Regime 2.y, = 5, X,; +u; if and only if yZ, <u,

The first term in each of the two regime descriptions above, where the presurabteari
interest yis related to a set of determinanf$ X ) is sometimes referred to as the outcome
equation. The second termZ ) which specifies the determination between the two regimes is
sometimes referred to as the selection equation.

18 See the svy command in the Stata reference manual.

19 Although the terms switching regression and seleenodel are sometimes used interchangeably, ieahn
selection models as well as both endogenous argeeros switching models are distinct classes depgoch
which of the two regimes are observed versus umebdeand whether the selection equation is linkeihé
outcome equation. As is explained below, becawsasgsume that both regimes are observed (whetimeat or
interruption costs are positive) and that the regindicator has no effect on the outcome (intefomptosts), the
distinction is moot with regard to our analysis.
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Censored and truncated models, selection models (such as the Heckman twodstepand
the two-part model employed here are all particular applications aftsmgtregressions. In
censored or truncated models, the outcome varialdeonly observed in one regime state.
Matters may be further complicated when the same factors that deténeniregime affect the
outcome variable. With respect to interruption costs, the selection modelidetewhether or
not respondents report positive interruption costs for the scenario in question. Tmeeoutc
model relates interruption costs to the scenario-related and firmographigles, conditional on
the fact that interruption costs are indeed positive.

Although an interruption cost which is reported as zero may indeed be some sitiaé pos
number which is too troublesome to compute exactly, there is no issue of truncation or
censoring. That is the zeros do not represent values below zero that have somehow been
censored. The standard Tobit model assumes that the observations are |lefdcarmeno, that
is, that values which are zero are actually negative. Figure 1 disptagphic comparison of a
distribution that corresponds with the form for which the Tobit model is appropriate and the
actual distribution of interruption costs observed in this study for Medium and Large
Commercial and Industrial Customers. In the figure it is evident that tinduli®n of
interruption costs is not at all similar to the distribution that is left cedsore

Figure 2-1, shows that the distribution of interruption costs increasesralyifas the value of
interruption costs decrease, until the point mass at zero is reached. Althougiptiote costs
may decrease for some time over some duration, by definition net interruptisc@osot be
negative, and in addition to reported interruption costs of zero there are manynesuesro.

As in the general case, a potential endogeneity in the estimation of interruggismises from
the linkage between the parameters of the outcome equation and the selection equation. The
presence of this endogeneity determines the appropriateness (or inapgmepspof the
statistical model chosen. In practical terms, the question is whethecties fihat determine
whether the interruption costs are zero alstermine the magnitude of interruption costs.

We assume that endogeneity is not an issue with respect to interruptionrmbststa model
which accounts for this assumption explicitly presents the best approach frdmstizaita
perspective. Consider as an example the Heckman selection model, where the logoodds ra
from the selection model appears in the outcome model to account for the presumed
endogeneity. The presence of the correction is due to the potential correlatiearbtteverror
term in the selection model and the error term in the (conditional) outcome model. @e the
hand, if the conditional outcome model does not have the correction term, it may be under
specified, leading to estimation bias. On the other hand, if the correction term dbekngt

the outcome model will underpredict interruption costs, perhaps significantlycofiteet

choice between these two approaches is discussed in detail in Duan and Manningl(Li9&3).
following section we introduce our preferred approach and offer an empiricahgoalof its
performance vis-a-vis other switching regressions.
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Figure 2-1. Comparison of Censored Distribution with the Actal Distribution of Interruption
Costs for Medium and Large Commercial and Industrial CustomersHistogram of Interruption
Costs (0 to 98 Percentile)

2.5 The Two-Part Model

Unlike sample selection models, the two-part model assumes that theosetgaiation and the
outcome equation are completely independent from one another. In the first stefgdh li
dependent model is used to assess the probability that a particular custonmeleed| report a
value of zero versus any positive value for a particular interruption scehased on a set of
independent variables which describe the nature of the interruption as wettaser
characteristics. The predicted probabilities from this first stegyeegained. In the second step,
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interruption costs for only those customers who report positive costs ard telatset of
independent variables (which may or may not be the same as the independent varidloles use
the first stage). Predictions are made from this model for all custometsjingthose who
reported zero interruption costs. Finally, the predicted probabilities fronfitsiggart” are
multiplied by the estimated interruption costs from the “second part’nergte the final
interruption cost predictions. Heuristically, the model can be describetd@asd, where €
represents interruption costs for customer arifl X represent vectors of customer
characteristics as well as interruption scenario parameters fornrs,y andp represent
parameter vectors, angands; represent disturbance terms:

Part|: PrC >0)=F(Z/y,u,) (11)
P =F(Z7) (12)
Partll: C =f(X,f,¢), C >0 (13)

C

f(X., ) for all i (14)

O
Il

e (15)

Presumably the nomenclature “two-part” is employed rather than “twe-sta emphasize the
fact that the two parts of the model are not related in any way. The choice pdnddet
variables and functional form are totally at the discretion of the researndeheae is no
linkage between the two equations.

In order to evaluate the validity of our assumption regarding the approprestdribe two-part
model versus the Tobit or the Heckman selection model, an in-sample testcakforg
accuracy was performed. The three different specifications weraisagho estimate the
interruption costs for 20% of the sample held back from the model parametetiestima
exercise. Model parameters were estimated for all three customer:gsowgls C&l customers,
medium and large C&I customers, and residential customers. The modelsivestes] using
a randomly selected group of respondents representing 80% of the total respondents. The
estimated model was then used to predict interruption costs for the remaining @sample.
The results of this in-sample validation exercise are presented in Tallle@igh Table 2-3
below. The results indicate that the Two Part regression procedure produces much more
accurate predictions of customer interruption costs than either of the otherapeciétations.
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Table 2-1. Reported and Predicted Interruption Costs Across Aree Regression Specifications,

Small C&l Customers

Predicted
Predicted Interruption
Reported Interruption Predicted Cost (Heckman
Interruption Costs (Two- Interruption Two-step
Variable Costs part model) Cost (Tobit) model)

Duration
Voltage Sag $210 $372 -$1 $1,703
Up to 1 Hour $738 $653 $0 $2,418
2 to 4 hours $3,236 $2,322 $34 $5,623
8 to 12 hours $3,996 $3,971 $217 $7,697
Industry (1-hour duration)
Agriculture $302 $531 -$1 $1,351
Mining $3,161 $1,357 $0 $1,930
Construction $1,577 $1,128 $1 $3,235
Manufacturing $1,027 $869 $1 $3,325
Telco. & Utilities $665 $896 $1 $2,968
Trade & Retail $623 $564 $1 $2,114
Fin., Ins. & R. E. $1,039 $886 $0 $3,029
Services $563 $488 $0 $2,234
Public Admin. $139 $291 -$1 $1,629
Average kW/hr (1-hour duration)
0-1 kW/hr $449 $575 $1 $1,723
1-2 kW/hr $843 $636 $0 $2,429
2-3 kW/hr $804 $707 $0 $2,583
3-4.5 kW/hr $752 $676 $0 $2,676
Over 4.5 kW/hr $617 $741 $1 $2,984
Region (1-hour duration)
Midwest $474 $493 $0 $1,855
Northwest $335 $491 -$1 $2,313
Southeast $820 $762 $0 $2,629
Southwest $1,136 $511 -$1 $2,591
West $867 $791 $2 $2,286
Time of Day (1-hour duration)
Night $226 $495 -$1 $2,781
Morning $659 $622 $0 $2,268
Afternoon $1,087 $770 $2 $2,347
Evening $349 $469 -$1 $4,382
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Table 2-2. Reported and Predicted Interruption Costs Acros$hree Regression Specifications,
Medium and Large C&I Customers

Predicted
Predicted Predicted Interruption
Reported Interruption Interruption | Cost (Heckman
Interruption Costs (Two- Cost Two-step
Variable Costs part model) (Tobit) model)

Duration
Voltage Sag $7,331 $8,439 $108 $5,075
Up to 1 Hour $16,347 $12,566 $319 $8,371
2 to 4 hours $40,297 $38,757 $5,400 $37,523
8 to 12 hours $46,227 $43,068 $7,886 $44,404
Industry (1-hour duration)
Agriculture $1,646 $1,096 $5 $640
Mining $33,925 $14,972 $896 $12,347
Construction $3,091 $5,987 $23 $2,436
Manufacturing $46,004 $31,839 $1,004 $23,207
Telco. & Utilities $5,942 $7,032 $38 $2,452
Trade & Retail $3,074 $2,875 $52 $2,199
Fin., Ins. & R. E. $5,760 $8,710 $49 $3,144
Services $3,868 $4,512 $29 $2,604
Public Admin. $19,784 $9,402 $52 $3,406
Average kW/hr (1-hour duration)
0-25 kW/hr $1,351 $1,796 $15 $1,226
25-100 kW/hr $3,466 $3,975 $45 $2,629
100-500 kW/hr $11,975 $10,017 $184 $6,595
500-2500 kW/hr $44,699 $28,505 $670 $18,999
Over 2500 kW/hr $101,076 $77,023 $2,621 $51,441
Region (1-hour duration)
Midwest $15,355 $9,728 $296 $7,642
Northwest $2,808 $4,458 $21 $3,064
Southeast $26,066 $20,729 $527 $13,508
Southwest $4,094 $3,593 $35 $2,164
West $19,975 $13,297 $415 $8,802
Time of Day (1-hour duration)
Night $7,439 $4,933 $16 $2,831
Morning $7,711 $6,276 $120 $4,552
Afternoon $25,244 $19,815 $590 $13,058
Evening $27,275 $15,073 $94 $9,430
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Table 2-3. Reported and Predicted Interruption Costs Across Aree Regression Specifications,
Residential Customers

Predicted
Predicted Predicted Interruption
Reported Interruption Interruption | Cost (Heckman
Interruption Costs (Two- Two-step
Variable Costs

Duration
Voltage Sag $2.3 $2.4 -$0.6 $18.9
Up to 1 Hour $4.1 $3.8 -$0.4 $20.8
2 to 4 hours $7.3 $7.2 $0.4 $26.8
8 to 12 hours $11.5 $9.4 $1.0 $29.5
Average kW/hr (1-hour duration)
0-0.5 kW/hr $3.9 $3.1 -$0.4 $14.1
0.5-1 kW/hr $3.5 $3.2 -$0.4 $17.3
1-1.75 kW/hr $4.0 $3.7 -$0.4 $20.7
1.75-2.5 KkW/hr $4.1 $4.1 -$0.4 $23.4
Over 2.5 kW/hr $5.0 $4.6 -$0.3 $26.5
Region (1-hour duration)
Northwest $3.1 $3.6 -$0.5 $23.9
Southeast $6.2 $4.6 -$0.1 $18.2
Southwest $1.8 $3.1 -$0.7 $27.5
West $4.5 $3.6 -$0.3 $15.3
Time of Day (1-hour duration)
Morning $5.3 $5.2 $0.0 $19.8
Afternoon $4.1 $3.5 -$0.3 $14.9
Evening $3.3 $3.2 -$0.6 $27.6
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Figure 2-2. Medium and Large Commercial and Industrial Customers kstogram of Reported and
Predicted Log Interruption Costs Using Tobit Specification

In particular the Tobit results are of note. See Figure 2-2. They are sonficthi true value as
to be essentially nonsensical. The graphs above demonstrate clearly whiith@dduces
such dramatic underestimates of interruption costs.

What is conspicuously missing from the top of the figure are the 33.2% of observatiochs
are reported as zero interruption cost. How does the Tobit procedure handle thosetheros i
estimation process?

The identical scale of the two histograms makes very clear where therermapped to in
terms of predicted interruption costs. They are assumed to be low (or negdties) tre effect
of which is to dramatically bias the predicted interruption costs towardsrzevery category.
The fault does not lie in the Tobit estimation itself; in fact it performstigxas intended. The
problem is the assumption regarding the nature of the zero values for interngsison

The Heckman model also underpredicts interruption costs relative to the repautes] val
although not as severely as the Tobit model. See Figure 2-3. The chatemépg reported
and predicted interruption costs for the Heckman model are similar, althougrarigtase
dramatic as the Tobit results:
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Figure 2-3. Medium and Large Commercial and Industrial Customerdistogram of Reported and
Predicted Log Interruption Costs Using Heckman Specificabn

As with the Tobit case, the Heckman model performs exactly as expectedsuByirag that the
zero reported interruption costs arise from a self-selected sampletaalllyaepresent non-zero
values, the Heckman procedure “corrects” the regression coefficients agpty to all
observations. For medium and large C&I customers, the correction causes an underpcgdict
interruption costs. With respect to residential customers, the correcustza severe
overprediction of willingness to pay for interruptions.

2.6 Implications

The models applied here to the interruption cost data from the various survdgpanteires
from the previous literature on the modeling of interruption costs. We believaehage of the
two-part model versus the Tobit or other selection model and the GLM versus thedstandar
loglinear model both represent improvements over previous results which sighjficardase
the statistical accuracy of the predictions from those models and, in turn, shodldasigi
improve the reliability of the customer damage functions derived from them.
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3. Medium and Large Commercial and Industrial Customer Results

The medium and large commercial and industrial dataset is built from 13 studiestedrimuc

10 companies and includes approximately 7,196 respondents. Overall 31,068 total responses
were utilized in the analysis. The number of cases varies depending on atsaibloidita since
either the study or the scenario details for a particular respondent may ¢oigsing values).

The distribution of the available data across various interruption attribetes, yand customer
characteristics is described below.

Table 3-1 summarizes the number of records available for analysis by, reggson, day of
week, and year of study. The results show that the number of responses rangé&stéranore
than 3,600 for various combinations. Overall there is substantial coverage acass, feg
winter versus summer seasons, and across year of study. For the medium amilargeial
and industrial sector, there is more limited data on weekend interruptions.

Table 3-1. Medium and Large Commercial and Industrial Customers Nmber of Observations by

Region, Company, Season, Day of Week and Year

Year of Survey

. | vemotsuwey |
ek ot

Midwest-1 | symmer | weekday 2,048 2,048
Midwest-2 [ symmer | weekday 1,654 1,654
Summer | Weekend 298 298

Northwest-1 | \yinter | weekday | 1,834 1,834
Northwest-2 | gymmer | weekday 2,335 2,335
Summer | Weekend 472 472

Southeast-1 | symmer | weekday 87 87
Southeast- 2 | symmer | weekday 3,649 2,721 6,370
Winter Weekday 296 327 623

Southeast-3 | symmer | weekday 2,106 2,106
Southwest | symmer | weekday 2,811 2,811
Summer | Weekend 589 589

Winter Weekday 593 593

West-1 | summer | weekday 1,489 1,489
Winter Weekday 293 293

Winter Weekend 601 601

West-2 | symmer | weekday | 1,624 1,795 2967 | 6,386
Winter Weekday 403 76 479

Total: | 3,861 | 2,106 | 5,740 | 1,952 | 3,135 | 2,807 | 6,376 | 2,048 | 3,043 | 31,068
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While suggesting a reasonable degree of coverage for conducting the nhgtes.ath@ results in
Table 3-1 also point to a key limitation in the data: The results show that theeztare “holes”
in the coverage that will limit the ability to use the merged data to sort out guesdfir some
variables. In particular, the region of the country and the year of the sautighly correlated.
In most years only one or two utilities conducted a study, and the studies were doneantdiffe
parts of the county. As a result, a calculation of the average interruptidiorcagiven year is
heavily influenced by the region and type of scenarios asked in that region. Feadlois, ithe
data probably cannot be used effectively to evaluate the changes in inberagsis over time
without additional statistical controls for the region (or utility) and scermduaracteristics. This
problem surfaces for many of the calculations of interruption costs thadl weuwdf interest.
Simple comparison of average interruption costs for levels of a varialiteodst (such as
interruption costs for different interruption durations or for different regionsst be interpreted
very cautiously outside the context of a multivariate model that can control forcogtemer or
interruption attributes. The underlying group of customers responding to a sceitlarary

from scenario to scenario and differences in these underlying groups may benpwmtant in
explaining differences in the interruption costs than the levels of the waadhiiterest (such as
duration). For this reason, we remind the reader that the regression gmiaysigted at the end
of this chapter provide the most meaningful information on the value of service. Thetbivaria
tabulations presented in the tables are suggestive, but due to the methodological and data
structural issues, may be somewhat misleading. For example, it maketosamsgare the
effect of a specific condition on interruption cost only when the same respspdevide
information to both permutations. However, frequently one group of respondents provides
information about only one kind of scenario, and these results may not be comparable to
different respondents. Importantly, only multiple regression or similar sembake all of these
factors into consideration simultaneously and consistently.

3.1 Interruption Cost Descriptive Statistics

Table 3-2 and Table 3-3 show the distribution of interruption costs by interruptiatoguon a
per-event and per-average kW basis, respectively for medium and large c@ahametc
industrial customers. The results in Table 3-2 show interruption costs nemah average of
$7,220 for a voltage sag to $41,459 for an 8-hour interruption. Although the results trend
generally upward as would be expected, there are substantial deviatiorkifrtr@nd. For
example, the voltage sag has a significantly higher per event cost ($7,220) thaninaite5
interruption (at $2,432). In addition, reported interruption costs for a 30 minute interrigption
greater than the cost for a 1 hour interruption and a one hour interruption has a loage ave
cost than a two hour interruption. Neither of these differences makes sengariS@édecause
both the 30 minute interruption and the 2 hour interruption were estimated for\zehglstnall
subset of customers that differ substantially from the average custontieessiudy in terms of
their size and type. As discussed above, the table (unlike the regressiorsgabkanted in
Section 3.2 below) does not control for all of the other factors within each duration which va
among the scenarios. The effect of duration on interruption costs can only be iaterptae
context of a multivariate model controlling for differences among the studies.
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Table 3-2. Medium and Large Commercial and Industrial Customers & 2008$ Interruption Cost

S P —

per Event by Duration

Duration Error Deviation
Voltage sag | 6,225 | $7,220 751 | $59,286 | $0 $0 $0 $692 | $17,868
15 min 459 | $2,432 614 | $13,163 | $0 $0 $0 $374 $9,969
20 min 403 $8,808 2,252 $45,216 | $0 $0 $470 $3,463 $29,360
30 min 908 | $35,150 3,816 | $114,986 | $0 $12 | $1,500 | $15,897 | $171,866
1 hour 13,600 | $15,056 737 $85,892 | $0 $0 $541 $3,911 $51,349
2 hours 296 | $7,298 1,298 | $22,330 | $0 $0 $831 | $2,769 | $41,534
4 hours 6,848 | $39,870 1,775 | $146,908 | $0 $352 | $3,356 | $21,650 | $175,884
8 hours 1,753 | $41,459 3,861 | $161,653 | $0 $127 | $3,789 | $23,488 | $164,754
12 hours 576 | $28,999 4,231 | $101,533 | $0 | $1,178 | $5,279 | $18,752 | $107,513

Table 3-3. Medium and Large Commercial and Industrial Customers 8 2008$ Interruption Cost

Standard | Standard Percentiles of Individual kW/Hour figures

per Average kW/Hour by Duration

Mean
Duration (REL[)) Deviation
Voltage sag | 6,225 $8.1 0.77 $60.9 | $0.0 | $0.0 $0.0 $5.6 $139.5
15 min 459 $9.3 2.32 $49.7 | $0.0 | $0.0 $0.0 $6.2 $128.2
20 min 403 $13.6 221 $44.4 | $0.0 | $0.0 $4.7 $19.1 $132.5
30 min 908 $14.0 1.48 $44.5 | $0.0 | $0.0 $4.2 $21.8 $216.1
1 hour 13,600 $21.5 1.06 $123.1 | $0.0 | $0.0 $7.7 $46.2 $408.9
2 hours 296 $77.4 14.44 $248.5 | $0.0 | $0.0 | $15.7 $60.5 $435.8
4 hours 6,848 $44.4 2.28 $188.4 | $0.0 | $2.8 | $39.8 | $160.8 | $1,113.1
8 hours 1,753 $93.3 10.11 $423.1 | $0.0 | $1.5 | $69.9 | $316.6 | $2,302.3
12 hours 576 $26.5 4.54 $108.9 | $0.0 | $8.3 | $100.6 | $304.1 | $1,293.8

One of the primary drivers of interruption costs which is not controlled in Table 848tismer
size. Interruption cost varies significantly as a function the size of thenceiss operation and
its dependence on electricity. There are two important proxy measuresasheusize that can
be used to scale interruption costs to the magnitude of electric demand and usgmesfor t
customers. These are: interruption cost per unserved kW and interruption cost per annu
average kWh sold. It is useful to calculate interruption costs scaled tajtreegéies because in
utility planning the magnitude of unserved load or energy is often calculatdtefoative
design or operating criteria. For example, utilities commonly know the anneslodanergy at
various points on the transmission and distribution system by customer type., that is
relatively easy to obtain measurement of the annual kWh sold to residentiaéooatrand
industrial customers at the feeder, circuit, distribution transformer,udosdagion and
transmission line level. In addition, in some planning applications, degradations or
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improvements in reliability are often expressed in terms of lost load (kW demand$erved
energy (unserved annual kWh (properly scaled to interruption duration).

Table 3-3 shows the effect of normalizing the per even interruption costsverageakW/Hour
basis. Some of the oddities present in Table 3-2 are eliminated by this noiorgliaiéhough

there are still inconsistencies. Because the individual figures for iniemguaists per average
kW/Hour are extremely variable, the mean and standard error figuressatedrathe total sum

of interruption costs divided by annual average kW/H8te distribution percentiles are still
based on the distribution of the individual values. The costs range from $8.1 per average
kW/Hour of demand for a voltage sag to $93.3 per average kW/Hour for an 8-hour interruption
(although the figure for a 12-hour interruption is lower than the figure forrauBinterruption,

it is possible that this difference represents a methodological aegamly one study used the
12-hour duration).

In Table 3-4 and Table 3-5, comparisons of the average interruption costsloua 1
interruption for several key variables—season, day of week, region, and irdastrpresented.
The data include the mean and standard deviation of interruption costs as welftas seve
percentiles in the distribution. Table 3-4 presents these summarycgdostine raw
interruption costs, while

For data on regions, the rank order of the regions is somewhat different wheerthgpirmn
costs are measured on a per average kW/Hour basis. The Southwest region hasstheokighe
per average kW/Hour ($37), while the Midwest and Northwest (at slightly las$2taper
average kW/Hour) have the lowest values. Finally, in terms of industry, cormirbes the
highest cost per average kW/Hour at $62.9. The remaining business types range from $7.6 to
$43.6 on a per average kW/Hour basis with mining being the lowest.

Some of the interruption cost surveys also included scenarios with advanced @raing
particular interruption (For surveys which did not provide such alternativesealrsas are
assumed to be interruptions which occur without warning). For medium and latge C&
customers there were also questions regarding the presence of backup povaéorgesrgoower
conditioning equipment. However, the only way to make such cost comparisons meaniogful is t
be certain that one is comparing the same scenarios while varying theaisres, and do so
with essentially the same respondents. In particular, larger customdifsebrto have both
backup generation and power conditioning, so they might actually report higharptita
costs. The separate effects of those choices as well as advance warpregeted in the
regression results below.

presents the same information per average kW/Hour. These values are grespraeide a
measure of the typical values and range of values in the underlying data used itathe me
analysis, and provide a check of the validity of the data. However, as noted abovay¢nages
must be compared carefully as the underlying pool of customers included in thettaic
changes among each of these categories.

% Another possible explanation is that the use effégility by the customer has changed overtimiadisated by
substantial shifts in electricity use over the yeahis could be the case of manufacturing faeditor even for
restaurants or other small businesses that clogeriovations and then reopen.
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Table 3-4. Medium and Large Commercial and Industrial Customers 2008

Percentiles

Summary of the Cost per Event of a 1-Hour Outage

Outage Standard | Standard

Characteristic Deviation
Season
Winter 1,729 | $11,129 1,724 | $71,679 | $0 $0 $0 | $1,558 | $34,268
Summer 11,871 | $15,628 805 | $87,758 | $0 $0 $625 | $4,230 | $53,994
Day
Weekend 1,359 | $2,249 329 | $12,146 | $0 $0 $125 $979 $9,126
Weekday 12,241 | $16,478 816 | $90,332 | $0 $0 $623 | $4,576 | $57,819
Region
Midwest 1,474 | $12,294 1,924 | $73,871 | $0 $0 $587 | $3,911 | $37,562
Northwest 2,315 | $3,552 349 | $16,813 | $0 $0 $187 | $1,250 | $14,496
Southeast 4,338 | $23,797 1,725 | $113,591 | $0 $0 $750 | $6,749 | $89,767
Southwest 1,983 | $5,946 1,147 | $51,097 | $0 $0 $141 | $1,432 | $14,585
West 3,490 | $18,166 1,560 | $92,188 | $0 | $108 | $1,082 | $6,922 | $62,305
Industry
Agriculture 187 | $1,063 290 $3,971 | $0 $0 $108 $541 $2,565
Mining 170 | $18,501 3,747 | $48,858 | $0 | $245 | $1,850 | $10,825 | $98,287
Construction 129 | $3,663 788 $8,945 | $0 $0 $301 | $4,038 | $15,040
Manufacturing 3,620 | $41,691 2,576 | $155,010 | $0 | $261 | $3,997 | $19,750 | $174,763
Telco. & Utilities | 1,023 | $8,837 1,631 | $52,166 | $0 $0 $208 | $1,624 | $26,424
Trade & Retall 3,390 | $2,818 171 $9,975 | $0 $0 $367 | $1,624 | $12,918
Fin., Ins. & R.E. 585 | $5,790 1,526 | $36,905 | $0 $0 $122 | $1,952 | $19,087
Services 3,690 | $4,810 345 | $20,946 | $0 $0 $208 | $1,869 | $19,496
Public Admin. 207 | $12,239 3,904 | $56,169 | $0 $0 $216 | $2,549 | $46,044
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Table 3-5 presents the same information per average kW/Hour. These valpresanted to
provide a measure of the typical values and range of values in the underlgngeedin the
meta-analysis, and provide a check of the validity of the data. However, as notedladsre
averages must be compared carefully as the underlying pool of customers inclined in t
calculation changes among each of these categories.

Table 3-5. Medium and Large Commercial and Industrial Customers 8 2008$% Summary of the

Percentiles of Individual kW/Hour figures

Cost per Average kW/Hour of a 1-Hour Interruption

Interruption Mean | Standard | Standard

Characteristic (Ratio) Deviation
Season
Winter 1,729 | $13.8 191 $79.5 | $0.0 | $0.0 | $0.0 $20.0 $300.1
Summer 11,871 | $22.8 121 $131.7 | $0.0 | $0.0 | $9.4 | $50.2 $427.2
Day
Weekend 1,359 | $30.6 4.49 $165.4 | $0.0 | $0.0 | $2.9 $35.6 $396.8
Weekday 12,241 | $21.4 1.06 $117.7 | $0.0 | $0.0 | $8.2 $47.6 $416.4
Region
Midwest 1,474 | $19.8 291 $111.7 | $0.0 | $0.0 | $5.2 $30.4 $1814
Northwest 2,315 | $19.9 2.04 $98.4 | $0.0 | $0.0 | $2.8 $23.4 $176.4
Southeast 4,338 | $18.2 1.26 $82.9 | $0.0 | $0.0 | $7.1 $40.6 $311.8
Southwest 1,983 | $37.0 6.98 $310.6 | $0.0 | $0.0 | $8.2 | $102.0 $880.2
West 3,490 | $285 2.82 $166.8 | $0.0 | $0.7 | $15.0 $66.2 $594.1
Industry
Agriculture 187 | $43.6 11.59 $158.5 | $0.0 | $0.0 | $3.6 $33.7 $221.3
Mining 170 $7.6 1.23 $16.1 | $0.0 | $0.4 | $6.8 $32.4 $161.9
Construction 129 | $62.9 17.03 $193.4 | $0.0 | $0.0 | $12.1 | $100.0 $660.1
Manufacturing 3,620 | $22.0 1.39 $83.5 | $0.0 | $0.9 | $11.2 $55.9 $520.0
Telco. & Utilities | 1,023 | $19.0 3.66 $116.9 | $0.0 | $0.0 | $14 | $25.3 $393.9
Trade & Retall 3,390 | $34.2 2.04 $118.5 | $0.0 | $0.0 | $12.9 $49.5 $367.0
Fin., Ins. & R.E. 585 | $32.7 9.20 $2225 | $0.0 | $0.0 | $1.3 | $49.2 $615.2
Services 3,690 | $18.7 1.33 $81.0 | $0.0 | $0.0 | $3.8 $36.0 $403.6
Public Admin. 207 | $14.8 4.45 $64.0 | $0.0 | $0.0 | $1.2 $25.7 $216.5

The data suggest that interruption costs on a per event basis are higher in tee thamiihne

winter ($15,628 versus $11,129); are higher on weekdays than weekends ($16,478 versus
$2,249); are higher in the Southeast ($23,797 per event) than in the Northwest ($3,552 per event)
or Midwest ($12,294 per event); and are higher for manufacturing ($41,691 per event) and

mining ($18,501) than other business and government sectors. Although these patterns are
generally similar when examined on a per average kW/Hour basis, there can aetsibst
differences. The interruption cost per average kW/Hour of demand is $13.8 for wih®228

for summer, consistent with the raw data on interruption costs. Unlike the periguess,fthe

day of the week data on an average kW/Hour basis show that interruption costs on eager ave
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kW/Hour are higher on the weekend ($30.6) than during the weekday ($21.4) for medium and
large commercial and industrial customers. This is counterintuitive, sincewd axpect lower
average interruption costs during periods when most businesses are closeddg)eskmpared

to when they are open (weekdays). The problem here is that only five surveys asked about
weekend interruptions at all, and the average customer size for those ¥iegsswas 1.2 million
annual kwWh versus 6.25 million annual kwWh for the remaining surveys. As such, any analysis
which does not control for size (as in the regression analysis below) can gkdddmg figures
when simply tabulating costs on a univariate basis.

For data on regions, the rank order of the regions is somewhat different wheethgpirmn

costs are measured on a per average kW/Hour basis. The Southwest region hasstheokighe
per average kW/Hour ($37), while the Midwest and Northwest (at slightly las$2taper

average kW/Hour) have the lowest values. Finally, in terms of industry, coisirbas the

highest cost per average kW/Hour at $62.9. The remaining business types range from $7.6 to
$43.6 on a per average kW/Hour basis with mining being the lowest.

Some of the interruption cost surveys also included scenarios with advanced @raing
particular interruption (For surveys which did not provide such alternativesealrsas are
assumed to be interruptions which occur without warning). For medium and latge C&
customers there were also questions regarding the presence of backup povaéorgesrgnower
conditioning equipment. However, the only way to make such cost comparisons meaniogful is t
be certain that one is comparing the same scenarios while varying theaistres, and do so

with essentially the same respondents. In particular, larger customdifsehrto have both

backup generation and power conditioning, so they might actually report higharptita

costs. The separate effects of those choices as well as advance warpregeted in the
regression results below.

3.2 Customer Damage Function Estimation

The summary of interruption costs for the key characteristics outlined almwdgs a measure
of whether the combination of various studies fit intuitively with expectatiomgerfuption
costs for this sector. However, the results may not be particularly useful ttém@ptang to
make sense of the values of one particular variable across studies. The averagé val
interruption costs for any given descriptor variable is a function of the intemugttributes,
region, and the customer types that answered that particular scenario. As ttotdakginning
of this section, the combination of customer and interruption characteristigarmga
substantially depending on the variables being examined. To adequately corttieké varying
influences, a multivariate regression analysis was conducted to developraausamage
function. The results of that regression analysis were then used to estimag¢esh gestomer
damage function expressing commercial and industrial customers’ interrapsitsnas a
function of interruption duration, onset time, season, and various customer cletrest®ich as
annual usage, number of employees and other variables.

As discussed above in the methodology section, the usual response distribution for thentlepende
variable — interruption costs presents certain modeling challenges. In alhststlies, and

including the large commercial and industrial customers, a significant numitespoihdents

report “0” (zero) interruption costs for many scenarios. This is parntigufae of short duration
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interruptions, but may be true of even longer ones at certain times of the dagomsdaecause
of backup generation or the ability to shift production without incurring additional dasts
overcome this problem, the analysis reported below uses a two-part modefirst $tep, a
limited dependent model is used to assess the probability that a particular cusitbmeeed
report a value of zero versus any positive value for a particular interrupgoarg, based on a
set of independent variables which describe the nature of the interruption as wedkomer
characteristics. The predicted probabilities from this first stageetained. In the second step,
interruption costs for only those customers who report positive costs are relatseittof
independent variables (which may or may not be the same as the independent varidlmes use
the first stage). Predictions are made from this model for all custometsjimgthose who
reported zero interruption costs. Finally, the predicted probabilities fronfitsiggart” are
multiplied by the estimated interruption costs from the “second pargénergte the final
interruption cost predictions.

A second issue with the typical distribution of interruption costs is the prestaceumber of
extremely large values. As detailed more fully in Section 3 above, all obses/ateeting the
statistical definition of mild outlier (more than 3 times the interquartigeabove the Tsor

below the 28 percentile were eliminated from the data for both log interruption coitsr(
industry and duration) and for log of annual kWh usage (within industry). The total number of
observations removed by these criteria is 397.

The data on interruption costs are also highly skewed, i.e., there are a small nurala¢érefy
high values. The high skew of the underlying data means that the results are ndbrsimadter
data sets, i.e., the results from one dataset may provide poor predictions for anatietr Aat
regression analysis such as OLS on the raw values will be extrenfélyien¢éin the statistical
sense due to the enormous residual variance, and can also produce negative inteogiptidon
overcome this issue, the analysis was conducted under the assumption that the mean of
interruption costs is related to the predictor variables through a logariiensias a linear link
function. The decision to use a lognormal link function was based on several considerations.
Using a lognormal transformation gives the underlying distribution of intéorupbsts a more
normal shape with less severe tails (see Figure 3-1 and Figure 3-2).

To observe the magnitude of the impact of the variables in the models on the interruption cos
is necessary to compare the predictions made by the function under varying essurapt
example, it is possible to observe the effects of duration on interruption cost hblkelioitper
variables constant at their sample means. In this way, a prediction is obtainadtbmer
interruption costs under different interruption conditions.

To develop a set of models, several combinations of the variables represenbuotgataf the
interruption (e.g., duration, time of day, advanced warning) and customer ehatist (e.g.,
number of employees, SIC code, and presence of backup equipment) as well as thetiomter
were tested. Because not all studies included the same variables, theaegneskils utilized
variables that appeared in all studies

21 see the discussion on outliers above in Sectién 3.
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Figure 3-1. Medium and Large Commercial and Industrial Customerdistogram of Interruption
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Figure 3-2. : Medium and Large Commercial and Industrial Customes Histogram of Log
Interruption Costs, Positive Values Only
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Table 3-6 and 3-7 describes initial probit regression model that specifies tiensslip between
the presence of zero interruption costs and a set of independent variablesutlasincl
interruption characteristics, customer characteristics, and indusigndesn. Although the
purpose of this preliminary limited dependent model is only to normalize the predictions
the interruption costs regression in the second part of the two-part model, theefevare
interesting results of note:

e The longer the interruption, the more likely that the costs associated wilpibsitive
(the presence of a negative coefficient on the square of duration indicatéssteéett
diminishes for longer durations).

e Afternoon interruption costs are more likely to incur positive costs than anytiotieeof
day.

e Weekday interruptions are more likely to produce positive interruption costs tha
weekends.

e Summer interruptions are more likely to incur costs than non-summer intergauption

Table 3-8 describes the GLM regression which relates the level of interrgpsts to customer
and interruption characteristics as well as industry designation for thioskles for which
sufficient data from multiple studies were available. A few results of note
e The longer the interruption, the higher the interruption cost.
e Afternoon and evening interruptions cost more than morning interruptions, weekday
interruptions are more costly than weekend interruptions.
e Larger customers (in terms of annual MWh usage) incur larger costs fa@arsimi
interruptions.
e Construction and manufacturing industries incur larger costs for a sintgaription
than other industries.
e Interruption costs in winter and summer are not significantly different.
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Table 3-6. Medium and Large Commercial and Industrial Customers &erage Values for

Regression Inputs
Variable Average Value

Interruption Characteristics

Duration (minutes) 122.1
Duration Sg. 14,908.3
Morning 46.0%
Afternoon 40.4%
Evening 3.1%
Weekday 93.7%
Warning Given 8.8%
Summer 85.8%
Customer Characteristics

Log of Annual MWh 8.9
Backup Gen. or Power Cond. 37.2%
Backup Gen. and Power Cond. 8.4%
Interactions

Duration X Log of Annual MWh 266.6
Duration Sqg. X Log of Annual MWh 32,545.8
Industry

Mining 1.4%
Construction 0.9%
Manufacturing 28.6%
Telco. & Utilities 7.2%
Trade & Retall 25.0%
Fin., Ins. & R.E. 3.8%
Services 25.2%
Public Admin. 1.8%
Industry Unknown 4.7%

35



Estimated Value of Service Reliability for Electtittility Customers in the United States

Table 3-7. Medium and Large Commercial and Industrial Customerdskegression Output for
Probit Estimation

Standard
Variable Coefficient Error P-Value

Interruption Characteristics

Duration 0.007 0.001 0.000
Duration Sg. -7.01E-06 8.25E-07 0.000
Morning 0.200 0.025 0.000
Afternoon 0.380 0.035 0.000
Evening -0.020 0.044 0.653
Weekday 0.151 0.028 0.000
Warning Given 0.076 0.027 0.005
Summer 0.461 0.033 0.000
Customer Characteristics

Log of Annual MWh 0.085 0.008 0.000
Backup Gen. or Power Cond. 0.027 0.028 0.336
Backup Gen. and Power Cond. 0.265 0.050 0.000
Interactions

Duration X Log of Annual MWh -1.76E-04 7.54E-05 0.019
Duration Sqg. X Log of Annual MWh 1.58E-08 1.18E-07 0.893
Industry

Mining 0.685 0.161 0.000
Construction 0.376 0.166 0.023
Manufacturing 0.557 0.117 0.000
Telco. & Utilities 0.184 0.123 0.137
Trade & Retall 0.455 0.115 0.000
Fin., Ins. & R.E. 0.230 0.130 0.077
Services 0.164 0.116 0.155
Public Admin. 0.207 0.151 0.170
Industry Unknown 0.150 0.128 0.240
Constant -1.706 0.129 0.000
Regression Diagnostics

Observations 31,068

Log Likelihood -17,466

Degrees of Freedom 7,175

Prob > F 0.000
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Table 3-8. Medium and Large Commercial and Industrial Customers 2008
Regression Output for GLM Estimation

Standard
Variable Coefficient Error P-Value

Interruption Characteristics

Duration 0.009 0.001 0.000
Duration Sqg. -9.01E-06 1.73E-06 0.000
Morning 0.019 0.090 0.838
Afternoon 0.280 0.121 0.021
Evening 0.306 0.140 0.029
Weekday 0.252 0.078 0.001
Warning Given -0.088 0.060 0.140
Summer -0.077 0.089 0.386
Customer Characteristics

Log of Annual MWh 0.451 0.020 0.000
Backup Gen. or Power Cond. 0.080 0.075 0.286
Backup Gen. and Power Cond. 0.127 0.114 0.266
Interactions

Duration X Log of Annual MWh -2.09E-04 1.45E-04 0.151
Duration Sqg. X Log of Annual MWh 1.73E-07 2.34E-07 0.460
Industry

Mining 0.430 0.299 0.150
Construction 1.579 0.593 0.008
Manufacturing 1.289 0.273 0.000
Telco. & Utilities 0.815 0.296 0.006
Trade & Retall 0.273 0.267 0.308
Fin., Ins. & R.E. 1.225 0.358 0.001
Services 0.522 0.270 0.053
Public Admin. 0.617 0.346 0.075
Industry Unknown 1.076 0.330 0.001
Constant 4.524 0.298 0.000
Regression Diagnostics

Observations 20,755

Log Likelihood -217,448

Degrees of Freedom 5,991

LR Test (Model with Constant Only) LR x2(22) = 36,378.08 p-value=0.0000
= dﬁﬁztéy;ﬁnedg'mﬁﬁrgﬁgt' buration. || g \2(22) = 5,284.45 p-value=0.0000
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Table 3-9 summarizes the reported versus the predicted values for variouamnipbetruption
costs drivers from the estimated regression model:

Table 3-9. Medium and Large Commercial and Industrial CustomersSsummary of Predicted vs.
Reported Interruption Cost

Predicted Reported Predicted as
Interruption Interruption a % of
Variable Cost Cost Reported
Duration
Voltage Sag $8,348 $7,220 116%
Up to 1 Hour $12,573 $15,702 80%
2 to 4 hours $40,690 $38,521 106%
8 to 12 hours $45,684 $38,377 119%
Industry (1-hour duration)
Agriculture $1,156 $1,063 109%
Mining $16,824 $24,269 69%
Construction $7,135 $3,622 197%
Manufacturing $32,214 $42,185 76%
Telco. & Utilities $9,032 $9,271 97%
Trade & Retail $2,547 $2,711 94%
Fin., Ins. & R. E. $7,615 $5,830 131%
Services $4,389 $4,813 91%
Public Admin. $9,937 $13,347 74%
Average kW/hr (1-hour duration)
0-25 kW/hr $1,680 $1,801 93%
25-100 kW/hr $3,992 $4,312 93%
100-500 kW/hr $10,027 $11,621 86%
500-2500 kW/hr $28,240 $31,336 90%
Over 2500 kW/hr $75,274 $106,801 70%
Region (1-hour duration)
Midwest $9,791 $11,546 85%
Northwest $4,789 $3,366 142%
Southeast $20,693 $25,419 81%
Southwest $3,891 $8,591 45%
West $13,971 $18,166 77%
Time of Day (1-hour duration)
Night $5,132 $6,976 74%
Morning $6,349 $8,489 75%
Afternoon $20,058 $24,090 83%
Evening $17,295 $24,949 69%
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3.3 Key Drivers of Interruption Costs

The customer damage models are the key output from this research. The models edride us
estimate interruption costs for a wide range of interruptions witardift attributes (e.qg.,
duration, time of day) and for different types of customers (e.g., large versiis@mganies).
They replace the enormous number of tables that would be required to summéhnize all
different combinations of characteristics. Using this information isivelg straightforward. To
simulate the interruption cost for a particular set of interruption or cusidmeacteristics one
multiplies the appropriate value for each variable times the coefficietiidbvariable. The
multiplications are summed across the variables and added to the constagmtffyr&ir each
model). Since the variable being predicted—i.e., interruption cost—has been traatstorbe
the log of the interruption cost, as a final step in the simulation the antilog afrtimeesl value
must be taken. The resulting value is the predicted interruption cost for tifevaktes used for
each independent variable.

Figure 3-3, Figure 3-4, and Figure 3-5 below display comparisons of thesrefstiie customer
damage functions based on the estimated econometric model described above for various
customer characteristics (including industry and size) as well as fongaiyes of day and
seasons. It is evident that the relationship between interruption costs amhdsmabn-linear —
increasing slowly within the first hour, accelerating through the second thtbegighth hours,
and then beginning to taper off thereafter. All of the predictions are positive iatércept
representing the impact of momentary interruptions.

In Figure 3-3, the customer damage function assumes a summer weekday afteéenagtion
for customers with the average value for annual kWh. There appears to be abmaakral
between “low-cost” interruption industries (Agriculture, Retail, Public Adstration, Services,
Utilities, and Mining) and “high-cost” interruption industries (ManufactgyiConstruction and
Finance, Insurance, & Real Estate).

In Figure 3-4, the customer damage function assumes a summer weekday afte¢enagtion

for a customer with an industry equal to the average industry shares. Whiles thigreficant

variation in interruption costs according to consumption, the relationship is nbliraeal.

Indeed, an increase in consumption from 100 kW/Hour to 2500 kW/Hour, an increase of 25-fold,
increases interruption costs for a 1-hour interruption by a factor oflgllghs than 10.

Figure 3-5 shows the effect of day and season on interruption costs (assumiogneicas

average size and an industry equal to the average industry shares). For mediugead&lla
customers, there is little seasonal variation, although afternoon interruptam®ie costly.
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Figure 3-3. Medium and Large Commercial and Industrial Customers |$ 2008$ Customer
Damage Functions by Industry - Summer Weekday Afternoon

The results show that for medium and large commercial and industrial custamexgrage
customer with 7.1 million annual kWh consumption will experience approximately $17,411 in
costs from a 1-hour afternoon interruption in the winter and $20,360 in costs for a summer
afternoon 1-hour interruption. These costs increase sharply as durationaadéneasth the

winter and in the summer.

The curvilinear nature of the line suggests that for medium and large coaraactindustrial
establishments, costs actually moderate with longer interruptions. This sgaises as focus

groups and interview respondents often note that at some point employees are seshifism

are eliminated, and the interruptions extend into hours that would be normally nontiwedu
(evening and night time hours). Since none of the studies measure costs beyond 12 hours, it is
difficult to extrapolate from this data when and by how much costs rise asanptibn

extends into multiple days.
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Table 3-10. Medium and Large Commercial and Industrial Customer&JS 2008% Expected

Interruption Cost
% O
O O Interruption Duration

A A A o o A Q
0 ptio a a 0 a 0 0 4 nO 8 o

Summer Weekday Morning 521 6% $8,133 $11,035 | $14,488 | $43,954 | $70,190
Summer Weekday Afternoon 435 5% $11,756 $15,709 | $20,360 | $59,188 | $93,890
Summer Weekday Evening 435 5% $9,276 $12,844 | $17,162 | $55,278 | $89,145
Summer Weekday Night 695 8% $6,936 $9,586 $12,788 | $40,954 | $65,982
Summer Weekend Morning 209 2% $5,696 $7,835 | $10,410 | $32,879 | $52,850
Summer Weekend
Afternoon 174 2% $8,363 $11,318 $14,828 | $44,656 $71,228
Summer Weekend Evening 174 2% $6,364 $8,945 | $12,110 | $40,841 | $66,384
Summer Weekend Night 278 3% $4,767 $6,688 $9,038 | $30,294 | $49,188
Winter Weekday Morning 1,043 12% $6,120 $8,683 $11,851 | $41,152 | $67,234
Winter Weekday Afternoon 869 10% $9,306 $12,963 $17,411 | $57,097 | $92,361
Winter Weekday Evening 869 10% $6,533 $9,492 | $13,231 | $49,608 | $82,177
Winter Weekday Night 1,390 16% $4,915 $7,126 $9,913 | $36,902 $61,050
Winter Weekend Morning 417 5% $4,097 $5,908 $8,180 | $29,921 | $49,341
Winter Weekend Afternoon 348 4% $6,347 $8,977 $12,220 | $42,025 | $68,543
Winter Weekend Evening 348 4% $4,271 $6,314 $8,936 | $35,468 | $59,378
Winter Weekend Night 556 6% $3,220 $4,750 $6,709 | $26,426 $44,177
Anytime 8,760 100% $6,558 $9,217 $12,487 | $42,506 $69,284

3.4 Implications

From the above examples it should be apparent that it is possible to use the cust@ger dam
functions from the above models to estimate customer interruption costs undenaaviety of
conditions. However, it is not appropriate to use these functions to estimate intercogt®for
individual customers. The regression functions used above can be used to predict the mean of
customer interruption costs for populations of customers with different chastcseunder
different conditions. There is substantial unexplained variation among custoniggs i
interruption costs they experience resulting from factors that are ratrdaed for in the above
eqguations (e.g., process design differences, resistance of equipmenti diktarbances, etc.)
that will not generally be known without an in-depth interview. The existence of these ursknow
implies that the prediction for any individual customer from the above functionbenay
significantly in error. Inferences about the nature of specific elenuéra population based

solely upon aggregate statistics collected for the group to which those individwalg isel
commonly known as the ecological fallacy. This fallacy assumes thatdndivinembers of a
group have thaverage characteristics of the group at large. These customer damage functions
should only be applied to reasonably large populations of customers to ensure thatmaindom
significant differences among customers do not produce estimates th&t dearaatically from

the predictions made by the above equations.
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4. Small Commercial and Industrial Results

The small commercial and industrial dataset is built from 12 studies condyc@ezbimpanies

and includes approximately 4,636 respondents. Overall, there were approximately 201673 tota
responses available for the analysis. The distribution of the available dzda @arious

interruption attributes, years, and customer characteristics is desrdbeA summary of the
multivariate analysis is presented second.

In terms of coverage, Table 4-1 summarizes the number of records availallalysisaby

region, season, day of week, and year of study. Overall there were 20,673 responsassto vari
scenario combinations across the studies (excluding outliers). The resultthglhthere are

from 48 to more than 3,500 responses depending on the scenario and region combination. There
are a substantial number of cases available for the analysis of sunthveinger scenarios
occurring on both weekdays and weekends. The data also vary reasonablyegoooss r
although, as with the medium and large C&I results in Section 4, there is no coverage for th
Northeast. Most of the studies were completed in the past 10 years, but twoditeliesck to

the late 1980’s and early 1990’s. Overall, the data in Table 4-1 suggest sutftsierdage to
develop models of interruption costs for a wide cross-section of the country arslacaoge of
scenarios.

Table 4-1. Small Commercial and Industrial Customers Numbeof Observations by Region,
Company, Season, Day of Week and Year

on-
S Wook Tota

Midwest-1 | symmer | weekday 1,119 1,119
Midwest-2 | symmer | weekday 155 155
Summer | Weekend 48 48

Northwest-1 | \yinter | weekday | 375 375
Northwest- 2 | gymmer | weekday 3,552 3,552
Summer | Weekend 731 731

Southeast- 2 | symmer | weekday 1,374 2,785 4,159
Winter Weekday 188 188

Southeast-3 | symmer | weekday 766 766
Southwest | symmer | weekday 1,346 1,346
Summer | Weekend 450 450

Winter Weekday 449 449

West-1 | summer | weekday 2,046 2,046
Winter Weekday 415 415

Winter Weekend 821 821

West-2 | symmer | weekday 831 2966 | 3,797
Winter Weekday 256 256

Total: 375 | 766 | 2,393 | 203 | 2,785 | 4,283 | 5,527 | 1,119 | 3,222 | 20,673
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While the data in Table 4-1 show fairly broad coverage across both geogralpinyearuption
type, they also indicate the need for caution in interpreting the data fancambinations of
characteristics, just as was true with the medium and large C&l. Fompéeaall of the 1989

data are winter weekday scenarios from one region (the Northwest) alVloifehe 1990 data

are summer weekdays from the Southeast. Comparing the average interrogt8dorcthe years
1989 and 1990 without some effort to control for the effects of the differences in regigpand t
of scenario would be misleading.

4.1 Interruption Cost Descriptive Statistics

The next few tables provide a summary of the observed interruption costs for a feavikbles
but, again, caution must be used in interpreting the results because of coverage issue

Table 4-2 shows the distribution of interruption costs per event by interruption duration. The
results show interruption costs rising from an average of $273 for a voltage sd@j/® &4 an
8-hour interruption. The results trend generally upward as would be expedtedghlthe

figure for a 30 minute interruption is higher than would be expected and the figard 2-hour
interruption is less than the figure for an 8-hour interruption (It is possialette latter result
represents a methodological artifact as only one study used the 12-hour durationer-lase
discussed above, the table (unlike the regression analysis presented in Section 4 2abelow
control for all of the other factors which vary among the scenarios included wébh duration.
The effect of duration on interruption costs can only be examined in the contexutiivamate
model controlling for differences among the studies.

Table 4-3 shows interruption costs converted to a cost per average kW/Hour. Beeause t
individual figures for interruption costs per average kW/Hour are extreraelgble (due in part
to customers with extremely low kW usage and thus extremely high averageuidiires),
the mean and standard error figures are based on the total sum of interruptiorvictestdog
annual average kW/Hour. The distribution percentiles are still based on the dairdfuthe
individual values. Again, the figures are generally increasing, but as skscabove, only a
multiple regression analysis can sort out these effects simultaneouslgemdise true
relationship between interruption duration and costs.
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Table 4-2. Small Commercial and Industrial Customers Interuption Cost per Event by Duration

Percentiles

Standard | Standard

Duration Error Deviation
Voltage sag | 3,419 $273 24.4 $1,430 | $0 $0 $0 $21 | $1,246
15 min 92 $256 88.7 $850 | $0 $0 $0 $0 $1,480
20 min 215 $392 92.1 $1,351 | $0 $0 $59 $235 | $1,174
30 min 256 $775 139.2 $2,228 | $0 $0 $7 $300 $5,174
1 hour 8,911 $723 26.6 $2,511 | $0 $0 $32 $423 | $3,250
2 hours 188 | $2,718 1,093.6 $14,995 | $0 $0 $0 $498 $4,153
4 hours 5,519 | $2,508 123.0 $9,139 | $0 $0 $392 | $1,664 | $10,430
8 hours 1,393 | $4,079 312.3 $11,656 | $0 $54 $812 | $3,247 | $16,237
12 hours 680 | $2,951 223.2 $5,821 | $0 | $375 | $1,194 | $3,125 | $12,502

Table 4-3. Small Commercial and Industrial Customers US 2008$terruption Cost per Average

kW/Hour by Duration

Percentiles of Individual kW/Hour figures

Mean Standard | Standard

Duration (REL[)) Error Deviation
Voltage sag | 3,419 $120.1 10.8 $633.2 | $0.0 $0.0 $0.0 $9.8 $661.5
15 min 92 $85.0 29.4 $281.7 | $0.0 $0.0 $0.0 $0.0 $442.8
20 min 215 $187.5 45.6 $669.2 | $0.0 $0.0 | $31.9 $159.6 | $1,591.8
30 min 256 $318.7 58.1 $930.1 | $0.0 $0.0 $2.8 $112.0 | $2,239.3
1 hour 8,911 $324.8 12.1 | $1,144.6 | $0.0 $0.0 | $15.9 $231.2 | $1,943.6
2 hours 188 $934.7 3785 | $5,189.4 | $0.0 $0.0 $0.0 $231.7 | $1,940.6
4 hours 5,519 | $1,185.4 59.1 | $4,390.0 | $0.0 $0.0 | $217.5 $976.4 | $7,605.6
8 hours 1,393 | $2,145.2 169.2 | $6,313.6 | $0.0 | $31.2 | $582.2 | $2,241.4 | $14,197.2
12 hours 680 | $1,313.0 98.5 | $2,568.9 | $0.0 | $189.6 | $653.8 | $1,715.3 | $6,735.8
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Table 3-4 provides a summary of the average interruption cost for 4 other interatpibutes

or customer characteristics including season, weekday/weekend, region, and&IThe

results are shown only for scenarios where the duration is 1 hour. The data suggest that
interruption costs on a per event basis are higher in the summer than in the$viBifevdrsus

$543); are higher on weekdays than weekends ($765 versus $459); are higher in the Southwest
than in other regions of the country; and are higher for Mining and Construction versus other
industries.

Table 4-4. Small Commercial and Industrial Customers US 2008% Summary of tii&ost of

a 1-Hour Interruption

Interruption Standard | Standard
Characteristic Deviation

Season

Winter 638 $543 72.3 $1,826 | $0 $0 $0 $245 $3,059
Summer 8,273 $737 28.1 $2,556 | $0 $0 $49 $433 $3,289
Day

Weekend 1,229 $459 57.2 $2,006 | $0 $0 $0 $188 $1,835
Weekday 7,682 $765 29.4 $2,581 | $0 $0 | $54 $480 $3,461
Region

Midwest 366 $732 110.1 $2,107 | $0 $0 | $115 $587 $2,936
Northwest 2,352 $341 21.8 $1,058 | $0 $0 $0 $250 $1,500
Southeast 2,584 $799 53.6 $2,723 | $0 $0 $0 $380 $3,847
Southwest 1,346 $967 87.3 $3,202 | $0 $0 | $61 $612 $4,307
West 2,263 $886 60.1 $2,860 | $0 $0 | $138 $554 $3,792
Industry

Agriculture 599 $352 60.5 $1,480 | $0 $0 $0 $108 $1,624
Mining 33 | $1,545 526.3 $3,024 | $0 $0 | $108 | $1,304 $8,565
Construction 373 | $1,301 248.3 $4,795 | $0 $0 $73 $692 $4,607
Manufacturing 750 $913 99.5 $2,724 | $0 $0 | $43 $625 $4,846
Telco. & Utilities 474 $810 113.6 $2,473 | $0 $0 $31 $489 $4,846
Trade & Retail 2,154 $627 37.7 $1,748 | 30 $0 $95 $465 $3,059
Fin., Ins. & R.E. 642 $975 121.8 $3,086 | $0 $0 $0 $440 $5,412
Services 3,233 $531 28.0 $1,590 | $0 $0 | $12 $375 $2,447
Public Admin. 99 $310 114.0 $1,135 | $0 $0 $0 $192 $1,285
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The mean and standard error of interruption costs per average kW/Hour in Table 4-&rbelow
also based on the total sum of interruption costs divided by annual average k&//H (t
distribution percentiles are still based on the distribution of the individual valuks)the per-
event figures, the data on a per average kW/Hour basis indicate that sunemeptiains ($331)
cost more than winter interruptions ($247). Weekday interruptions ($341) cost more than
weekend interruptions ($220), illustrating lower average interruption dostyy periods when
most (retail) businesses are closed (weekends) compared to when theyndueeabeays).

Table 4-5. Small Commercial and Industrial Customers US 2008%uSimary of the Cost per

Percentiles of Individual kW/Hour figures

Average kW/Hour of a 1-Hour Interruption

Interruption Standard | Standard

Characteristic Deviation
Season
Winter 638 | $247.0 33.2 $838.0 | $0.0 | $0.0 $0.0 | $129.0 | $1,354.8
Summer 8,273 | $330.8 12.8 | $1,164.6 | $0.0 | $0.0 | $20.9 | $243.4 | $1,999.7
Day
Weekend 1,229 | $219.9 27.6 $966.6 | $0.0 | $0.0 $0.0 | $106.1 $992.3
Weekday 7,682 | $340.5 13.3 | $1,166.7 | $0.0 | $0.0 | $22.4 | $267.5 | $2,095.5
Region
Midwest 366 | $352.7 55.1 | $1,054.9 | $0.0 | $0.0 | $55.9 | $371.3 | $2,685.4
Northwest 2,352 | $147.7 9.5 $459.0 | $0.0 | $0.0 $0.0 | $117.7 $940.8
Southeast 2,584 | $287.6 19.5 $990.8 | $0.0 | $0.0 $0.0 | $141.8 | $1,534.6
Southwest 1,346 | $522.8 472 | $1,731.1 | $0.0 | $0.0 | $33.1 | $330.8 | $2,328.5
West 2,263 | $505.2 35.1 | $1,671.5| $0.0 | $0.0 | $104.2 | $441.9 | $3,080.8
Industry
Agriculture 599 | $241.7 42.3 | $1,035.5 | $0.0 | $0.0 $0.0 $89.5 | $2,701.6
Mining 33 | $926.9 335.7 | $1,928.3 | $0.0 | $0.0 | $137.0 | $905.9 | $9,058.6
Construction 373 | $618.4 120.0 | $2,317.3 | $0.0 | $0.0 | $39.7 | $496.1 | $3,307.5
Manufacturing 750 | $382.0 41.7 | $1,1419 | $0.0 | $0.0 | $24.0 | $310.9 | $2,508.9
Telco. & Utilities 474 | $358.5 51.0 | $1,110.2 | $0.0 | $0.0 | $14.0 | $212.7 | $2,397.2
Trade & Retall 2,154 | $260.8 16.0 $743.7 | $0.0 | $0.0 | $40.3 | $225.6 | $1,488.4
Fin., Ins. & R.E. 642 | $457.8 58.1 | $1,471.4 | $0.0 | $0.0 $0.0 | $249.4 | $2,550.5
Services 3,233 | $235.1 125 $713.5 | $0.0 | $0.0 $5.9 | $209.8 | $1,464.7
Public Admin. 99 | $166.1 61.0 $607.4 | $0.0 | $0.0 $0.0 | $106.2 | $1,249.4
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4.2 Customer Damage Function Estimation

For the small C&l database, a similar set of procedures and analysesonducted as those
applied to the medium and large C&I database. A two-part model consisting of driPirubia
model to determine the probability of positive interruption costs was combined @ltMa
model which relates average interruption costs to a set of independent garialadogarithmic
link function with Gamma distributed errors. The same truncation proceduresddsor
Section 2 and implemented on the medium and large C&l database in Section 3 were also
employed here. All observations meeting the statistical definition of milgio(rhore than 3
times the interquartile range above th& 85 below the 28 percentile were eliminated from the
data for both log interruption costs (within industry and duration) and for log of lak\nina
usage (within industry). The total number of observations removed by these ésite0572
The distributions of both the raw interruption costs and the natural log of interrupsisnfar

the small C&l customer database are shown in Figure 4-1 and Figure 4-2.
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Figure 4-1. Small Commercial and Industrial Customers Histogram binterruption Costs
(0 to 95" Percentile)

22 see the discussion on outliers above in Sectién 3.
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Figure 4-2. Small Commercial and Industrial Customers Histogram bLog Interruption Costs,
Positive Values Only

Table 4-6 and 4-7 describe the initial probit regression model that specifietatieanship
between the presence of zero interruption costs and a set of independerdgs/gratbhcludes
interruption characteristics, customer characteristics, and indusigndesn. Although the
purpose of this preliminary limited dependent model is only to normalize the predictions
the interruption costs regression in the second part of the two-part model, theefevare
interesting results of note:

e The longer the interruption, the more likely that the costs associated wighpibsitive
(the presence of a negative coefficient on the square of duration indicatésstieéett
diminishes for longer durations).

e Afternoon interruption costs are significantly more likely to incur positogtscthan any
other time of day, weekday interruptions are more likely to produce positivautierr
costs than weekends, and summer interruptions are more likely to incur costs than non
summer interruptions.

e Customers with higher usage are more likely to have positive interruptia cost
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Table 4-6. Small Commercial and Industrial Customers Average &lues for Regression Inputs

Average

Variable Value
Interruption Characteristics
Duration (minutes) 147.7
Duration Sq. 21,815.0
Morning 50.8%
Afternoon 30.7%
Evening 2.5%
Weekday 90.1%
Warning Given 9.1%
Summer 87.9%
Customer Characteristics
Log of Annual MWh 3.0
Backup Gen. or Power Cond. 26.2%
Backup Gen. and Power Cond. 3.4%
Interactions
Duration X Log of Annual MWh 436.5
Duration Sqg. X Log of Annual MWh 64,476.9
Industry
Mining 0.4%
Construction 4.9%
Manufacturing 9.5%
Telco. & Utilities 4.8%
Trade & Retail 26.9%
Fin., Ins. & R.E. 6.2%
Services 33.0%
Public Admin. 1.0%
Industry Unknown 6.3%
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Table 4-7. Small Commercial and Industrial Customers Regre&m Output for Probit Estimation

Standard
Variable Coefficient Error P-Value

Interruption Characteristics

Duration 0.003 0.001 0.000
Duration Sq. -2.71E-06 9.08E-07 0.003
Morning 0.549 0.028 0.000
Afternoon 0.746 0.041 0.000
Evening 0.076 0.063 0.226
Weekday 0.231 0.029 0.000
Warning Given -0.004 0.032 0.903
Summer 0.252 0.040 0.000
Customer Characteristics

Log of Annual MWh -0.066 0.027 0.014
Backup Gen. or Power Cond. 0.063 0.033 0.055
Backup Gen. and Power Cond. 0.330 0.080 0.000
Interactions

Duration X Log of Annual MWh 1.02E-03 2.14E-04 0.000
Duration Sqg. X Log of Annual MWh -9.82E-07 3.23E-07 0.002
Industry

Mining 0.639 0.204 0.002
Construction 0.710 0.090 0.000
Manufacturing 0.648 0.078 0.000
Telco. & Utilities 0.546 0.096 0.000
Trade & Retall 0.680 0.071 0.000
Fin., Ins. & R.E. 0.525 0.088 0.000
Services 0.507 0.069 0.000
Public Admin. 0.206 0.179 0.249
Industry Unknown 0.383 0.087 0.000
Constant -1.714 0.103 0.000
Regression Diagnostics

Observations 20,673

Log Likelihood -12,547

Degrees of Freedom 4,618

Prob > F 0.000
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Table 4-8 describes the GLM regression which relates the level of interrgpsts to customer
and interruption characteristics as well as industry designation for thioskles for which
sufficient data from multiple studies were available. A few results of note

e The longer the interruption, the higher the interruption cost (the presence @it@eeg
coefficient on the square of duration indicates that this effect diminishksmar
durations).

e Weekday interruptions are more costly than weekend interruptions, but summer
interruptions cost less than non-summer interruptions.

e Larger customers (in terms of annual MWh usage) incur larger costs fa@arsimi
interruptions.

e The construction and mining industries incur larger costs for a similar inferrupan
other industries.

e Time of day does not impact the magnitude of interruption costs.
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Table 4-8. Small Commercial and Industrial Customers Regreson Output for GLM Estimation

Standard
Variable Coefficient Error P-Value

Interruption Characteristics

Duration 0.010 0.002 0.000
Duration Sq. -1.26E-05 2.17E-06 0.000
Morning -0.087 0.128 0.494
Afternoon -0.036 0.142 0.797
Evening -0.084 0.177 0.633
Weekday 0.284 0.086 0.001
Warning Given -0.148 0.071 0.038
Summer -0.541 0.158 0.001
Customer Characteristics

Log of Annual MWh 0.168 0.072 0.019
Backup Gen. or Power Cond. 0.240 0.073 0.001
Backup Gen. and Power Cond. 0.455 0.165 0.006
Interactions

Duration X Log of Annual MWh -1.14E-03 5.43E-04 0.036
Duration Sqg. X Log of Annual MWh 2.08E-06 7.43E-07 0.005
Industry

Mining 0.505 0.444 0.255
Construction 0.567 0.239 0.018
Manufacturing 0.069 0.187 0.713
Telco. & Utilities 0.111 0.227 0.624
Trade & Retall -0.328 0.174 0.060
Fin., Ins. & R.E. 0.152 0.211 0.471
Services -0.414 0.171 0.015
Public Admin. -0.485 0.378 0.200
Industry Unknown 0.244 0.216 0.259
Constant 6.755 0.262 0.000
Regression Diagnhostics

Observations 11,286

Log Likelihood -97,537

Degrees of Freedom 3,616

LR Test (Model with Constant Only) LR x?(22) = 5,275.37 p-value=0.0000
;Snzzlst,\}yvcr)‘dgln\x)th Constant, Duration, and log of LR x2(22) = 2,912.43 p-value=0.0000

53




Estimated Value of Service Reliability for Electtittility Customers in the United States

Table 4-9. Small Commercial and Industrial Customers SummaryfdPredicted vs. Reported
Interruption Cost

Predicted Reported Predicted as
Interruption Interruption a % of
Variable Cost Cost Reported
Duration
Voltage Sag $374 $273 137%
Up to 1 Hour $660 $712 93%
2 to 4 hours $2,465 $2,515 98%
8 to 12 hours $3,992 $3,709 108%
Industry (1-hour duration)
Agriculture $503 $352 143%
Mining $1,358 $1,545 88%
Construction $1,447 $1,285 113%
Manufacturing $901 $954 94%
Telco. & Utilities $864 $799 108%
Trade & Retail $586 $597 98%
Fin., Ins. & R. E. $867 $977 89%
Services $477 $526 91%
Public Admin. $287 $368 78%
Average kW/hr (1-hour duration)
0-1 kW/hr $597 $616 97%
1-2 kW/hr $624 $771 81%
2-3 kW/hr $688 $728 95%
3-4.5 kW/hr $738 $698 106%
4.5-6 kW/hr $746 $610 122%
Region (1-hour duration)
Midwest $497 $606 82%
Northwest $503 $338 149%
Southeast $765 $797 96%
Southwest $544 $967 56%
West $810 $886 91%
Time of Day (1-hour duration)
Night $489 $223 219%
Morning $621 $660 94%
Afternoon $800 $1,046 76%
Evening $576 $168 343%
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4.3 Key Drivers of Interruption Costs

Figures 4-3 - 4-6 display a comparison of the results of the customer damagmfhased on
the estimated econometric model over the durations found in the sample datasetrébikey
drivers, including industry, time of day/season, and customer size. The resulthahtve
relationship between damage and duration is non-linear for small customerstjusisaor
medium and large customers, albeit at much lower average values. Cost®isloeiswithin
the first hour; accelerate through the second through the eighth hours; and, agai@, decli
thereafter. All of the predictions are positive at the intercept repregehg cost of momentary
interruptions.

The results indicate that interruption costs for construction are signifidagtier than those of
any other business activity in the small customer class. The costs giné/r50% more than
those experienced by the next highest sector, mining. Costs for construction arglareni
significantly higher than those of other businesses because they dependdrealglstricity to
directly support production. Costs for other business types are relativelyckbsse of retail
trade — though the differences among them are statistically significant

Interruption costs for winter interruptions are significantly highen thase experienced in
summer; and interruption costs during the night and on weekends are significaetiyab
expected. The results show that an average small-medium customer in terms afafumbe
employees and consumption will have approximately $818 in costs for a 1-hour summer
afternoon interruption and $1,164 for a 1-hour winter afternoon interruption.

Figure 4-4 shows that the size of customer’s load has an impact on interagsisnbut the
relationship is nonlinear and small in magnitude. Increasing average kW/btmwmnaeption by a
factor of 20 from 0.25 to 5.0 results in only a small increase in customer interruptipexcept
at longer durations.
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Figure 4-3. Small Commercial and Industrial Customers US 2008% Cusner Damage Functions
by Industry- Summer Weekday Afternoon
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Figure 4-4. Small Commercial and Industrial Customers US 2008% Cusner Damage Functions
by Average kW - Summer Weekday Afternoon
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Figure 4-5. Small Commercial and Industrial Customers US 2008% Cust®er Damage Functions
by Season and Time of Day
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Table 4-10. Small Commercial and Industrial Customers US 2008% Exgted Interruption Cost

Interruption Duration

Time of Interruption Momentary | 30 minutes 4 hours | 8 hours
Summer Weekday Morning 521 6% $346 $492 $673 | $2,389 | $4,348
Summer Weekday

Afternoon 435 5% $439 $610 $818 | $2,696 | $4,768

Summer Weekday Evening 435 5% $199 $299 $431 | $1,881 | $3,734

Summer Weekday Night 695 8% $195 $296 $430 | $1,946 | $3,927

Summer Weekend Morning 209 2% $203 $296 $414 | $1,620 | $3,067

Summer Weekend

Afternoon 174 2% $265 $378 $519 | $1,866 | $3,414

Summer Weekend Evening 174 2% $107 $166 $246 | $1,202 | $2,512

Summer Weekend Night 278 3% $103 $162 $242 | $1,230 | $2,618
1,04

Winter Weekday Morning 3 12% $451 $660 $928 | $3,659 | $6,953

Winter Weekday Afternoon 869 10% $592 $846 | $1,164 | $4,223 | $7,753

Winter Weekday Evening 869 10% $237 $368 $546 | $2,699 | $5,670
1,39

Winter Weekday Night 0 16% $228 $358 $537 | $2,760 | $5,904

Winter Weekend Morning 417 5% $253 $381 $549 | $2,408 | $4,791

Winter Weekend Afternoon 348 1% $343 $504 $711 | $2,846 | $5,443

Winter Weekend Evening 348 4% $122 $195 $298 | $1,662 | $3,697

Winter Weekend Night 556 6% $116 $187 $289 | $1,679 | $3,811

8,76 100
Anytime 0 % $293 $435 $619 | $2,623 | $5,195
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5. Residential Results

The residential database differs from the two commercial and industribhdata The most
important difference is that most residential studies of interruptios cosalue of service do
not focus on direct worth or cost estimates; rather they utilize willingogssy or willingness to
accept measures. Developing these measures generally involves descsitémgrio to a
residential customer and then asking them what they would be willing to pay dotlaigoi
specific interruption or what they would be willing to accept as compensatioallfudescribed
as a credit on their bill) in order to put up with the interruption. The primary reasosihgyr
these alternatives to direct cost is the assumption that much of the “cost” adrampitndn for
residential customers is associated with the hassle, inconvenience, and pessapiabmuliof the
interruption, rather than direct out-of-pocket expenses, like buying candlashdight batteries.
In this situation, customers may be able to more accurately representuhefvaliability by
expressing their willingness to pay to avoid an interruption (or their wildiag to accept some
type of credit to accept an interruption) rather than calculate an out of podket sasings.

In theory, from an economic perspective, willingness to pay (WTP) andgnéss to accept
(WTA or Credit) measures should produce the same value for a given interfdptigmactice,
it is difficult to construct questions that produce identical results. Custoemel$a place paying
the utility in a different frame of reference than accepting a credit tnemtility. Typically,
willingness to accept measures produce a higher estimated value thamesirig pay
measures. There are various practical and theoretical reasons affdted finding. As a
practical matter for this meta-analysis, all of the studies used a \@ifevirork and only a few
also tested a WTA framework. Consequently the analysis focuses only on the \MI$ res

In addition to the differences in measuring interruption costs, the resldsdiar is also a much
more homogenous population with respect to interruption costs. Where commercial and
industrial customer studies find interruption costs from 0 to hundreds of millions afsjalie
typical residential study shows that interruption costs vary over a muwdlesnange depending
on the scenario. This effectively reduces the variation in the interruption castirement
making it somewhat more difficult to find powerful explanatory variables. Households
themselves are also more homogenous than business customers in terms of the end uses,
dependence on electricity for critical operations, and consumption. This is notthasay
reliability is not important to residential customers, rather to note thadmige 1of variation in
interruption costs and in customer characteristics is much narrower in thentegisector.

The residential database was built from 8 studies conducted by 6 companies, witlofartéi6
respondents. There were approximately 26,026 individual responses to scenarios thre form t
basis of the merged dataset, subject to availability as a result of midssangnd removal of
outliers. Table 5-1 below shows the distribution of responses available for arglysgion,
season, day of the week, and year:

% Although, technically WTP measures could be caséd by income. This analysis makes no attempts to
reconcile any differences between WTA and WTP.
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Table 5-1. Residential Customers Number of Cases by Region, Coamy, Season, Day of Week and

Year

Region -
Company Season

Northwest- 1 | symmer | weekday 718 718
Winter Weekday | 1,392 1,392
Northwest- 2 | \yinter | weekday 3,554 3,554
Summer | Weekday 718 718
Southeast-2 | symmer | weekday 2,792 | 3,101 5,893
Summer | Weekend 489 489

Winter Weekday 335 335

Southwest | symmer | weekday 2,461 2,461
Summer | Weekend 372 372

Winter Weekday 760 760

West-1 | summer | weekday 1,946 1,946
Winter Weekday 797 797

Winter Weekend 372 372

West-2 | summer | weekday 1,601 3531 | 5,132
Winter Weekday 384 703 1,087

Total: | 2,110 | 5,112 | 3,590 | 4,272 | 6,708 | 4,234 | 26,026

5.1 Interruption Cost Descriptive Statistics

As with the commercial and industrial dataset, it is useful to see the undexl)erage costs,
even though they are embedded in the data for customers who responded to the various
scenarios. Table 5-2 shows that residential consumers generally rep@simg/TP as the
length of the interruption increases. However, the data are inconsistent ataohtlaeds
deviations are generally larger than the average. The inconsistency sulgegte interruption
costs reported by customers tend to vary widely across the studies and dige averruption
costs for any given duration are subject to a great deal of influence frotndiessised for that
scenario.

The two most robust estimates for duration are the 1-hour and 4-hour as these &nio scen
durations were used in multiple studies across multiple regions. The average WévBndor a
1-hour interruption is $4.2 and the average for a 4-hour interruption is $7.1, suggestiag only
modest impact of duration on residential customer’s willingness to pay to avoigaanption.
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Table 5-2. Residential Customers Interruption Cost by Durathn

Standard | Standard

Duration Deviation
Voltage sag 4,456 $2.2 0.093 $6.2 | $0.0 | $0.0 | $0.0 $1.3 | $12.8
30 min 1,453 $1.1 0.126 $4.8 | $0.0 | $0.0 | $0.0 $0.0 $6.1
1 hour 10,518 $4.2 0.088 $9.0 | $0.0 | $0.0 | $0.1 $4.3 | $24.5
2 hours 335 $3.8 0.306 $5.6 | $0.0 | $0.0 | $14 $6.9 | $13.8
4 hours 7,495 $7.1 0.140 $12.1 | $0.0 | $0.0 | $2.6 $7.8 | $30.6
8 hours 1,769 $10.1 0.347 $14.6 | $0.0 | $0.0 | $54 | $125 | $46.7

Table 5-3. Interruption Cost per Average kW/Hour by Duration

Percentiles of Individual kW/Hour figures

Mean | Standard | Standard

Duration (Ratio) Deviation
Voltage sag | 4,456 $14 0.062 $4.1 | $0.0 | $0.0 $0.0 $1.1 $10.6
30 min 1,453 $0.6 0.069 $2.6 | $0.0 | $0.0 $0.0 $0.0 $3.5
1 hour 10,518 $2.6 0.056 $5.8 | $0.0 | $0.0 $0.1 $3.4 $18.0
2 hours 335 $2.3 0.189 $3.5 | $0.0 | $0.0 $0.9 $3.4 $11.7
4 hours 7,495 $5.3 0.112 $9.7 | $0.0 | $0.0 $2.2 $8.6 $30.4
8 hours 1,769 $6.7 0.247 $10.4 | $0.0 | $0.0 $3.7 $11.7 $37.8

The WTP figures for several other key variables are shown in Table 5-4 famtt®sts and in
Table 5-5 for the average kW/Hour costs. All figures are for scenarios \miblrlduration, but
they include a range of other attributes like winter versus summer and taag. @verall, the
results suggest that interruption costs per event for residential custoemers a

e Higher in the summer than in the winter;
e Significantly higher on weekends than on weekdays (reversing the trend fiorecoia
and industrial customers.

While these patterns are generally consistent with results from indigitkes of interruption
costs, caution must be used in interpreting the point estimates as differentajrougtomers
responded to different combinations of scenario attributes. The customer damagaduncti
presented below are the only reliable way to make generalizations abounté@wuption costs
vary according to the various drivers.
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Table 5-4. Residential Customers US 2008% Summary of the Costaot-Hour Interruption

standard | Standard

Interruption

Characteristic Deviation

Season

Winter 2,524 $2.9 0.170 $8.5 | $0.0 | $0.0 | $0.0 | $0.6 $25.0
Summer 7,994 $4.7 0.102 $9.1 | $0.0 | $0.0 | $0.7 | $6.4 $24.5
Day

Weekend 489 $8.6 0.498 $11.0 | $0.0 | $1.3 | $6.4 | $12.8 $32.1
Weekday 10,029 $4.0 0.088 $8.8 | $0.0 | $0.0 | $0.0 | $3.8 $20.8
Region

Northwest 3,566 $3.2 0.143 $8.5 | $0.0 | $0.0 | $0.0 | $1.3 $25.0
Southeast 3,233 $6.6 0.172 $9.8 | $0.0 | $0.1 | $2.8 | $6.9 $25.6
Southwest 1,078 $1.8 0.213 $7.0 | $0.0 | $0.0 | $0.0 | $0.0 $12.2
West 2,641 $3.7 0.169 $8.7 | $0.0 | $0.0 | $0.5 | $3.7 $16.2

Table 5-5. Residential Customers US 2008% Summary of the Cost g#V/Hour of a 1-Hour

Interruption
Interruption Mean | Standard | Standard

Characteristic (Ratio) Error Deviation
Season
Winter 2,524 $1.5 0.089 $4.4 | $0.0 | $0.0 $0.0 | $0.2 $13.9
Summer 7,994 $3.1 0.070 $6.2 | $0.0 | $0.0 $0.6 | $4.3 $19.2
Day
Weekend 489 $5.3 0.326 $7.2 | $0.0 | $0.7 $39 | $84 $28.6
Weekday 10,029 $2.5 0.057 $5.7 | $0.0 | $0.0 $0.0 | $3.0 $17.4
Region
Northwest 3,566 $1.6 0.073 $4.4 | $0.0 | $0.0 $0.0 | $0.6 $13.9
Southeast 3,233 $4.2 0.113 $6.4 | $0.0 | $0.1 $2.2 | $6.5 $22.8
Southwest 1,078 $1.0 0.117 $3.8 | $0.0 | $0.0 $0.0 | $0.0 $7.5
West 2,641 $3.6 0.165 $8.5 | $0.0 | $0.0 $0.5 | $4.0 $19.8

5.2 Customer Damage Function Estimation

To account for the influences of different interruption and customer chaséctera

multivariate analysis of the residential data was conducted. A two-part nwodgsting of an

initial Probit model to determine the probability of positive interruption ceatscombined with

a GLM model which relates average interruption costs to a set of independdblegaria a
logarithmic link function with Gamma distributed errors. The same truncatomegures
described in Section 2 and implemented on the C&I databases in Sections 3 and 5 were also
employed here. The total number of observations eliminated i§' 742.

% This includes 21 anomalous observations on Houdeiae which were eliminated by inspection, ratiam the
procedures described in Section 3.4.
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The residential data presents different challenges than the C&l data. Alttiheugesidential
data are less variable and contain fewer outliers, the percent of custormegad” response
can be as high as 60 to 80 percent for short duration interruptions. Use of the twog®rt m
allows for the estimation of unbiased parameters to measure the reff@ote ef the
interruption attributes and customer characteristics given the high numbezspfdhses. The
distributions of both the raw interruption costs and the natural log of interriuqutgds for the
small C&I customer database are shown in Figure 5-1 and Figure 5-2.
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Figure 5-1. Residential Customers Histogram of Interruption ®@sts (0 to 98 Percentile)
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Figure 5-2. Residential Customers Histogram of Log InterruptionCosts, Positive Values Only
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In creating the customer damage functions, the residential analysse$oon the WTP estimates
of interruption costs instead of the WTA because there is more data acrsgaltee in which a
WTP framework was used.

The same basic treatment of the dependent variable used in the commercial andlindustr
datasets is also used for the residential data. In the first step a probit medehwa a dummy
variable equal to zero for those observations with zero WTP and 1 for positive WTP. The
predicted probabilities from this first step were retained. In the second &eM model using a
log link function was used to relate the mean of interruption costs to the vargiesanting
interruption scenarios and customer characteristics using a log link fuactibassuming the
gamma family of error distribution.

Although the purpose of the preliminary probit model is only to normalize the predictoms fr

the interruption costs regression in the second part of the two-part model, ¢herear
interesting results of note in Table 5-6 below.

Table 5-6: Residential Customers Average Values for Regressitmputs

Variable Average Value

Interruption Characteristics

Duration 129.2
Duration Sq. 16,694.9
Afternoon 44.2%
Evening 35.9%
Weekday 95.3%
Summer 68.1%
Customer Characteristics

Log of Annual MWh 2.6
Household Income $67,327.0
Backup Gen. 6.5%
Medical Equipment 5.1%
Interruption in Last 12 Months 71.3%
Attached Housing 5.0%
Apartment/Condo 10.3%
Mobile Home 3.9%
Manufactured Housing 2.1%
Unknown Housing 2.3%
Residents 0-6 Years Old 0.2
Residents 7-18 Years Old 0.5
Residents 19-24 Years Old 0.2
Residents 25-49 Years Old 0.9
Residents 50-64 Years Old 0.5
Residents 65+ Years Old 0.4
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e The longer the interruption, the more likely that the WTP to avoid it is positive (the
presence of a negative coefficient on the square of duration indicatesdledtdabi
diminishes for longer durations).

e Customers are more likely to pay a positive amount to avoid a morning interruption
versus any other time of day, a weekend interruption versus a weekday interruption
(although the effect is not statistically significant), and a summerruption versus a
non-summer interruption.

Table 5-7. Residential Customers Average Values for Regressiamplts

Variable Average Value

Interruption Characteristics

Duration 129.2
Duration Sq. 16,694.9
Afternoon 44.2%
Evening 35.9%
Weekday 95.3%
Summer 68.1%
Customer Characteristics

Log of Annual MWh 2.6
Household Income $67,327.0
Backup Gen. 6.5%
Medical Equipment 5.1%
Interruption in Last 12 Months 71.3%
Attached Housing 5.0%
Apartment/Condo 10.3%
Mobile Home 3.9%
Manufactured Housing 2.1%
Unknown Housing 2.3%
Residents 0-6 Years Old 0.2
Residents 7-18 Years Old 0.5
Residents 19-24 Years Old 0.2
Residents 25-49 Years Old 0.9
Residents 50-64 Years Old 0.5
Residents 65+ Years Old 0.4
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Table 5-8. Residential Customers Regression Output for Bbit Estimation

Standard
Variable Coefficient Error P-Value

Interruption Characteristics

Duration 4.34E-03 1.71E-04 0.000
Duration Sq. -5.52E-06 3.50E-07 0.000
Afternoon -0.154 0.030 0.000
Evening -0.624 0.024 0.000
Weekday -0.009 0.030 0.764
Summer 0.521 0.022 0.000
Customer Characteristics

Log of Annual MWh -0.013 0.022 0.547
Household Income 1.75E-06 4.27E-07 0.000
Backup Gen. -0.212 0.059 0.000
Medical Equipment 0.120 0.066 0.071
Interruption in Last 12 Months 0.107 0.031 0.000
Attached Housing 0.221 0.065 0.001
Apartment/Condo 0.007 0.047 0.879
Mobile Home 0.008 0.070 0.910
Manufactured Housing 0.343 0.094 0.000
Unknown Housing -0.003 0.089 0.978
Residents 0-6 Years Old 0.027 0.025 0.289
Residents 7-18 Years Old 0.011 0.016 0.473
Residents 19-24 Years Old 0.057 0.028 0.043
Residents 25-49 Years Old 0.027 0.022 0.212
Residents 50-64 Years Old 0.013 0.024 0.584
Residents 65+ Years Old -0.052 0.027 0.056
Constant -0.532 0.080 0.000
Regression Diagnostics

Observations 26,026

Log Likelihood -16,296

Degrees of Freedom 7,538

Prob > F 0.000

Table 5-9 shows the GLM model developed from the residential data. This model used the
maximum available data across the studies since most of the studies included dansehwd,
kWh annual usage, and region along with the interruption attribute variables. Asels rof
note:

e The longer the interruption, the higher the WTP to avoid it (the presence of a negative
coefficient on the square of duration indicates that this effect diminishksmar
durations).

e Customers have a higher WTP to avoid evening interruptions.
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Customers have a higher WTP to avoid weekend interruptions versus weekday
interruptions, but the WTP for summer interruptions is not significantly diffedrom

non-summer interruptions.

Larger customers (in terms of annual MWh usage) incur larger costs farsimi

interruptions.

Table 5-9. Residential Customers Regression Output for GLNEstimation

Standard
Variable Coefficient Error P-Value

Interruption Characteristics

Duration 3.29E-03 2.48E-04 0.000
Duration Sq. -2.86E-06 4.50E-07 0.000
Afternoon -0.189 0.043 0.000
Evening 0.128 0.029 0.000
Weekday -0.157 0.036 0.000
Summer -0.016 0.031 0.618
Customer Characteristics

Log of Annual MWh 0.201 0.032 0.000
Household Income 2.42E-06 5.93E-07 0.000
Backup Gen. 0.267 0.093 0.004
Medical Equipment 0.144 0.101 0.155
Interruption in Last 12 Months 0.008 0.044 0.854
Attached Housing 0.114 0.090 0.207
Apartment/Condo 0.081 0.063 0.197
Mobile Home 0.078 0.102 0.446
Manufactured Housing 0.157 0.117 0.183
Unknown Housing 0.328 0.143 0.022
Residents 0-6 Years Old 0.039 0.032 0.230
Residents 7-18 Years Old 0.051 0.022 0.020
Residents 19-24 Years Old 0.022 0.036 0.549
Residents 25-49 Years Old -0.042 0.030 0.168
Residents 50-64 Years Old -0.036 0.032 0.271
Residents 65+ Years Old 0.022 0.036 0.527
Constant 1.305 0.112 0.000
Regression Diagnostics

Observations 14,023

Log Likelihood -44,164

Degrees of Freedom 4,657

LR Test (Model with Constant Only)

LR )(2(22): 1,773.84 p-value=0.0000

LR Test (Model with Constant, Duration, and log
of annual MWh Only)

LR )(2(22): 556.20 p-value=0.0000
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Table 5-10 presents the average of the reported and predicted WTP foyisegeiral categories.
The model appears to provide an excellent overall fit to the data.

Table 5-10. Residential Customers US 2008% Summary of Predidtes. Reported Interruption
Cost

Predicted Reported
Interruption Interruption Predicted as a
Variable Cost Cost % of Reported
Duration
Voltage Sag $2.4 $2.2 109%
Up to 1 Hour $3.7 $3.9 95%
2 to 4 Hours $7.1 $6.9 103%
8 Hours $9.7 $10.1 96%
Average kW/hr (1-hour duration)
0-0.5 kW/hr $2.9 $3.5 83%
0.5-1 kW/hr $3.2 $3.3 97%
1-1.75 kW/hr $3.7 $4.0 93%
1.75-2.5 KkW/hr $4.0 $4.1 98%
> 2.5 KW/hr $4.6 $4.3 107%
Region (1-hour duration)
Northwest $3.5 $3.2 109%
Southeast $4.6 $6.6 70%
Southwest $3.0 $1.4 214%
West $3.6 $3.7 97%
Time of Day (1-hour duration)
Morning $5.0 $5.7 88%
Afternoon $3.6 $3.6 100%
Evening $3.1 $3.0 103%

5.3 Key Drivers of Interruption Costs

Figure 5-3, Figure 5-4, and Figure 5-5 below show the predicted interruptioracosds various
durations for a summer afternoon interruption. Figure 5-3 shows a simulationrnfptiten

costs for households with low versus high annual consumption, where low consumption was
defined as less than 0.25 kW/Hour on average and high was defined as greater than 4 kW/Hour
on average. The simulation shows the effect of household energy consumption on predicted
interruption costs. The difference between a low consumption household and a high consumption
household ranges from $2.80 to $4.70 for a 1-hour interruption to $7.50 to $13.00 for an 8-hour
interruption.
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Figure 5-3. Residential Customers US 2008$% Customer Damage Func8dsy Average KW-
Summer Weekday Afternoon

Figure 5-4 shows a simulation of interruption costs for households with low versusrimgal

income, where low consumption was defined as less than $25,000 on average and high was
defined as greater than $100,000 on average. The simulation shows the effect ohaomeal i

on predicted interruption costs. The difference between a low income household and a high
income household ranges from $3.40 to $4.40 for a 1-hour interruption to $9.40 to $11.90 for an
8-hour interruption.
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Figure 5-5. Residential Customers US 2008% Customer Damage Etians by Season and Time of
Day
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Table 5-11. Residential Customers US 2008% Summary of Predicted Reported Interruption

Cost
Interruption Duration

% of

Hours
Time of Interruption per Year | Momentary | 30 minutes

Summer Weekday
Morning 521 6% $3.7 $4.4 $5.2 $9.9 $13.6

Summer Weekday
Afternoon 435 5% $2.7 $3.3 $3.9 $7.8 $10.7

Summer Weekday
Evening 435 5% $2.4 $3.0 $3.7 $8.4 $11.9
Summer Weekday Night 695 8% $2.4 $3.0 $3.7 $8.4 $11.9

Summer Weekend
Morning 209 2% $4.4 $5.2 $6.1 $11.6 $16.0

Summer Weekend
Afternoon 174 2% $3.2 $3.9 $4.6 $9.1 $12.6

Summer Weekend
Evening 174 2% $2.9 $3.6 $4.4 $9.9 $14.0
Summer Weekend Night 278 3% $2.9 $3.6 $4.4 $9.9 $14.0
Winter Weekday Morning 1,043 12% $2.4 $3.0 $3.7 $8.0 $11.2

Winter Weekday
Afternoon 869 10% $1.7 $2.1 $2.6 $6.0 $8.5
Winter Weekday Evening 869 10% $1.3 $1.7 $2.1 $5.7 $8.2
Winter Weekday Night 1,390 16% $1.3 $1.7 $2.1 $5.7 $8.2
Winter Weekend Morning 417 5% $2.9 $3.6 $4.3 $9.4 $13.2

Winter Weekend
Afternoon 348 4% $2.0 $2.5 $3.1 $7.1 $10.0
Winter Weekend Evening 348 4% $1.5 $2.0 $2.5 $6.7 $9.7
Winter Weekend Night 556 6% $1.5 $2.0 $2.5 $6.7 $9.7
Anytime 8,760 100% $2.1 $2.7 $3.3 $7.4 $10.6

5.4 Implications

The results from combining the data across the residential studies for thiamagisis are
encouraging but require further work to clarify the value of service retialnlthis sector. The
most encouraging aspect is that it appears that data from several stndheseasonably
combined to test the effects of various interruption attributes and customectehiatics across
a broader geography and range of interruption scenarios than is possible aduaiditudies.
The combined results, particularly when controlled in a multivariate analysigidy
consistent in the prediction of interruption cost values across various durations, aslikise r
are plausible. Overall, the models show average 1-hour summer afternoon itercapts for
residential customers in the $2 to $5 range, an estimate that is not subswifféaipt than
other efforts to estimate this cost, yet it is based on combining data sevesal studies with
slightly different methodologies and from different parts of the countryh&uyrthe estimates
along the duration curve and the variation across types of characterstiyEnarally sensible
given what is known about interruption costs.
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6. Intertemporal Analysis

Several of the studies utilized in this meta-analysis are in fact reépdegssconducted by the
same utility (although the respondents were randomly chosen for each sliheeglestion
naturally arises as to whether it is possible to estimate the effétteobh interruption costs,
(i.e., are interruption costs generally increasing over time)?

6.1 Methodology

The methodology for the Intertemporal analysis is identical to that foratie ahalyses except
for the addition of a dummy variable representing year differences in intemgatsts from the
base year (the earliest year the study was conducted) in the GLMoageddiing mean
interruption costs to the structural variables.

6.2 Results

There were a total of six cases involving a total of twelve studies whicthlEemselves to the
intertemporal analysis. The results of those six comparisons are preséove(tive results of
the first step probit analyses as well as all other coefficients frosettoand step GLM analyses
have been suppressed for brevity.

Table 6-1. Impact of Year Across Six Intertemporal Models

Standard
Company and Survey Year Tested Coefficient Error P-Value

West-2 (Year = 2005)

Medium and Large C&l (base year = 1989) -0.017 0.172 0.923
Small C&l (base year = 1993) -0.219 0.186 0.239
Residential (base year = 1993) -0.046 0.115 0.686
Southeast-2 (Year = 1997)

Medium and Large C&l (base year = 1993) 0.295 0.243 0.226
Small C&l (base year = 1993) -1.501 0.219 0.000
Residential (base year = 1993) 0.482 0.063 0.000

6.3 Implications

The most striking feature of this analysis is the degree to which, in an ovasa| seported
costs have remained stable in the 10-15 year period since from the firstosthidynost recent.
In four of the six cases, the p-value shown indicates the likelihood that any differ@served
between the average interruption costs in each period would be expected as parabf nor
sampling variation rather than providing evidence of different interruption. €dtee two
cases where there is statistical significance, one produces a negstilvewhich would seem
counterintuitive. These results do not offer strong evidence that the observechdéébetween
costs in the two periods is due to a true change in value over time, or terrddyergliidance
regarding the magnitude of the difference.
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7. Recommendations for Further Research
7.1 Interruption Cost Database Improvements

Several significant improvements should be made to the interruption costianati@se. These
improvements include the collection of additional interruption cost data on keyagbag
locations where information is currently not available and development of aroaasy t
interruption cost calculator that does not require extensive knowledge of ecaadenéiniques
to calculate customer interruption cost estimates.

Additional Interruption Cost Surveying Should be Undertaken for Key Gengraphical
Areas of the US

The current interruption cost meta-database contains significant nunobseovations of
interruption costs for customers located in the West, Southwest, Southeast, Naatidveswer
Mid-West. Significantly absent are interruption cost estimates foommess in the Northern tier

of the Mid-West (i.e., Chicago metro and Minneapolis) and the Northeast corrigloiNew

York metro, Boston metro and Baltimore-Washington corridor). There are reassuspect

that interruption costs in these regions may be significantly different frose tfor other regions
of the nation. This problem could be solved by carrying out customer interruption cos studie
for a small number of key utilities located in these regions using the samplingeaasurement
protocols that were used in the other studies in the meta-database. This inforsnagieded to
round out the full database on the US and to ensure that interruption cost estimates can be mad
available to planners in those regions.

An Easy to Use Interruption Cost Calculator Should be Developed Using ¢hCustomer
Damage Functions from the Meta-Database

An important factor limiting the expanded use of value-based electritapitey planning is

the somewhat arcane nature of the topic. Customers, not to mention grid planners, and policy
makers, typically have only a nebulous appreciation for the economic valuebfeaiectric
service, and thus are unable to properly account for it during resource planning groCesse
going forward basis as the demand for electricity capacity at alslefelectric systems

expands to meet load growth resulting from the electrification of transportid increasing
penetration of renewable resources, the need for careful analysis of theslmgreaipacity
expansion, undervaluation of capacity investments may cause real problems.

The interruption cost estimation procedures outlined in this report are valideesotable.
However, in their present form they are difficult for most intended users to appbyddr to
address this issue, a simple, useful, and user-friendly tool that will enaldeneusto quickly
estimate the economic value of reliable electric service should be developader to help
make value-based reliability planning a more common practice, the tool should legypubli
available and posted online along with reasonable documentation.

The interruption cost calculator should be a windows application that requestbasia

information from users about the interruption scenario from customers in order tagrodu
customized estimates of interruption costs. These input variables would correspund t
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planning level and the principle variables in the customer damage functionsvinairieady
been developed. Examples of key inputs include: the share of residential, smahG&l
medium/large C&l customers; the duration and onset time of the interruptnahs, a
environmental attributes such as the season, average temperature, and humiditytptithe
would focus on the interruption costs for the region, utility, circuit, etc. that theesks to
model. In other words, the estimate would combine the residential and cominégciaption
costs to reflect those in the area being modeled, and provide a break down of share of
interruption costs borne by different customer types.

In order to present the most robust, user-friendly tool to consumers, it should incorporate a
number of toggles and options features in the calculator, enabling users to quickbsdy

load default input factors and customize those inputs to suit their needs. Priorsiogetieia

tool to the general public, it must undergo extensively pressure-testing to makepsaduces
reasonable results and that users cannot easily cause it to produce errdoelaii®esa. It
should also be beta-tested it with planners and other industry users to work out all pogsble
or kinks and ensure a smooth roll-out.

The Interruption Cost Calculator Should Explicitly Model Statistical Uncertainty

In many planning applications it is not only important to know the expected or awaxiag of

lost load but the uncertainty associated with those impacts. Uncertaintyssafr@an two

sources: uncertainty associated with the regression parameters of sieatatodel and
uncertainty associated with the key drivers or inputs into the customer damagmnfuAacty
eventual interruption cost calculator should take account of both sources of atygeartdi

produce the full probability distribution of the value of lost load. With such a tool in place, it
would be possible to make such statements as “based on the known uncertainties inatesestim
of interruption costs, customer population sizes and reliability history, thar@5% chance that

the value of lost load for the system of interest is greater than X” (e.g§50iBillion).

This could be accomplished by expanding the interruption cost calculator to workrysthlC

Ball or @Risk, Monte Carlo simulation software packages that works as attdNi$ Excel.

The underlying calculator would also require some additional work on the input options in order
to allow them to be modeled stochastically at the user’s discretion.

With the development of the enhanced interruption cost calculator, it would be rglativel
straightforward to develop a Monte Carlo simulation-based model for estgrhé value of lost
load for the US, for a region, for a transmission line and even for a distribution. ciftust
aspect of the calculator would also have to undergo significant bench and betattestisure
that it was working properly and that users were not able to drive it to produds tleativere
nonsensical.

7.2 Interruption Cost Application Demonstration Projects

An important impediment to the application of value based reliability planning ibsleaee of
publically available templates and widely accepted examples of thealiof economic
analysis in the context of utility transmission and distribution planning. Sorig pi@Enners
and engineers may question whether the overlay of economic consideratlgmsladvdecisions
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about reliability investments that are truly optimal. An important next step ousaging the
use of value based planning by regulators and utilities is the assembly oflga@iducted
demonstrations or case studies. There are many policy decisions wheuoptiaieicosts can be
used to assess whether the benefits of increasing reliability (the audigledption costs)
outweigh the costs of investments. These include:

1. Evaluation of the economic benefits of specific Smart Grid applications orfispeci
systems;

2. Assessing the economic costs and benefits of adding distributed genersiael,
wind and solar) to grid connections;

3. Evaluating the reasonableness of routine grid reinforcement investme gtsedietsi
preserve reliability at its present levels;

4. Selecting optimal resource adequacy levels for generation; and

5. Evaluating the economic benefits of Demand Response programs.

Some work has been undertaken in virtually all of these applications. However, mast of thi
work has been done by utilities during internal efforts to plan for system reanfent in
preparing requests for funds to undertake system reinforcement or in the obwotiver
regulatory proceedings and virtually none of it has been published.

There is a critical need to assemble concrete examples of the above kindlysdsaand to
develop reasonable analysis techniques that both regulators and utility plannandeastand.

In most cases, this search will reveal that critical flaws existedran the interruption cost
assumptions used in the analysis or in the ways in which these cost assumptionegretedt
with decision making. Therefore, it is also highly desirable that a set ofdeeanstrations be
built — taking account of what has already been learned, but incorporating thediasle
techniques for incorporating information about interruption costs into the above desgpiéed t
of planning decisions.

7.3 Basic Research in Interruption Cost Estimation

Use of Common Reliability Indicators with Customer Interruption Cost Information Needs
Development and Test

For many years now utilities have been tracking the reliability of tfaisinission and
distribution systems using aggregate level performance indicators sineh&gstem Average
Interruption Frequency Index (SAIFI), the System Average Interruption iDaritdex (SAIDI)
and the Momentary Average Interruption Frequency Index (MAIFI). Thesegavera
performance indicators provide very crude information about the impacts ofbilitglion
customers. Take, for example, the measurement of SAIFI. It representsrtdigeafrequency
of interruption for all customers on the system components for which it is beingegeport
(system, area, substation, line, etc.). It is the number of customer interrupticles by the
number of customers on the system. Unfortunately, this research shows that not otilg does
frequency of interruptions matter from the point of view of interruption cost, but so deg®ur
— as well as the types of customers being interrupted. It is not possibleulateatice
interruption cost for the system component by multiplying the interruption costger e
duration (SAIDI) (properly weighted for the composition of customers by typlkeosysstem)

77



Estimated Value of Service Reliability for Electtittility Customers in the United States

times the average frequency of interruptions (SAIFI). This is so becauseyingl&AIDI is
some set (frequency) of events of varying duration. A simplifying assumptiocethéde made
is that the average duration is made up of n = (SAIFI) interruptions. In essensealéssthe
SAIDI to the average frequency of interruptions. The problem with this approachits that
ignores the real distribution of unreliability with respect to time. Moreoveausecthe
relationship between interruption cost and duration is positive and non-linear, thischpproa
contains the potential to significantly underestimate the real interrupgis loeing experienced
on the system component.

The use of these system average indicators is well established and will yotHi&ege to
accommodate the calculation of more realistic reliability impactdeddsvhat is needed is
careful research to discover and document the biases (if any) that maytedatt in making
different kinds of simplifying assumptions designed to estimate interruptists for system
components (under different conditions) from information about the impacts of thesearmnditi
on commonly used reliability indicators.

Partial Interruption Costs Are Not Well Understood

Virtually all interruption cost studies to date have developed interruption co$tsl for
interruptions. While this information is vary useful for valuing reliabilitprovements
obtainable from system reliability reinforcements, they are ofditniise for evaluating the costs
and benefits of demand response. Demand response typically involves partiatheatHell
interruptions. Most demand response programs do not involve full interruptionsad|nste
customers reduce their demand partially in response to control or pricks sigméng from the
system operators. The value of demand response to the system is the costlahtbe diption
that might have been experienced by all parties on the system absent the depwrskreThe
costs experienced by demand response participants are not the cost aiterfufption, but
instead are the value of the part of the load they curtail at the time of the despoicse
request. For purposes of evaluating the cost effectiveness of demand respgirassagit is not
appropriate to consider the value of the partial interruption to be zero — although inasm®nét
undoubtedly is. The question is: what is the value of the partial interruption for custome
participating in these programs if it is not zero.

The current meta-database (focused on the value of full interruptions) canngsdtréssue.

To do so, additional research should be undertaken to measure the cost of partialianerarpt
loads of different types. There is a solid literature on utility custompomss to curtailable and
interruptible programs and to time varying rates. With the increasindratoe of advanced
metering equipment, evidence of customer response to pricing and load control metasd®log
becoming increasingly available. A careful review of the literature audtseof ongoing
customer studies designed to estimate the value of partial interruptionsoimerssshould be
undertaken to supplement the existing information in the meta database on fulpirgarcosts.

Less Costly Methods for Measuring Customer Interruption Cost are Neased

A major barrier to widespread use of customer interruption cost informationulatieg and
utility planning is the cost of collecting reliable information on customerruqéon costs. The
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meta-data base and customer damage functions described in this papekevikkasonable
“placeholder” estimates of customer interruption costs widelyawailand should go a long
way toward solving this problem.

However, in the ideal case, a more refined and less expensive approach should be developed f
estimating customer interruption costs. The current generation of custoemargtion cost

surveys was built on state of the art survey techniques that were available in the 1980s. G

the experience with these methods and the changes in survey technology that have evolved ove
the past 10 years it should be possible to develop a new, more accurate and muchrss®expe
process for measuring customer interruption costs. In particular, ibwifa improvements

should be investigated:

1. Iltis likely that large commercial and industrial customer interruptast can be
measured using a combination of internet and telephone interviewing — reduatogtthe
of the current on-site approach to interruption cost measurement for this class of
customer by two-thirds. This approach should be tested.

2. It may also be possible to measure large and medium customer interruptiaumscusts
webinar format in which a large number of respondents are guided through adstandar
survey instrument by a single super-interviewer who answers questionthfom
audience as the form is completed on line. Again, this would significantly redstse c
and should be tested.

3. Medium and small commercial and industrial customers can be measured using the
internet after an appropriate respondent at each target organization has hieedity
telephone.

All of these approaches (and maybe others) should result in much lower datacrotesti
The question is: will the resulting data be comparable to what is obtained usingtcmrale
survey measurement techniques?

Experiments should be undertaken to test and perfect alternative interruptidataasollection
methodologies that yield both valid and reliable information. These tests wlifificalt to
carry out. The inherent variation in interruption costs measurements and time coste of
some of the measurement techniques are high. The challenge will be to designestpker
tests of the reliability of measurements that are sufficiently powieridetect meaningful
differences arising from the survey designs.

The Impact of Changing Interruption Frequency is Not Well Understood

All of the surveys used in the meta-analysis measured the economic cosé ansamghption in
the context of the customer’s current level of service. That is, they ask tomeuso describe
the costs they would experience in the event of a single interruption. It is nobeess an
additional interruption. Indeed the survey forms do not allow measurement of the aihpact
increasing frequency on interruption cost. It is unknown how the costs of interruption would
change if the frequency of interruptions were increased or decreased.
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While it is reasonable to assume that interruption costs will increasereade monotonically
with frequency, this assumption should be investigated.
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8. Summary and Conclusions

This paper describes research designed to merge the results from 28 previoigdytahf
interruption cost surveys into several large, integrated data sets (esedtfEustomer types) that
can be used to estimate electricity customer interruption costs for tHEhg$rincipal benefit

of this work is the development of reliable estimates of customer interruutsbs for
populations of industrial, commercial, and residential customers in the US dedrred fich
database of responses to customer interruption cost surveys. The interrugioapmsed in

this paper illustrate the usefulness of the customer damage functions thaebaestimated
using the meta-database assembled for this research.

Although customer damage functions reported in this paper represent @angmihprovement
over past information about customer interruption costs, there are limitatibos/tthe data
from this meta-analysis should be used. First, certain very important vairabitesdata are
confounded among the studies we examined. In particular, region of the country aofitlyear
study are correlated in such a way that it is impossible to separateeitis effthese two
variables on customer interruption costs. Thus, for example, it is unclear whethegher
interruption cost values for the southwest are purely the result of the hot sunmage @h that
region or whether those costs are higher in part because of the particular ecombmiarket
conditions that prevailed during the year when the study for that region was done.

There is also some correlation between regions and scenario charestérst sponsors of the
interruption-cost studies were generally interested in measuringuptien costs for conditions
that were important for planning for their specific systems. As atr@si@rruption conditions
described in the surveys for a given region tended to focus on periods of time when iaterrupt
were more “problematic” for that region (e.g., summer peak or months when thunderater
common). Unfortunately, the time periods when the chance of interruptionstssgieaa not
identical for all sponsors of the studies we relied upon, so interruption scemaaateristics
tended to be different in different regions. Fortunately, most of the studiesangned included

a summer afternoon interruption, so we could compare that condition among studies.

A further limitation of our research is that the surveys that formed the dfetsie studies we
examined were limited to certain parts of the country. No data were avéditabl¢he
northeast/mid-Atlantic region, and limited data were available for @t@®y the Great Lakes.
The absence of interruption cost information for the northeast/mid-Atlagimres particularly
troublesome because of the unique population density and economic intensity of thattrisgion.
unknown whether, when weather and customer compositions are controlled, the average
interruption costs from this region are different than those in other parts of theycount

This paper has removed an important barrier to the widespread use of value lsgty re
planning in regulation and utility system planning — the availability of resse estimates of
customer interruption costs. There are others. Additional work that needs to be dons:include
1. Additional interruption cost surveying should be carried out in regions where
information on customer interruption costs is currently unavailable (i.e., the Bsirthe
Corridor and the Northern Tier of the Mid-West)
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2. An easy to use interruption cost calculator should be developed driven by the customer
damage functions described in this paper.

3. Additional work should be carried out to develop the ability to model uncertainty in
interruption cost estimates

4. Robust examples of the use of customer interruption costs to assess the besegjts ar
from different kinds of reliability reinforcements and regulatory decisibosld be
developed and published

5. Additional basic research is needed to develop reasonable ways of using customer
interruption cost information with currently used indicators of reliability perémce
(e.g., SAIFI and SAIDI); estimate partial interruption cost; and develop moderesd |
expensive techniques for estimating customer interruption costs.
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Appendix A. Data Transformation

Creating the meta-datasets involved a multi-step process. First, teetdatadebooks and
survey instruments had to be obtained from the companies if Population Researcls Sigstem
not have them already available. Second, datasets had to be standardized and msrged. Thi
Appendix describes these processes.

A.1 Acquiring the Datasets

Companies that had conducted VOS studies were contacted by phone by the Pexjémt. Dir
Typically they asked for documentation, so they were emailed a letter doxbment explaining
the genesis and purpose of the study. When requested, Non-Disclosure Agreemesitpegre
assuring that customer-specific information would not be made availablesitaaras that was
actually part of the study design. Because PRS had conducted severatadiges the data and
other materials for those studies were in-house. In other cases wedetdata files from the
utility, or from the consulting firm that conducted the study. In one instance, tthhevelee on 5-
Y4 floppy disks but fortunately they were still readable.

A.2 Construction of The Database

Altogether, we received 28 different datasets from surveys fielded dyfé@nt utility
companies between 1989 and 2005. Some of the utilities surveyed all three custosner type
medium and large commercial and industrial C&l, small C&l, and residenihiile others did
not. In some cases there was only one dataset for commercial and industoalers, and these
were sorted into medium-large or small according to electricity usadpe A- 1. Inventory of
Datasets lists the utility company, survey year, and types of datadloioé these 28 datasets.

Table A- 1. Inventory of Datasets

Survey Medium and Large

Utility Company Year C&l Small C&l ‘ Residential

Southeast-1 1997 X
Southeast-2 1993 X X X
1997 X X X
Southeast-3 1990 X X
Midwest-1 2002 X
Midwest-2 1996 X X
West-1 2000 X X X
West-2 1989 X
1993 X X
2005 X X X
Southwest 2000 X X X
Northwest-1 1989 X X
Northwest-2 1999 X X
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Note: The Midwest-1 company classified the target populations as industtiabenmercial

rather than medium and large C&l and small C&l, as did the other surveys. Thistatistdid

not pose a problem during the standardization process since the companies could be re-
apportioned according to annual kWh. Once received, the next tasks were to read ¢i® datas
identify the variables required for the analysis, standardize thesblearimerge the datasets,
and then standardize the dollar amounts into 2008 dollars. The variables required for the C&l
data and Residential data are in Table A- 2 and Table A- 3:

Table A- 2. Variables for Commercial & Industrial Meta-Sets

Interruption Specific Respondent-Specific
Season Number of interruptions
Hour of day Back-up generator
Day of week Annual usage
Duration SIC Code
Warning given Number of employees

Interruption cost per event

Year of survey

Geographic region

Table A- 3. Variables for Residential Meta-Sets

Interruption Specific Respondent-Specific
Year of survey Housing type and ownership
Season Sick bed/medical & med. equipment.
Hour of day Home business
Day of week HH Income
Duration Number of interruptions
Warning given Back-up generator
Geographic region Annual kWh
Willingness to pay
Willingness to accept

The small C&I and medium and large C&I data required the same variables, soritoandate
the small C&l dataset and the medium and large C&lI dataset, all of thaldedll&| datasets
were merged together into a single C&I dataset. The C&l dataset @apdised into two
portions: small C&l and medium and large C&l, based on annual kwWh.

A common cutoff point for separating small C&I from medium and large C&l is at 50,000

annual kWh; customers falling below 50,000 annual kWh are considered small C&I, while those
above 50,000 annual kWh fall into the category medium and large C&l. The resulting medium
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and large C&l dataset has 30,966 observations and the small C&l dataset has 21,365
observations.

As explained in the note at the bottom of Table A- 1, the Midwest-1 company’s cusiaseer
was divided into industrial and commercial customer types, rather than usihg&mahd
medium and large C&I. To conform to the customer types defined in the other slatasapply
the same decision rule, based on annual kWh, to their industrial and commercial cystomers
effectively reassigning them as small C&I or medium and large C&lI.

The combined residential dataset is a straightforward merge of the eigiduadiresidential
datasets. The resulting residential dataset has 26,738 observations.

A.3 Missing Data and Treatment Of Outliers

There are two relevant dependent variables in the all three of the datgsteisl (nterruption
cost, and (2) total interruption cost per average kW (calculated by dividingl &wibdy 8760
—the number of hours in a year). For the purposes of analysis, there is a difieggatsae for
each dependent variable, based on the number of observations with missing values on the
particular dependent variable.

The analysis samples are constructed from the original survey datasgksves First, all
observations meeting the statistical definition of mild outlier (more thanestthe interquartile
range above the #5r below the 2% percentile were eliminated from the data for both log
interruption costs (within industry and duration) and for log of annual kWh usage (within
industry) were removed from the analySi§econd, those observations with missing values on
the relevant dependent variable are eliminated.

For all C&l data combined, there are 60,537 cases, but only 53,406 have data for average kW.
About 2.8% of cases are excluded owing to outliers and missing data, leaving 51,741 cases
available for calculating total cost.

For the residential dataset, there are 36,168 cases, but only 26,789 have data for average kW,
household income and household size. About 2.7% of cases are excluded owing to outliers and
missing data, leaving 26,026 cases available for calculating total cost.

A.4 Calculation of Total Interruption Costs — C&l

The calculation of total interruption cost varies according to the formaitcbf irvey. Some
surveys, in addition to asking about total interruption costs, ask for detailedtestoha
component costs, including lost production/sales, damage to equipment or materals, ex
overhead, addition labor and overtime costs, and other costs associated withgptiorer
Other surveys only request a total estimated cost for each interruptiori@é&nar

% See the discussion on outliers above in Sectién 3.

% This analysis assumes that reported costs asathe whether the question asks for specific caaponents or
total costs. The issue of whether the format ochsguestion might tend to bias the results in drection or
another is left to future research.
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In cases where both total costs and component costs are available, our estiotake of

interruption cost is based on the sum of the component costs. However, if the sum of component
costs does not match the estimate of total cost provided by the customer, weessientite of

total cost in our analysis instead of the sum of component costs.

Furthermore, many surveys include multiple scenarios to gather infomadiaut interruptions
under different conditions. Interruption scenarios may vary by the timeyptidg of the week,
season, duration of the interruption, and whether or not there is advanced warning of the
interruption. Within our datasets, each scenario is a separate observatiefrEheach
customer may have multiple records within a given dataset, up to a maximum ofds rec the
Northwest-2 C&I data. In other words, the scenario became a case to which the ihdiaidua
were appended.

A.5 Calculation Of Willingness to Pay — Residential

The residential surveys do not ask customers for estimates of interrupgisrbecause
household respondents are unable to accurately gauge the costs unlike businesscustomer
Rather, residential customers are generally asked two questions: (1) how oudlyeu be
willing to pay for electric service to avoid the power interruption in the casesahterruption
(willingness to pay or WTP)? and (2) how much would you accept as a credit for alpartic
interruption scenario (willingness to accept or WTA)?

These questions can be posed in many ways. Some surveys allow customecs W T$elend
WTA amounts from a list of possible choices. Others permit customers to ennauant into
a blank field. Many surveys use a combination of methods. For example, the Wededtiasi
survey asks customers the following questions to determine WTP and WTA.

Suppose an electric service was available to handle all ofeyectrical needs during this
Y hour interruption. With this service, you would not have to make any adjo&tno
the interruption since your electricity would not go off.

Would you paysX for this electric service to avoid th¥shour interruption? (CIRCLE
ONE NUMBER)

1 No

2Yes

-8 Don’t Know

-9 Refused/Missing

Would you pay2 * $X for this electric service to avoid th¥shour interruption?
(CIRCLE

ONE NUMBER)

1 No

2Yes

-8 Don’t Know

-9 Refused/Missing
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Would you pay2 * $X for this electric service to avoid th¥shour interruption?
(CIRCLE

ONE NUMBER)

1 No

2Yes

-8 Don’t Know

-9 Refused/Missing

What is themaximum you would pay for this electric service to avoid thikour
interruption?

$

-8 Don’t Know

-9 Refused/Missing

Our WTP and WTA amounts are calculated as the maximum amount provided by the custome
In the case of a categorical response, each category was convertedhria aalue prior to
applying the maximization rule.

A.6 Explanatory Variables

In order to consolidate our 28 datasets into a single dataset for each cugpeneetneeded to
enforce conformity of measures across datasets. Year of survey sangés from 1989 to
2005. The region of the U.S. is recoded as: West, Southwest, Northwest, Midwest, and
Southeast. Regional assignments are based on the location of the utility compaoyndVe
have any information from the Northeast.

Most interruption scenarios include the duration of the interruption, season egihelgy of the
week, hour of the day, and whether or not advance warning of the interruption is provided. Ther
are 12 different durations, ranging from a voltage sag to a 12-hour interrupisoocodied as a
continuous variable Season has been coded as a dichotomous variable for winter or sammer (
spring or fall scenarios). Day of the week is sometimes specified, aftmoost surveys only
distinguish between a weekday and a weekend, so it is coded as a dichotomous variable. Hour
the day has been collapsed into four categories: night (11pm-1am) morning (6am-11am),
afternoon (12pm-4pm), evening (5pm-8pm). Interruption scenarios do not cover all hours of the
day. Advance warning of an interruption is dichotomized into a Yes/No indicator.

SIC is a 4-digit coded used to categorize companies into industries. The firetpligsents the
broadest industry classification and each subsequent digit provides a more grasctigtion
of the company’s activities. We have coded SICs into a relatively broaddgizoatedicator of
industry classification, using the first two digits of each company’s 8ites

Our categories are: manufacturing; agriculture; mining; construcetei] and trade; finance,

insurance, and real estate; services; telecommunications and utitilggglalic administration.
Each category and its corresponding range of SIC codes is listed in Table A- 4.
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Table A- 4. Categorization of SIC Codes

SIC Range ‘ Industry Category

01xx-09xx Agriculture, Forestry, & Fishing

10xx-14xx Mining

15xx-17xx Construction

20xx-39xx Manufacturing

40xx-49xx Transportation, Communication, & Utilities
50xX-59xX Wholesale & Retail Trade

B60Xx-67XX Finance, Insurance, & Real Estate
70xx-89xx Services

91xXX-97xX Public Administration

A.7 Dollar Standardization

Interruption cost numbers in the small C&I and medium and large C&I datasetsl| as WTP
and WTA figures in the residential dataset, are standardized to 2008 dollaradzigR
deflator from the U.S. Bureau of Economic Analysig://www.bea.gov/nationalThe base
year for the deflator is 2008 (2008=100). In 1989, the earliest year in the surveipRhe G
deflator is 64.2. For each survey year, we calculated a deflation factgrthsiformula:

Deflation factor = 1 / GDP deflator
The final step is to standardize our dollar denominated figures — interruption cd3t\WWA,

household income — to 2008 dollars. This is done by multiplying each dollar amount by the
deflation factor corresponding to the year of the survey.
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Appendix B. Survey Methodology

With the publication of thénterruption Cost Estimation Guidebook, survey protocols for
gathering these data were developed and generally followed by the vamousdinducting
VOS studies. The methodology varies somewhat for each customer group, and elaeh will
summarized in this appendix.

B.1 Survey-Based Method of Cost Estimation

The studies used to create the meta-database in this project employed dasedy
methodology to gather information about the value of reliable service. Thes raéul for the
development of estimates of interruption costs. There are two forms oastimdirect cost (or
worth) and imputed cost estimation. Direct cost is more typically used foresatential
customers, whereas the imputed cost is used for residential customers becgusktheacosts
to residential customers are of an intangible nature, whereas the costs tedassipgically are
guantifiable.

B.1.1 Direct Cost Estimation

With the direct measurement approach, the survey describes hypothetrcaptide
“scenarios” that have different characteristics. Each interruptemasio describes a specific
combination of characteristics making up one interruption event. Characsettsti@are varied
include:

The season in which it occurs (summer and winter).

The day of the week (weekend versus a weekday).

Start time.

Duration.

Complete or partial loss of service (voltage sag or black-out).
Voluntary or mandatory.

Amount of advance warning, if any.

Respondents will usually receive several scenarios. However, becauséttheftein wants to
explore more scenarios that respondents can reasonably expect to have timaa fmatie
answer, there are typically several versions with a questionnaire, aaat) thaee to five
scenarios. An example of such a scenario is:

At 1:00 PM on a summer weekday, the electric power serving your business stops
without warning. You don’t know how long this power interruption will last when it
occurs. After one hour your power comes back on.

Then the C&I customers are asked to estimate the costs, damages, lavdrnt reavings

accrued from each interruption. They are given a worksheet to fill out wdokl something
like this:
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For this interruption, estimate costs from:
Damage to equipment: $
Damage to materials: $
Wages paid without production: $
Other costs: $
Lost sales (or production): $
Percentage of sales to be recouped: % x Sales lost $

Total sales lost: $
Less:

Wages saved: $

Energy costs saved: $

Other savings: $
Total Costs: $

B.1.2 Cost Estimation Through Imputation

Willingness to pay and willingness to accept credit (WTP and WTA) approachkesdrsk the
customer what they would pay to avoid the interruption occurrence, or how much theecustom
would have to be compensated to be indifferent to the interruption. As with the direct cost
approach, the survey describes hypothetical interruption “scenarios” thaliffavent
characteristics. The imputed approaches are especially useful irosisuatiere intangible costs
are present that are difficult to estimate using the direct worth approacih, iwtypically the

case for residential customers. Because not all surveys used the WTAandesuareta-analysis
employed mainly WTP. A full discussion of the advantages and disadvantages oéthe dir
worth and imputed methods can be found in Chapter 3 éhtéreuption Cost Estimation
Guidebook.

The example below is from a mail survey.
Case #1: On a summer weekday, a power interruption occurs at Ig:@@tRout any
warning. You do not know how long the power interruption will last, budr &kt hour
your household’s electricity is fully restored.
Willingness to Accept Credit Imputation:
Suppose your Utility could provide you with a credit on your bill eacte tyour home
experienced this interruption, whether or not you were home. Whatdvbeuthe least
amount that you would consider a fair payment for each timentt@guiption occurred in

your home? (Circle or enter a number)

$0 $.10 $.25 $50 91 $2 $3 $4 $5 $6 $8
$10 $12 $15 $20 $25 P30 $40 $50 Other: $

Willingness to Pay Imputation:
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Suppose a back-up service was available to handle all of your household’s eleettsal

during this power interruption. You would be billed by the supplier only for when and for how
long the back-up service provided you with electricity. If you were char@eel far this service
only when you decided to use it (by using an on-off switch in your home), what is thganos
would be willing to pay for this service each time you used it to avoid this poweutien?
(Circle or enter number)

$0 $.10 $.25 $50 91 $2 $3 $4 $5 $6 $8
$10 $12 $15 $20 $25 $30 $40 $50 Other: $

An alternate version of a WTP question when fielded by telephone is:

Suppose an electrical service was available to you during the poweuption. With
this service, you would not have to make any adjustments to tmeuptten since your
electricity would not go off.

Would you pay $10.00 for this service to avoid the interruption? (YES or NO)
[IF YES]: Would you pay $20.00 for this service?
[IF NOJ: Would you pay $5.00 for this service?

In general, however, it is ideal to conduct this kind of researcig usailed survey instruments,
although it's possible a combined mixed mode mail-Internet methodohogy now be
reasonable.

B.1.3 Survey Design

As is typical, the survey is conducted based on actual usage, hence groups into medargea

C&l or small. In reality, the survey instruments may be designed to askansetsiat are

relevant to different companies given their primary mode of business. Mamufgatompanies

are asked about production and materiel costs, damages and savings resultintgfraptions

to their resources, equipment, and labor. Retail and commercial organizatiorieedralasit the
impact of power loss on sales and inventory. A few studies have included other subgroups, such
as agricultural customers, hospitals, and service organizations. In thdatetase, we exclude
these latter categories due to an inadequate number of cases.

B.2 Data Collection Methodology
B.2.1 Non-Residential Customers

Survey instruments for interruption cost studies are complex and difficultweeartsor very
large organizations, it is best to have a mid-level to senior-level analyshsultant conducting
the interview on-site. This interview takes approximately 2 to 4 hours, and caderncput

from more than one departmental manager. Sometimes several persons weihbhewed
together, and other times sequentially. Answers required for the survey akelydblbe

known “off the top of one’s head” nor would they be reliable if given as such. Therefore, the
process is a “phone-mail-interview” technique, where the research zagianiis given the
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initial list of company and contacts, the correct respondent(s) is iddntifamn initial phone call,
and an onsite interview is then scheduled. The respondent is then mailed or faxed the surve
instrument with instructions, so that this information will be available atitie @f the on-site
interview. The presence of the interviewer ensures that the respondent frasiaddestanding

of how to interpret the survey requirements.

A less expensive variation of this procedure is “phone-mail-phone” where insteatotttng
the interview on-site, the interview is conducted over the phone. This methodology may be
appropriate for the small/medium organizations. Finally, there have been lowt punigets
where the account contact was sent the survey by mail and then returned it. Miitrufml such
as reminder postcards and other best practices in mail surveys, this methoavenay
reasonably high response rate but the data quality tend to be compromised.

B.2.2 Residential Customers

There is much less of a respondent recruit issue for residential customsrsuri/Bly is usually
conducted by mail, using best practices for mail surveys to garner a high respanse rat
Residential surveys can also be conducted by telephone. There are ceriaationplabout
guestionnaire design (such as the way WTP questions can be asked) for each methodology.
Insert text here
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Appendix C. Recommendations for Questionnaire Design

One of the benefits of conducting this meta-analysis is revisiting the quesiodesign and the
data analysis made possible by these survey instruments. Reviewers titaneraron of this
document also noted that improvements to methodology could be made. Therefore, should a
utility, Public Utilities Commission, a federal agency or other orgamizathoose to conduct a
VOS study, it is worthwhile to consider the lessons learned along the waginGe studies
conducted by utilities need to address that utility’s specific operatingoanvant and customer
mix. Nevertheless, there are some practices that could not only provide themittiibetter

data, but also allow for future meta-analyses and contributions to a wider industrstamdieg

of the value customers place on reliability. These practices are surdhiarthis Appendix.

C.1 Macro- Versus Micro-Views

The customer groups presented in this research include households, businesses, and
manufacturers. While some utilities branch out to a more diverse set of businesses,
manufacturers or producers, such as agricultural or healthcare organizatidngynodude the
broad impacts of an interruption on societal or government costs. Some of thoseoctsts
understandably be more difficult to quantify, but others can be captured in dollagsakRgsle,
governments lose sales tax revenue, and may need to expend emergency dollars for police
other security measures. A government office does not lose sales revenudobésitidise
productivity in the form of staff that gets paid regardless, or fees formyoeat licenses and
services that go uncollected. Future studies are advised to branch out to these nes-busine
interruption costs.

C.2 The Impact of Back-Up Systems

After extensively analyzing the different survey instruments, it is begpabvious that the

meaning and implications of having a back-up generation system are not coysisigtuited in

the survey methodology. In these questionnaires, respondents are asked at one poinwythe sur
whether they have a back-up generator or system, and then only later answemahe-sc

specific questions. Two problems are inherent in the question about back-up systnbeFi
precise kind of back-up system is not necessarily clarified, for examgl@jssfor lighting, or

is it for full operations? Second, the presence of the generator and the tatbrifation costs

are separated, so it is not clear if the respondent is adequately takingkie paneration

capability or costs into consideration.

C.3 Advance Warning

In the studies employed in this meta-analysis, scenarios with advance wamimy necessarily
paired with the identical scenario (and company-respondent) without advance warnimgg, s
aggregate analysis yield highly problematic or counter-intuitivetsesthe implication of this
methodological problem is that it will be difficult to compare the costs of trigs&m to
generation interruptions.
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C.4 Facilitating Regional Comparisons

Being able to compare the results of one study to another are important for an ihditityia
as well as for cross-service territory insights. There are sevenaligeies in survey design or
database design that would facilitate this kind of analysis. These are:

¢ Noting regional climates in a standardized nomenclature.

¢ Including standard interruption scenarios, such as, by including one-hour summer
afternoon weekday for C&I, and one-hour winter morning weekend for residential
customers.

e Standardization of costs and savings calculations in the commercial and ihdustria
surveys, and scales for asking willingness to pay and willingness to acagipt cr
guestions for the residential surveys.

e Noting whether the location is urban, suburban or rural.

Many organizations and industries have standardized protocols (such as qualdgy ito drave
a better understanding of benchmarks, trending and best practices. Standar8sstodi€>
would go a long way in ensuring comparability across time and territory.

C.5 Commercial and Industrial Classification Codes

More help needs to be provided to respondents in answering this question, such as a brief
summary next to a check-box for the code so at the very least, they can getdtictaptevel
classification. Yet even using a precise industrial classification ltasléds limitations. A retail
company that gets the bulk of its business on weekdays from 9am to 5pm from custdheers i
store is going to have a different reaction to an interruption than an glstaélit that does 75%
of its business in the evenings, or during Friday to Sunday (e.g., movie theatreseSipral
services firm that relies on electronics and telecommunications equiporeas to a standstill,
while another has activities that can be accomplished without power. While sdramergs do
note the regular business hours, the information about the kind of business needs to be
standardized for ease of analysis and cross-comparison.

C.6 Residential Costs and Presence At Home

In some cases, household respondents are asked to input their WTP or WTA for intesrupti
regardless of whether they were home. Yet a debate around the meaning fifraesidents

hinges on whether they are home, and how much of the cost of an interruption is dueitmcessat
of household activity, and how much is due to impact on household appliances and electronics.
Indicating whether the respondent is normally at home during the time of thepiitan

scenario would add clarification.
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