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Assessing the Cost of Large-Scale Power Outages
to Residential Customers

Sunhee Baik,* Alexander L. Davis, and M. Granger Morgan

1. INTRODUCTION

Most causes of power outages, such as lightning

Residents in developed economies depend heavily on electric services. While distributed re-
sources and a variety of new smart technologies can increase the reliability of that service,
adopting them involves costs, necessitating tradeoffs between cost and reliability. An impor-
tant input to making such tradeoffs is an estimate of the value customers place on reliable
electric services. We develop an elicitation framework that helps individuals think systemati-
cally about the value they attach to reliable electric service. Our approach employs a detailed
and realistic blackout scenario, full or partial (20 A) backup service, questions about willing-
ness to pay (WTP) using a multiple bounded discrete choice method, information regarding
inconveniences and economic losses, and checks for bias and consistency. We applied this
method to a convenience sample of residents in Allegheny County, Pennsylvania, finding
that respondents valued a kWh for backup services they assessed to be high priority more
than services that were seen as low priority ($0.75/kWh vs. $0.51/kWh). As more information
about the consequences of a blackout was provided, this difference increased ($1.2/kWh vs.
$0.35/kWh), and respondents’ uncertainty about the backup services decreased (Full: $11 to
$9.0, Partial: $13 to $11). There was no evidence that the respondents were anchored by their
previous WTP statements, but they demonstrated only weak scope sensitivity. In sum, the
consumer surplus associated with providing a partial electric backup service during a black-
out may justify the costs of such service, but measurement of that surplus depends on the
public having accurate information about blackouts and their consequences.

KEY WORDS: Backup during power outages; electric service reliability; prolonged blackouts

ual and societal impacts. Examples include the ice
storm that hit southern Québec, Ontario, and north-

strikes, falling trees, squirrel electrocutions, or vehi-
cles crashing into poles, cause little prolonged dis-
ruption to daily life. These events result in short-
term power outages, as evidenced by the median
power outage in the United States lasting less than
three hours in 2014.() On the other hand, widespread
and long-lasting outages can have severe individ-

Department of Engineering and Public Policy, Carnegie Mellon

University, Pittsburgh, PA, USA.

*Address correspondence to Sunhee Baik, Department of Engi-
neering and Public Policy, Carnegie Mellon University, Baker
Hall 129, 5000 Forbes Avenue., Pittsburgh, PA 15213, USA; tel:
(412)-680-0412; sunheeb@andrew.cmu.edu.

ern New York in 1998, leaving many customers with-
out power for several weeks in the dead of winter
(affecting 2.3 million people, economic losses of over
$4 billion, and the loss of 44 lives),?® and the exten-
sive outages along the East Coast after Hurricane
Sandy (affecting more than 8 million people, eco-
nomic losses of over $50 billion, and at least 147 di-
rect deaths).(?) These large outages are not limited to
extreme weather events, but can also result from a
large solar mass ejection (for example, the geomag-
netic storm on the United States and Québec power
grids that caused a blackout in 1989),? as well as
physical and cyber attacks on grid infrastructure.®

0272-4332/18/0100-0283$22.00/1 © 2017 Society for Risk Analysis
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While preventing blackouts altogether is too
costly for most service territories,) new technolo-
gies make it possible to sustain critical social ser-
vices and serve high priority (HP) customer loads
during an extended blackout, for example, by island-
ing distribution feeders using distributed generation,
distribution automation, and smart meters.®) How-
ever, these technologies require incremental invest-
ment by utilities, and have benefits that are uncertain
and difficult to quantify. For this reason, an under-
standing of the value people place on the services
lost during these events is essential for sound deci-
sion making.

For years, power companies in the United States
have conducted surveys to assess the value that cus-
tomers attach to reliable electric services. Such esti-
mates are hardly needed for short blackouts affect-
ing industrial and commercial firms, where lost work
hours multiplied by hourly revenue (corrected for
postoutage rebound) roughly approximates the out-
age cost. On the other hand, the soft costs experi-
enced by residential households (e.g., not being able
to use the air conditioner or run the refrigerator)
are more difficult to quantify. Various surveys have
asked people about their willingness to pay (WTP)
to avoid a hypothetical outage after providing a brief
description of an outage and its duration (see the on-
line appendix for an overview). These studies often
leave respondents guessing about what a hypotheti-
cal outage would entail, providing little detail about
the blackout, its geographical extent, the services that
would be available and unavailable, and inconve-
niences and economic losses they might suffer.(© Tt
is also not trivial to understand the value of hav-
ing a small amount of power that could serve peo-
ples” HP loads (e.g., lights or air conditioning during
summer), compared to full power that also supports
somewhat lower priority (LP) loads (e.g., using a
speaker dock, DVD/video player, and LED TV to
play a game). Most importantly, past studies of resi-
dential customers have only asked respondents about
outages that last a few hours, providing little infor-
mation relevant for investment decisions that would
minimize the impact of large-scale outages of long
duration.

In this article, we develop and demonstrate an
elicitation framework to obtain the informed judg-
ments of residential customers about their WTP for
full and partial backup service in the event of an ex-
tended outage. We illustrate the method with a study
of respondents’ valuations of a hypothetical 24-hour
power outage on a hot summer weekend in western
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Pennsylvania. In the study, we test the following two
hypotheses:

e H1: Providing respondents with detailed informa-
tion about the circumstances of an outage and
helping them think through the costs they are
likely to experience will lead to more con-
sistent and less uncertain assessments of the
value of backup services;

e H2: Respondents will value the first 20 A of ser-
vice to meet their HP demands much more
than they value service to meet LP demands
(>20 A).

We focus only on service for individuals, but
the approach can be generalized to many other out-
age scenarios, including how people value providing
service to others in their communities and to sup-
port critical social services (emergency services, food
stores, gas stations, etc.).

2. METHODS

2.1. Overview of the Survey Design

Our elicitation procedure was designed to help
residential customers think carefully about a specific
large-scale outage and systematically reflect on how
much they value their full and partial backup service
during that outage.() The approach helps respon-
dents understand what services would and would not
be available in their homes and communities, their
personal load profiles as a function of time of day
(under normal circumstances or with the full backup
service), HP domestic loads they could operate with
the partial backup service (under limited availabil-
ity), and economic losses they might suffer. The
framework also allows respondents to express uncer-
tainty in their preferences, and incorporates consis-
tency and bias checks to determine the reliability of
responses. Fig. 1 summarizes the design of our elici-
tation approach.

In the introduction to the survey, we asked re-
spondents to imagine that a large regional blackout
occurred on a hot summer weekend as a result of se-
vere weather events in the Midwest (Fig. 2; see the
online appendix for the full blackout scenario). Al-
though there was an outage, Pittsburgh’s power sys-
tem was not directly damaged, so power would be
restored in 24 hours. Full and partial backup service
were then described to respondents, where the full
backup service would provide all the electric power
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+Outage scenario
description

« Descriptions of

backup services

Non-monetary
losses
+Available and
unavailable services
«Card stacking game

Monetary losses

» « Perishable food

Fig. 1. Overview of the elicitation design, showing the ordering of information provided, exercises that respondents completed, and the

timing of willingness to pay (WTP) questions.

Map from netscape.com

Image from radio.foxnews.com

Fig. 2. The hypothetical blackout scenario. We told respondents that there were several tornadoes (left) that struck big power lines in the
Midwest (right), and resulted in a large regional blackout that spread to the entire Mid-Atlantic and North Eastern parts of the United

States (middle).

respondents would normally have used, while the
partial backup service would provide only 20 A ser-
vice for the entire house.

After introducing the scenario and backup ser-
vices, we elicited respondents’ WTP for the full and
partial backup service using a multiple bounded dis-
crete choice method, an approach that provides a
range of bids that respondents are asked to accept
or reject.®?) Fig. 3 shows the WTP question used in
the study. The range of values from $0 to $75 was
chosen based on the range of results from a pilot
study, and a “not sure” column was included to al-
low respondents to express uncertainty about their
WTP.(9) For each question, respondents indicated
their maximum “sure” WTP (the upper limit from
the “yes” column) and maximum “not sure” WTP
(the upper limit from the “not sure” column). If a re-
spondent had a very high WTP and marked the entire
“yes” column, we asked a follow-up question: “What
is the largest amount you would be willing to pay to
receive the service?”

Following this initial WTP assessment, we pro-
vided information describing the services that would
and would not be available in respondents’ homes
and communities during the blackout. For exam-
ple, Table I shows that battery-powered radios and

emergency services (including 911) would be avail-
able during the blackout, but electric appliances that
do not run on batteries, as well as most stores and
restaurants without backup generators, would not
operate during the blackout.

Next, we asked respondents to play a card stack-
ing game that helped them construct their daily
load profiles under normal and limited conditions
(in this case, 20 A).! Respondents were given a set
of cards corresponding to common household appli-
ances. The height of each card was proportional to
the amount of power used by that appliance. For
example, a typical microwave oven consumes 1,500
watts or 12.5 A at 120V, so the height of microwave
oven card was 12.5 cm (left side of the Fig. 4(a)). We
divided the day into morning, mid-day, evening, and
night, and asked respondents to select the appliances
they would likely use in each time period. The height
of each stacked column represents the maximum
electricity consumed in each period if all appliances
are used at the same time (right side of the Fig. 4(a)).?

Before this study, we considered a number of electric appliance
combinations. Based on the results, we chose 20 A as the amount
of electricity needed to cover bare necessities.

2In some cases, not all appliances would be used at the same
time; so, this method provides an upper bound on load. Dealing
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Would you be willing to pay this amount to get full service
on a hot summer weekend day?

Less than $5
$5 to $9.99
$10 to $14.99
$15t0 $19.99
$20 to $24.99
$25 to $29.99
$30 to $34.99
$35 to $39.99
$40 to $44.99
$45 to $49.99
$50 to $54.99
$55 to $59.99
$60 to $64.99
$65 to $69.99
$70 to $74.99

U000 0O000USRSSRRF

Not sure

coododoss\duoooo
SR\ UUddUooououooZ

Fig. 3. Example response format used in eliciting respondents WTP. In this example, the respondent indicates that he or she would surely
pay at least $25, and might be willing to pay as much as $45 for the full backup service during the blackout.

Table I. List Provided to Respondents of Services that Will and Will Not Work in Homes and Communities When the Power is Out for
the Entire Region

In Your Home

In Community

Will Work Will Not Work Will Work Will Not Work
® (ld style telephones ® New style telephones that ® Emergency service ® Traffic signals.
that have a rotary dial. include a plug to a power including 911 (via cell ® Street lights.
® Anything that runs on a outlet. phone or rotary dial ® Banks and ATMs.
.

battery, as long as the
battery lasts (e.g.,
radios, flashlights,
laptop computers, and
cell phones).

® Natural gas and all
normal water and sewer
services.

® All electrical appliances
that cannot also run on
batteries, including air
conditioners and blowers
that circulate air.

® (Cable and Internet service.

phone).

Hospitals, police stations,
and other places that have
backup generators.

TV and radio stations (most
have backup generators).
Natural gas and all normal
water and sewer services.
Bus service.

GPS service.

Most gas stations (pumps
need electricity).

Food stores (lights,
refrigeration, and cash
registers will not work).
Most restaurants (very few
have backup generators).
Elevators in buildings
without backup.

Ventilator fans and lighting

in traffic tunnels.
® Electric trolley service.
® Airport major delays.

Once respondents created their normal load pro-
files, they were then asked to select a set of HP
appliances from their stacked columns to fit un-
der the 20 A limit (Fig. 4(b)). Upon finishing the

with the possible time sequence of appliance usages would have
added a great deal of complication, without yielding significant
additional insight. We did not mention this issue and most re-
spondents did not bring it up. We wanted respondents to focus
on the loads they considered most important, especially when
they initially did not understand the concept.

game, respondents were asked a second time for
their WTP for both the full and partial backup
service.

Finally, we asked respondents to think about
the monetary losses that they would incur as a result
of the 24-hour blackout. To do this, we reproduced
a recommendation from the U.S. Department of
Agriculture regarding perishable foods in refrigera-
tors, and asked respondents to estimate the value of
perishable food they have in their refrigerators and



Assessing the Cost of Large-Scale Power Outages to Residential Customers 287

@
Microwave "-,
oven ",. :
12.5A
or K
12.5cm
1 .--“'.iVIornIng Mid-day Evening Night

(b)
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Fig. 4. The electric appliance card stacking game. (a) The height of each card for an appliance or device is proportional to the power
consumed, and each respondent built his or her normal electricity consumption profiles for four time periods by using the appliance cards;
(b) Each respondent selected his or her high priority (HP) loads to fit under the 20 A limit.

would likely lose in the 24-hour outage. This exercise
was followed with a third and final set of WTP
questions, again asking respondents to evaluate their
WTP for the full and partial backup service.

2.2. Assessment of Bias and Consistency

In addition to providing the information needed
to assess respondents’ value of the backup services,
we tested two important effects that have cast doubt
on WTP numbers from contingent valuation studies:
scope insensitivity and anchoring.(!') Respondents
are scope insensitive if their valuations of a given
good or service do not reflect its magnitude. For ex-
ample, Desvousges et al. report that people assigned
very similar values (~$80) to protect 2,000, 20,000,
and 200,000 birds from being killed by oil spills, sug-
gesting that they cared about protecting the birds,
but did not have a precise dollar per bird value in
their minds.('* Anchoring bias occurs when WTP es-
timates are influenced by irrelevant numerical infor-
mation. For example, in a classic study, respondents
gave higher estimates of the percentage of African
countries in the United Nations after they were pro-
vided an arbitrary high number in an unrelated task,
compared to respondents who were provided with an
arbitrary low number.(?)

To test for scope insensitivity and anchoring, we
used a 2 x 2 between-subjects design with repeated
measures on the second factor, as shown in Fig. 5.
Respondents were randomly assigned to Group 1 or

Group 1 Scope Group 2
WTP for ISensiiaty WTP for
full backup partial backup
service N ;7| service
~
~ 7”7
7
7’ > S
~
WTP for P . g WTP for
partial backup |# Anclz)l;::ng 2\ full backup
service service

Fig. 5. Experimental design. Group 1 completed the WTP ques-
tion for the full backup service, then completed the WTP ques-
tion for the partial backup service. Group 2 completed the WTP
questions in the reverse order. Scope insensitivity (solid line)
predicts that the WTP for the full backup service in Group 1
should not be different from the WTP for the partial backup
service for Group 2. Anchoring (dashed arrow) predicts that the
WTP for the full backup service for Group 1 is greater than the
WTP for the full backup service for Group 2 (which would be an-
chored by the lower number preceding it). Similarly, anchoring
predicts that the WTP for the partial backup service for Group
1 (with a larger number preceding it) is greater than the WTP for
the partial backup service for Group 2.

Group 2 by a virtual computer-generated coin toss
(http://www.random.org). Group 1 first gave their
WTP for the full backup service, and then moved
on to the partial backup service, whereas Group 2
responded in the reverse order. If respondents are
scope insensitive, Group 1’s initial WTP for the full
backup service and Group 2’s initial WTP for the
partial backup service should not differ, suggesting
respondents care about getting a service, but do not
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have a specific dollar-per-amp (or dollar-per-kWh)
figure in their minds. If respondents are biased by
anchoring, Group 2’s WTP for the full backup ser-
vice should be smaller than Group 1’s, as the partial
service WTP question for Group 2 anchors respon-
dents on a lower number for their full service WTP.
Using the same reasoning, Group 1’s WTP for the
partial backup service should be greater than Group
2’s WTP for the partial backup service.

We also developed two additional conditions to
check the consistency of respondents’ preferences.
Our first check was whether WTP for electricity
backup per kWh were greater than or equal to the
normal electricity cost (i.e., $0.11/kWh), as the value
of electricity should not be decreased by a black-
out.® Second, for the same respondent (as opposed
to across experimental groups), the WTP for the full
backup service should be greater than or equal to the
partial backup service, as the former encompasses
the latter.

3. RESULTS

To recruit a diverse sample within Allegheny
County, the study was advertised through local com-
munity organizations and online through Craigslist
and the Center for Behavioral Decision Research
at Carnegie Mellon University. Individuals were re-
quired to be 25 years or older, had to have lived in
Allegheny County for at least three years, and have
at least one other adult living in their household.*
All interviews were conducted in a face-to-face for-
mat between July and August 2015. The respondents
completed the three sections of the survey individ-
ually at their own pace. Interviews took one hour
on average. Once the interview was completed, the
respondents were compensated $10 for their time.
We recruited 73 eligible respondents (Group 1: n =
38, Group 2: n = 35). We excluded three interviews
because one respondent did not meet the eligibil-
ity criteria, one already owned a number of backup
generators, and one could not understand the WTP
response mode. The conclusions do not change if we

3In the elicitation, we did not tell the respondents about the nor-
mal price of electricity to avoid anchoring them on a value we
provided.

“In other words, we recruited residents of Allegheny County who
have a sense of their domestic budget and experience paying
their electric bills, have lived long enough in, and are famil-
iar with, the region and its power system, and are electric con-
sumers. The criteria for eligibility were tested in the pilot study,
and slightly modified before the actual implementation.

Baik, Davis, and Morgan

include the first outlier (WTP results were similar to
the averages), and no results could be calculated for
the other two.>*¢

We compared the demographic information of
the survey respondents with census data for Al-
legheny County, Pennsylvania. The survey sample
was similar with respect to income and race, but had
fewer men and middle-aged individuals than the lo-
cal population. The average age of the respondents
was 43 (SD = 16), 56% were female, and 33% were
nonwhite. On average, the respondents had lived in
Allegheny County for 20 years (SD = 18). About
73% lived in the Greater Pittsburgh metropolitan
area, and 27% of the respondents lived in the
suburbs.

3.1. The Value of Service for Loads of HP and LP

Our first result is that the respondents valued
backup service for their HP loads more than that for
their LP loads, and as they received more informa-
tion, their WTP for the partial backup service to meet
HP loads (<20 A) increased, while their WTP for
power to serve LP loads (>20 A) decreased slightly.

We calculated the amount that the respondents
were sure they were willing to pay to meet HP de-
mands in the following way: (1) we used the upper
bound of the highest box the respondents checked
in the “yes” column of the WTP question for the
partial service, (2) estimated the respondents’ elec-
tricity consumption by summing up the product of
the amount of electricity that each appliance con-
sumes, the number of each selected appliances, and
the time that each appliance would be turned on,’

5The second outlier was completely off-grid, thus the hypotheti-
cal outage scenario and the assumptions for the backup services
were not applicable (this respondent refused to answer the sur-
vey). The third outlier’s answers were not at all consistent (e.g.,
“not sure” WTP was lower than “sure” WTP but higher than
“no” WTP), so we could not calculate the value to serve HP and
LP loads and the respondent’s range of uncertainty.

In addition to the main results from the analyses of the re-
spondents’ WTP, we performed additional analyses to compare
the respondents” WTP by demographic category (household in-
come and housing types) and level of preparedness for an outage
(whether they had backup generators, battery power devices,
etc.). We found that the respondents” WTP were slightly influ-
enced by their income levels, but not by other variables. We also
compared the respondents’ WTP in relation to their outage ex-
periences during their lifetime, but we did not observe any sig-
nificant difference. Additional details and results are provided in
the online appendix.

"Because we only asked the respondents to estimate their loads at
four specific times of the day, we did not have their actual total
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Table II. Summary of the “Sure” Value per kWh ($/kWh) to
Serve High Priority (HP) and Lower Priority (LP) Loads

Min Median Mean (M) Max SD N

Initial HPloads 0.00  0.58 0.75 31 063 73
LPloads  0.00 0.29 0.51 84 10 73
Middle HPloads 0.00 0.82 1.1 39 084 73
LPloads —0.61 0.17 0.36 51 079 73
Final HPloads 0.00 0.92 1.2 52 088 73
LPloads —0.63 0.14 0.35 51 076 73

and (3) divided the maximum WTP for the par-
tial backup service by the amount of power con-
sumed by the appliances they selected within the
20 A limit® Thus, the value of meeting HP de-

WTP,urial
mands would be Electricity consumption within 20 A limit * For

example, if a respondent indicated his/her maximum
willing to pay of $25 for 10 kWh (from the partial
service), the value of serving HP demands would
be $12—05 = $2.5/kWh. Next, we calculated the amount
that the respondent was sure he/she was willing to
pay to serve LP demands by: (1) using the up-
per bound of the highest box that the respondents
checked in the “yes” column of the WTP question
for the full service (maximum WTP for the full ser-
vice), (2) subtracting that number from their maxi-
mum WTP for the partial service, and (3) dividing
by the amount of power consumed by the appliances
they selected without any limit, minus the power con-
sumed by appliances they selected within the limit.
Thus, the value of serving LP demands would be

WTP 1 —=WTP pariial For the ex-
Elec.consumption., jimi.— Elec.consumption i 20 A timit

ample in Fig. 3, because the respondent indicated
that he/she was willing to pay up to $45 for 70 kWh
(from the full service), his/her value of serving LP de-
mands would be $§3:$gs = $0.33/kWh.

Table II summarizes the sure amount the respon-
dents were willing to pay per kWh for serving HP
and LP demands, and Fig. 6 shows each observa-

tion. We compared the values using the Wilcoxon

consumptions. Instead, we used three different sets of plausible
assumptions and computed the average of the three values in or-
der to estimate the total electricity consumptions. However, the
ability to purchase capacity during the blackout is also impor-
tant. For that, we also conducted the same analysis for capacity
charge (for kW). See the online appendix for the results.

8Sensitivity analyses for the WTP threshold (the lower, middle,
or upper bound of the highest box) and the amount of electricity
consumed from the partial backup service (the respondents’ ac-
tual electricity consumption or 20 A), are presented in the online
appendix.

signed-ranks tests (Wsr).!¥ We report the statistic
V, which describes the smaller of the sum of positive
signed ranks and the sum of negative signed ranks,
for the initial WTP (V;), middle WTP (V,,), and fi-
nal WTP (Vy), as well as the difference between mid-
dle and initial (V;,), and final and middle (V7,,).> As
Fig. 6 shows, the respondents report a significantly
higher WTP to serve HP demands than their LP de-
mands at all stages (Wsr, V= 554, paired Cohen’s
D =0.21; V,, = 270, D = 0.67; V; = 212, D = 0.75;
all p < 0.05), and the values to serve HP demands
significantly increased as the survey progressed (Wsr,
Vni_tip = 80, Dyi_yp = 0.58; Viy_up = 137, Dpy_pip
= 0.21, both p < 0.05). In contrast, the values
to serve LP demands significantly decreased from
initial to middle assessments (Wsr, V,;_rp = 695,
DPwi_Lp < 0.05, Dy p = 0.12), but did not differ be-
tween middle and final assessments (Wsr, Vy,,_1p =
297, Pfm_LP = 0.77, Dfmin = 0.026).

Thus, by the end of the process (as well as at the
other stages), on average, the respondents placed
a higher value on serving their HP loads (mean
[M] = $1.2/kWh) than that of their LP loads (M
= $0.35/kWh). Furthermore, their WTP to serve
HP demands significantly increased by 56% (from
$0.75/kWh to $1.2/kWh) as they came to better
understand the inconveniences and monetary losses
they might suffer. We found that several respondents
decreased their WTP as the survey progressed (full:
eight or less, partial: nine or less), indicating the
respondents felt free to either increase or decrease
their WTP.

3.2. Uncertainty in WTP Assessments

We operationalized the respondents’ uncertainty
about their WTP as the difference between the up-
per bound of the highest box that the respondents
checked in the “not sure” column of the WTP ques-
tionnaire, and the upper bound of the highest box
that the respondents checked in the “sure” col-
umn. For example, in case of Fig. 3, the respon-
dent checked “yes” up to $24.99, “not sure” up to
$44.99, and then “no” afterward. Then, the respon-
dent’s range of uncertainty would be $44.99 — $24.99

9The test statistic for the Wsr (V) is defined as the smaller of the
sum of the positive ranks (V1) or the negative ranks (V' ™), where
the sum of V' and V™ equals the sum of all the ranks (%) if
no ranks are tied. If the test statistic significantly deviates from
the critical value, we rejected the null hypothesis that the two
samples were drawn from the same population distribution.(!4)
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Fig. 6. Distribution of the value per kWh to serve lower priority (LP) and HP loads by stage over the course of the study (LP: left at each
stage, HP: right at each stage). Boxplots show the median, interquartile range, and whiskers at 1.5 times the interquartile range (or the
greatest/smallest number). Gray circles indicate the value of LP demands for each respondent, and white diamonds indicate the value of

HP demands for each respondent at each stage.

= $20. There were five (partial backup service) and
13 (full backup service) respondents who were will-
ing to pay more than $75 in the final stage, after which
we asked for a single number that best represented
their WTP. Because we were not able to obtain a
range of uncertainty for these respondents, we ex-
cluded them from the uncertainty analysis.

Table III summarizes the results, and Fig. 7 com-
pares the range of uncertainty between different
backup services and stages. We also compared the
results using the Wsr, and reported the statistic V for
the difference between initial and middle (V;,,), mid-
dle and final (V,,y), and initial and final (V;/) for each
backup service, as well as the level of uncertainty in
initial (V;) and final (V) stage between the backup
services.!” In the initial stage, the respondents were
slightly more uncertain about the partial service than
the full backup service (Wsr, V; = 237, p = 0.44,
paired Cohen’s D = 0.16). Comparing the initial to
middle stage, the respondents became less uncertain,
and the decrease was more pronounced in the partial

10Because the number of respondents with “sure” WTP higher
than $75 for the full and partial backup service in the end of
the study did not match (five respondents for the partial backup
service and 13 respondents for the full backup service in the final
stage), we dropped the respondents with WTP higher than $75
for the full backup service and compared the ranges of uncer-
tainty. For the comparisons between stages, we dropped WTP
higher than $75 for each backup service in the end of the study
(i.e., five respondents from the partial backup service and 13 re-
spondents from the full backup service) to compare the range of
uncertainty within each service.

backup service case (Wsr, Vi, = 263, pim,,, = 0.17,
Dipy,, = 0.19; V; = 522.5,p = 0.06, Dy, =
0.21). Comparing the middle and final stage, the
information regarding the respondents’ monetary
losses slightly decreased their uncertainty about both
backup services, but the deceases were not sta-
tistically significant (Wsr, Vs, = 165.5, pus,, =
0.66, Dy, = 0.082; Viur,iw = 261, P
0.34, paired Dy, = 0.14). Over the course of the
entire study, the respondents decreased their uncer-
tainty in their WTP for both the full and partial
backup service by 16% and 23%, respectively (Wsr,
Vit = 300.5, pig,,, = 0.07, Diy,,, = 0.26; Viy ., =
628, Dif,,.. <0.05, Diy,,.., = 0.28). Yet, even by the
end of the study, uncertainty about the unfamiliar
ideas of the partial backup service remained slightly
higher than that for the full backup service (Wsr,
Vi =101, py =0.16, Dy = 0.18).

In summary, the information provided by the
survey protocol helped respondents better under-
stand the blackout scenario, its consequences, and
the backup services. On average, it reduced the range
of uncertainty for both the full ($11 to $9.0) and par-
tial backup service ($13 to $11). The greater uncer-
tainty for the partial versus full backup service likely
reflects the respondents’ different familiarity with the
two options. While the standard deviations and the
ranges of uncertainty were fairly high, a primary rea-
son for this was the large heterogeneity across people
in their WTP due to different electricity use profiles,
demographics, and needs. More discussions about

Mpartial
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Table III. Summary of the Ranges of Uncertainty After Dropping the Respondents Who Had WTP Higher than $75 in the Final Stage

Percentages that

Number of Mean Not Sure Not Sure Not Sure
Respondents (M) SD Median Min Max > Sure = Sure < Sure
Initial Partial 68 13 13 10 0 55 72% 28% 0%
Full 60 11 10 10 0 40 70% 30% 0%
Middle Partial 68 11 12 5.0 0 50 66% 34% 0%
Full 60 9.6 11 5.0 0 50 67% 33% 0%
Final Partial 68 11 13 5.0 0 50 59% 41% 0%
Full 60 9.0 11 5.0 0 50 57% 43% 0%
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Fig. 7. Distribution of the range of uncertainty in the partial (circles) and full (diamonds) backup service with boxplots after dropping the
respondents who had WTP higher than $75 at each stage and backup service (partial: left at each stage, full: right at each). Circles indicate
the range of uncertainty for the partial backup service for each respondent, and diamonds indicate the range of uncertainty for the full

backup service for each respondent at each stage.

Table IV. Number of Inconsistencies from Two
Consistency Checks

Initial Middle Final
Elec. Cost ($/kWh) Partial 6 3 2
(normal > backup) Full 8 7 4
WTP (partial) 0 6 3

> WTP (full)

heterogeneity and further analysis are provided in
Section 3.4.

3.3. Consistency and Bias Checks

We introduced two conditions to check the in-
ternal consistency of respondent’s WTP assessments.
Results are summarized in Table IV. First, we com-

pared the WTP for backup service per kWh with the
normal electricity cost (assuming an average electric-
ity rate of $0.11/kWh). At the beginning of the sur-
vey, eight respondents valued the full backup service
lower than their normal electric services, as did six
respondents for the partial backup service. By the
end of the survey, these numbers dropped to four
(for full) and two (for partial). Second, no respon-
dent gave a higher WTP for the partial backup ser-
vice than the full backup service at the beginning of
the survey, but six did in the middle and three did
by the end. Thus, by the end of the survey, 90% of
the respondents gave responses that suggested well-
reasoned, systematic preferences.

Next, we tested scope sensitivity by comparing
the WTP distribution for those first asked to give
their partial WTP versus those first asked to give
their full WTP in the initial stage. Because this test
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Table V. Summary of KS Tests for Anchoring Bias with
Summary of Initial WTP Results from Two Groups for the Partial
and Full Backup Service

Mean
N [M] SD KS-D p

Group 1 Partial 38 $19 14 0.19 0.49
(Full first)

Group 2 35 $27 20

(Partial first)

Group 1 Full 38 $35 29 0.22 0.35
Group 2 35 $45 33

was between subjects, the respondents were not in-
fluenced by any prior numerical information when
making their judgments. Scope insensitivity implies
that there will be little difference between the WTP
distributions for these two groups. Although Group
1 gave a higher average value for the full backup ser-
vice (M = $35, SD = 29) than Group 2 gave for the
partial backup service (M = $27, SD = 20), the re-
sults of a two-sample Kolmogorov-Smirnov (KS) be-
tween the two groups were not statistically significant
(KS— Dful/pur/iu/ = 0.17, pfull,mmu/ = 0.68). More in-
depth analysis about scope insensitivity is provided
in Section 3.4.

Next, anchoring bias would be present if the re-
spondents’ later WTP estimates are influenced by
their earlier estimates. The null hypothesis is that ini-
tial WTP distributions of the same backup service
were drawn from the same population distribution
(Ho: Xy, =X0,,0, Where j = full, partial). We
conducted two-sample KS tests and compared Group
1’s and 2’s cumulative distribution functions, as
shown in Table V. In all the cases, the null hypotheses
cannot be rejected (two-sample KS test, KS — D
= 0.22, Prur = 0.35; KS— Dpa,,,'al = 0.19,
prai = 0.49). Importantly, Group 1 started with
higher WTP (from the full backup service question)
but resulted in lower numbers than Group 2, which
was the opposite of an anchoring effect. Thus, we
conclude that the order of introducing two backup
services neither anchored nor influenced the respon-
dents’ WTP.

3.4. Multiple Linear Regression Analysis and
Scope Sensitivity

We used multiple linear regression to model
the respondents’ final WTP for the full and partial
backup service. To do this, we: (1) included regres-
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sors in the model if they reduced the root mean
squared prediction error from five-fold cross valida-
tion, (2) examined the correlations between the re-
gressors,'! (3) conducted principal component anal-
yses on the regressors,'” (4) checked for necessary
transformations of the regressors, and (5) modeled
the final WTP as linear functions of selected variables
and components that minimize the sum of squared
residuals (Fig. 8). Both models provide reason-
able estimates of respondents’ final WTP (adjusted
R? = 0.40, ppariia < 0.05 and adjusted R%ul, =

'partial

0.38, prur < 0.05) and perform substantially better
than simple models only with intercepts (according
to five-fold cross-validation). We also used a mul-
tilevel model with varying intercepts by respondent
(Fig. 9).05-13 For more detailed regression results,
see the online appendix.

A likely reason for the lack of statistical signifi-
cance of the scope sensitivity test was the large het-
erogeneity across people in their WTP (variance of
random intercepts across the respondents are 0.64
(partial backup service) and 0.78 (full backup ser-
vice)). Using the regression models with varying in-
tercepts (Fig. 9, including the outliers), we estimate
that heterogeneity, and provide a more precise es-
timate of scope sensitivity by comparing Group 1’s
WTP for the full backup service and Group 2’s WTP

Tf a regressor is not strongly correlated with other regressors,
we did not transform the regressor. However, for some regres-
sors that are strongly correlated with each other, we: (1) scaled
(set standard deviation to 1), (2) centered (shifted means to 0),
and (3) conducted a principal component analysis to find a lin-
ear combination that explains the most variance of the group of
variables.

12There were seven (partial backup service) and 11 (full backup
service) respondents who had an absolute difference between
actual and predicted values larger than 1 in the final stage. The
two most extreme outliers were the respondents with zero WTP
for both backup services (Cook’s Dpuriar = 0.41/0.036 (M =
0.021), Leverage ;4 ijqr= 0.34/0.10 (M = 0.10); D ,y=0.27/0.24
(M = 0.018), Leverage ;,;=0.32/0.10 (M = 0.11)). While re-
moving the two outliers increased some of the variables’ coef-
ficients (e.g., value of perishable food), the coefficients of other
variables decreased (e.g., electricity consumption under 20 A
limitation) because they had almost opposite preferences. The
number of responses for the full and partial backup service are
different because of some nonresponses in the case of the partial
backup service.

13There were three/two/two (partial backup service, in the ini-
tial/middle/final stages) and one/one/one (full backup service, in
the initial/middle/final stages) respondents who had absolute dif-
ference between actual and predicted value larger than 1. The
two most extreme outliers had zero WTP in the initial stage, but
then increased their numbers (to $30 and $50, respectively) in
the final stage.
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Fig. 9. Predicted log-transformed final WTP against actual log-transformed final WTP (partial: left and full: right) using regression models
with varying intercepts by respondents, including two extreme outliers who were not interested in using either backup service.

for the partial backup service. In this model, we in-
cluded a factor variable for the randomly assigned
group (1 = Group 1, 2 = Group 2). If this variable
was statistically significant, then respondents would
be scope sensitive across their three choices. How-
ever, this was not the case (p > 0.37).

To determine whether we had enough respon-
dents to adequately detect scope sensitivity, we cal-
culated the required sample size needed to reject the
null hypothesis of no scope sensitivity 80% of the
time with an alpha level of 0.05 by using the effect
sizes obtained in the study. According to the result
(using a two-sample t-test), we would need 226 re-
spondents from each group (mean difference = 0.26,

pooled SD = 1.0; WTP results were log-transformed
before the calculation).

4. DISCUSSION

4.1. Study Results and Policy Implications

First, our results suggest that the value of serv-
ing HP demands for a one-time 24-hour outage
(M= $0.75/kWh) was significantly higher than that
of LP demands (M= $0.51/kWh) even when they
only brought their prior knowledge to the assess-
ment. Second, as the respondents received additional
information, they placed higher value on sustaining
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services they considered HP (M= $0.75/kWh to
$1.2/kWh), whereas the value they attached to
LP demands slightly decreased (M= $0.51/kWh
to $0.35/kWh). Third, the respondents’ uncertainty
about their WTP decreased as they worked their
way through the protocol (full= $11 to $9.0, partial=
$13 to $11 on average), suggesting that they progres-
sively understood more about the backup services,
and how much they cared about those services. Fi-
nally, our checks suggested that the vast majority of
respondents (90%) were consistent and systematic
about their preferences, and were not biased by their
previous WTP responses. However, the respondents
demonstrated only weak sensitivity to the magnitude
of service provided (scope sensitivity).

So far, our study is most similar to Sullivan
et al.,('® which combines individual study results con-
ducted by major utilities, and derives a customer
damage function for industrial, commercial, and res-
idential customers. The average interruption cost
can be estimated as a function of interruption at-
tributes and customer characteristics (see the on-
line appendix for more details).'® While the results
analyzed by Sullivan et al. cannot be simply com-
pared to the results obtained in this study (see the
online appendix for the reasons), our survey frame-
work has three major improvements with policy im-
plications. First, we can assess the difference between
the value for the first few kWh and the last amount
consumed.!”) Using the considerable amount of con-
sumer surplus, distribution utilities and other rele-
vant parties, such as regional authorities and local
or state governments, can substantially reduce inter-
ruption costs if they continue to supply at least a
small amount of electricity during such outages. In
the event of widespread outages of longer durations,
the benefits from implementing a partial backup ser-
vice and covering customers’ bare necessities will be-
come even greater.

Second, the survey framework highlights the
benefits of information about outages and associ-
ated costs, especially when respondents are not fa-
miliar with the issue. If we assume that the cost in-
creases proportionally to the duration, scaling the
Sullivan et al. results to a 24-hour outage suggests
a cost of $46 (by using the simple linear interpola-
tion: 3.9 + 16h0m57$32_$3'9 (duration) = 3.9 +

momentar y(0 hour)
1.8(duration)).'® While the estimated cost is higher
than our study’s initial “sure” WTP for the full
backup service (M= $39), it is less than the num-
ber we got from the final stage (M= $51). Impor-
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tantly, the increase comes from the HP demands
(Wsr, Vif,,.u= 645, pif,.. < 0.05), not from the LP
demands (Wsrt, Vig o= 462, Dif s pariary = 0-13).
This result suggests that the information did not sim-
ply increase the respondents’ WTP values, but it ac-
tually helped them to better understand which loads
were most important to them and why sustaining ser-
vice to those loads is important.('®) Thus, our study
reemphasizes the need for information when elicit-
ing values to serve HP and LP demands.

Finally, our approach demonstrates that respon-
dents expressed a significant amount of uncertainty
about their preferences, but part of that uncertainty
could be reduced with additional information. Yet,
uncertainty persisted throughout the study (full: $9.0,
partial: $11 on average), illustrating the need for
frameworks that can incorporate the uncertainty of
public preferences into decision making.

4.2. Limitations

We note three limitations of the study. First,
there are some drawbacks associated with the
multiple-bounded discrete choice method.'” For
example, Roach et al. determine that welfare esti-
mates can be affected by the range of bids available
to respondents (range bias),® and Alberini et al. sug-
gest that order of presentations can have a significant
effect.”?) While we alleviated some of the range bias
by using the follow-up question, we could not elimi-
nate the range bias entirely, and still had a small peak
near $75 (the maximum for the multiple-bounded
discrete choice procedure).!* Second, we found
that the respondents’ income levels only slightly
influenced their WTP for backup services, suggesting
they were either not constrained by their ability to
pay, or were not considering the other possible uses
of their money.®”) Third, because the length of the
interviews precluded our exploring WTP for the
partial service levels of other than 20 A, we were
not able to trace out the full shape of the consumer
surplus.

14We compared the “sure” WTP distributions without the follow-
up question (categorizing all the respondents with WTP higher
than $75 as maximum “sure” WTP is $75 group) and with
the follow-up question (assuming their maximum WTP answers
from the follow-up question as their “sure” WTP), and observed
reductions in the $75 peak (65% from the full service and 45%
from the partial service in the final stage). Thus, the follow-up
question helped alleviate the range bias.
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5. CONCLUSION

Low-probability high-consequence interruptions
in electric services of large spatial scale and long du-
ration can give rise to enormous economic and so-
cial costs, including loss of life.!> These costs can
be reduced if a small supply of electricity can be
provided during such outages. However, providing
this capability requires incremental investments. One
important input to determining whether and where
such investments might be warranted is an informed
judgment by residential and other customers of the
value of such service as reflected through judgments
about their WTP. The method we have developed
and demonstrated in this article points the way to ob-
taining such informed judgments.
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SUPPORTING INFORMATION

Additional supporting information may be found in
the online version of this article at the publisher’s
website. Also, the data with source code may be
found at https://osf.io/eqp3d/:

Table Al: Sample survey design for residential cus-
tomer survey.
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Table C1: Demographic information of respondents
in this survey.

Figure C1: Map of where survey respondents live.
Table C2: Longest outage experience from survey re-
spondents.

Table D1: Summary of the “sure” value per amps and
kW of high and lower priority loads.

Table D2: Summary of the paired Wilcoxon signed-
rank tests comparing “sure” value per amps and kW
of high and lower priority loads.

Table E1: Information collected and used in data
analysis.

Table E2: Summary of the five-fold cross-validations
results for the partial backup service.

Table E3: Summary of the five-fold cross-validations
results for the full backup service.

Figure E1: Scatter plots of the selected variables ver-
sus respondents’ final WTP for the partial backup
service.

Figure E2: Scatter plots of the selected variables ver-
sus respondents’ final WTP for the full backup ser-
vice.

Figure E3: Correlation matrix plots of selected vari-
ables for the partial (above) and full (below) backup
service.

Table E3: Summary of principal components and se-
lected variables for the partial (left) and full (right)
backup service.

Figure E4: Scatterplots with the final WTP for
the backup services (y-axis, first two rows for the
partial backup service and the last two rows for
the full backup service) and the selected variables
and principal components for each backup service
(x-axis).

Table E4: Summary of the five-fold cross-validations
results of the two proposed models (linear model)
and only an intercept (simple) model in all the three
stages.
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Table ES: Results of the multiple linear regression
analyses to estimate final WTP for the partial (left)
and full (right) backup service, with and without two
outliers.

Table E6: Results of the regression models with vary-
ing intercepts by the respondents to estimate final
WTP for the partial (left) and full (right) backup ser-
vice, with and without two outliers.

Figure F1: Boxplots of “sure” WTP for the partial
(left) and full (right) backup service in the three
stages by outage experiences; left of each outage ex-
perience group: initial WTP; middle of each outage
experience group: middle WTP; right of each outage
experience group: final WTP).

Figure F2: Value per kWh of high (left) and lower
priority loads (right), by outage experiences.

Figure F3: WTP against longest outage experience
from three outage experience groups.

Table F1: Summary of the partial and full backup
WTP, by outage experiences.

Table F2: Summary of KS tests to compare three
groups” WTP for the partial and full backup service.

Table F3: Summary of Wilcoxon signed-rank tests to
track WTP changes as the survey progressed, within
each outage experience group.

Table F4: Summary of the value per kWh of high and
lower priority loads, by outage experiences.

Table F5: Summary of KS tests to compare three out-
age experience groups’ value per kWh.

Table F6: Summary of Wilcoxon signed-rank tests
to track value per kWh changes as the survey pro-
gressed, within each outage experience group.

Table G1: Summary of the “sure” value per kWh
of high and lower priority loads using two different
thresholds.

Table G2: Summary of the paired Wilcoxon signed-
rank tests comparing “sure” value per kWh of high
priority and lower priority loads using two different
thresholds.





