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ABSTRACT

One measure of the resilience of amynamical system is the speed of return to
equilibrium following perturbation. Inlectrical powerdistribution systems this may be
approximated by the duration of unschedutedagesdue to failure of the distribution
system (i.e.excluding outages due to failure of the generatir transmissiosystens).
We hypothesize that the resilience of powsstribution systems depends dmo main
factors. One is the power distribution infrastructduhe, biophysial environment within
which it operats, andinteractions between the twd®he other is the priority given to
restoration by the power company, ahdhe ef fecti veness of
responseTo test this we modeledutagedurationin the residential electrical power
distributionsystem inpart ofthe City of Phoelx, Arizona betweer2002 and 2005We
found that while the type of infrastructure did not have a signifieffiect on outage
duration, the interaction betweeanfrastructure ¢verhead linesand the biophysical
environment ¥egetatiof did. We alsofound strong eidence that pximity to particular
high priority emergency assetsi.d., hosptals) confes resilience onresidential
distribution systemsMore generallyresidential outage duration was found to be most
spatially dependent up to around 1000 feet from an outage loc&iamall, a spatial
outage duration model provided a better fit to the data than-apaiial model.

Keywords:Electrical Power DistributionOutage DurationResilience, Restoration
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1. Introduction

Resilience is increasingly recognizedo be an important dimension othe
sustainability ofa wide class of human, natuyraihnd engineeredystems (Brock et al.,
2002; Turner et al., 2003Adger et al.,, 2005; Walker et al., 200@esilienceis
commorty measured in one of two wayBy the size ofie shock needed to dislodge a
system from its current epational state (Holling, 1973), aly the speed with which a
system returns to equilibrium after a disturbance (Pimm, 1984). In this papploee
theresilience of an electric power distributisgstemin the second sens®ur measure
of resilience is the speed with which the system returns to normal effectiveness after an
accidental outage, approximated by the duration of the ouige.conjecture that
resiliencedepends partly on the physicdélaracteristics of the power distribution network,
and partly on the effectiveness of network management. The physical characteristics of
the network include whether it i's Ol oopbd or
above or below ground, how thayeract with the biophysical environment and so on.
The effectiveness of network management includes both the triage system that prioritizes
responses to outages, and the efficiency of those responses.

The motivation for focusing oa &Gpeed of retur@notion of resilience ishat it is
more directly related to the cost of system failurée Tost of power outages depends on
their duration In addition, we note that there exist data on outages, but not on the
intensity of the shocks that cause thdvhany studies indicate thahe damageof an
outageto a residential energy consumgrcreaseslinearly with the length of the
interruption (Allan and Billinton, 1993 Kariuki and Allan, 1996; Brown, 20Q02Ahsan,
2004). Billinton and Wangde€2003) also show that the time of day, day of the week,
and time of yearmatter While the effect ofinteractons betweenenvironmental,
infrastrictural, and social conditionen duration of outagesremains underexplored
(Kwasinski, 2010)the impact of ay one set of conditions is reasonably well understood.
Chow et al. (1996) show that outage duratiostiengly correlated with the shocks that
causeoutages Research on factors affecting outage duration grasarily involved
stormwinds and earthquake®g@vidson et al. 200Reed et al., 2006Reed 2008; Reed
et al., 201Q. In addition to the intensity of weather events, howeier,et al. (2007)
note thathe type ofinfrastructurei(e. transmission lines, substations, protectiewices,
and service transformeand environmental conditior(ge. population densityand land
covel) are alsamportant factors

Aside frominteractions between infrastructure and the environmentpuies on
another dimension dhe resilienceof power distribution infrastructurgbat haslargely
escaped attentidnnamely,the spatial dependencé outages experiencdu electricity
consumersSpatial dependencis the tendency ohearby locations to possess similar
attributes (Goodchild, 1992}t occurs whermmeasues of attributes areorrelated over
space on account of underlying spatial interactidinsas been applietb geographical
analyses ohealth(Crighton et al., 2007Ha and Thill, 201}, crime Wang and Arnold,
2008; Ye and Wu, 2011)nhonmarket valuation(Can, 1992) knowledge networks
(Anselinet al.,1997 O hUallachan and Leslie, 2005 economic development (Rey and
Montouri, 1999 Dal | 6 er ba a)materlcansur@uidn (Chang € @.02810;
Scott et al.2010)and species habitat distribution (Miller, B)@ao and Li, 2011; Su et
al., 2011).



To datethere have been relatively littl@nalyss of spatial dependenceithin
infrastructure systems. Yet,ewmvould expect to sespatial dependendsoth because of
the structure of the networkoecausanfrastructureenvironmental interactiondepend
more onneighborhood thaonindividual residenceharacteristicsand because the speed
of response to outages in any given area depends on the pretg@actcular types of
consumer To our knowledgethere is nooutage duration modehcorporating spatial
dependencemong consumersBut where spatial dependence exists,spatial outage
duration model imeeded to producenbiassed and consisteqarameterestimates We
investigate therelation between outaghirationand proximity to locations that have the
highest priority in powereamp ani e s 6 r e sWhereisdeidualresidgencesaie e s .
located near high priority public facilitiesich & hospitalsfor example we found that
theybenefit from a triage process by power companies that privileges emergency services.
That is, hospitalsconfeb resilience orthe power distribution system in the immediate
neighborhoodThis aspect ofhe resilienceof electrical power distribution systerhas
not previously been studied.

We modekd average outage duration across Phoenix, Arizoetwveen 2002 and
2005 usingspatially explicitoutage data provided kgylocal utility company Outages
are déined as all unscheduled incidents where vgiafalls to zero This includes
momentary incidents perdis§ no longer than a few seconds and blackout incidents
persising longer than severahinutes. We focus on the distribution system (the supply of
low voltage electricityfrom distribution substations to end users) rather than the
transmission system (thmilk supply of high voltagelectricityfrom a generating source
to distribution substations) since we are interesteesidential power outage durat.
Becausehe distribution system covers a greater geographical thgahe transmission
system it alsoencompasses a widgariation of urbanconditions, is more exposed to
hazardous environmental events and conditions, aodounts for most of the
interruptions experiencelly electricity consumers (Brown, 2002; Pahwa, 2004
modekdthe effect ofa variety ofinteractingenvironmentahndinfrastructuralconditions
on outageduration including vegetation abundance, feedgpe, age associated with
feeder, demand for electricity, ambient temperature, the number of unscheduled outages,
the number of customers affected by those outgmyegimity to arterial roadgroximity
to critical asset§i.e. hospitals)and proximity tothe @ntral business district gD).

2. Hypotheses

The resilience of any power distribution system, regardless of specific location,
depend on a number of conditions. This allows to construch general model that can
be applied to any urban electrical distribution syst€@onceptually outage duration
depend onthe followingfactors

Physical Characteristics

1) The nature of externalshocls. the type andintensity of weather or other
shocksis positively correlated with the extent of damage and hence repair
times



2) Prevailingenvironmental conditiongplaces with overhead ling¢lsat aremore
exposed to larger, heavier, and more abundant atgetconditions willbe
most vulnerable to outagelue to weather events

3) Land use dense areas may experience more outages or require longer
restoration times due to congestion.

4) Infrastructural characteristicthe type of feeder (overhead or underground),
its age, and whether a distribution systertoaped(interconnectedpr radial
affects its vulnerability to weather shocks

Triage Characteristics

5) The number of customers affected: Electrical power utility companies will
giverestoratiorpriority to outaes affecting large numbers of customers

6) Type of customers affected: Electrical power utility companies will give
restoration priority to critical assets such as hospitals.

7) Access of ulity repair trucks tooutagelocation locationscloser to repair
yards should experience shorter restoratiimes

Factorsl, 2,3 and4 concernthe severity of theevent that is the proximate cause
of the outage and the importance of interactions between the power distribution
infrastructure and environmental conditiohore severe events generally lead toren
damage and hence longer repair times than less severe e@misrly, some
environmental conditionare expected toausemore damage to distribution equipment
than othershaving a larger impat on outageduration. For example, treegvould be
expected to lead tmore damage to overhead equipment than Eimiply because they
are larger, heavier, and can move through interactions with wind and other vakllife
well asgrow into conductord_arger treesre also expected to be associated wiigmdr
levels of damage to overhead equipntban smaller trees

Certaintypes ofland use maye associated with longer restoration times. For
example, some locations magquire longer repair times due to inaccessibility.
Extremely congested areder instance canbe difficult environments for repair crews to
work in, owingto limited space.

Infrastructural characteristigavolve the type and age of feeder lines, which are
often assumed tprolong outages First, underground cables mapn averagetrequire
longer restorationtimesthan overhead linedue to the necessary tinf@ repair crewso
identify and reach underground outage sources and locat@msw et al 1996)
However, underground cables are less prone to damage since th&hekheed from
many environmental events and conditions. Seconlderoinfrastructuresare more
vulnerable to failureand may need replacemethiiring outageoccurrencesEquipment
replacement will require longerestorationtimes for necessary installation of new
equipment. Finally, some electrical power distributionlasped or interconnected,



allowing for rapid restoratiothroughautomated switchingy utilities. Thisenabésa re
route of electrical power in the casatlone route failgKersting et al, 1999) In contrast,
customers served through a radial configuration thatnenstrearof an outagewill
incur downtime costs as repair crergpair/replace failed componer{see Fig. 1)

[Insert Fig. 1 here]

Fadors 5, 6, and 7 are triage characteristics, meaning th@ncern response
priorities and response capahdg First, in the event of an outagelectrical utilities
usuallyconduct a damage a&ssmenthatidentifies the cause ardcation of outageand
how manycustomers are affecteBeregulated electripower providershaveeconomic
incentive to repair outages affecting more custonmarge quickly than outages affecting
fewer customerdecause repairing outages affecting the most customers in the event of
simultaneous outagesill help minimize average system interruption timéserefore,
we expected that the number of customers affected by an outaglel be positively
correlated withthe effort given to restoring the power supply.

The type of customer is also considered in the initial damage assesbkntaast.
event of an outage,tilities give emergency assetsuch as hospital priority over
residential customergCurcic et al., 1996) Hospitals will generallyencountershorter
outagelengtrs than residentiatustomersfor two main reasons. First, hospitalsre
typically sened by doopdr at her t h a pandthiardduced tbe tilng of any
outage.Electrical powersupply can be reouted through m undamagedeeder.Second,
hospitals are high priority customersah outage occurs and affects power supplied to a
hospital, that hospital wilbe given the highest priority by thdility. Although many
hospitals haveedundant power supplies such as bapkgenerators, electrical utility
companies are still obligated to restore power to these customers first(@uakj 1996).
We test the hypothesis thaduses closer tbospitals will benefit from the priority gen
to them.Residential customers located close to hospitelg experience shorter outages
by being either connected to a looped feeder oh&wing repair crews res@power
outward from aprior critical customer (i.e. a hospital). osequently proximity to
emergency assemay confeputageresilience to residential customers.

Finally, after the initial damage imstigation, utilities makeepairs. Repair
capability depends oaccess of ulity repair trucks tooutagelocationsandis ultimately
important for resbration times Outage locationghat are farther away from repair
deploymentyards will on average have longerperiocs of outage due to the time
necessary fomaintenancerews to travel to #houtageocation

3. Data and Methods
3.1Study area

We appied our modeling framework to a major urban area in the Southwestern
United StatesThe study aredor this research i® section ofthe City of Phoenix,
Arizona. Phoenixis the sixth largest city in the U.S. and holalsout 35% of the
metropol itan (b6 .e€andus Buyeaddl) Eettrical power is supplied
to the area bytwo major utilities, Arizona Public Service APS) and the Salt River
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Project (SRP)The study area falls within the part of Phoenix serviced by ARBS.of

the 1,445,632 people in the City of Phoenix, APS covers roughly 746,187 people, or
about 52%of the populationaccording to the 2010 censusg. 2 shows thepower
distribution infrastructure of th&tudy area in relation to tlihoenix Metropolitarrea.

3.2 Data

The purpose ofmodeling outagerestoration times is to understandthe
determinants o€lectricalresilience.Our measure of the resilience of the electric power
distribution system is the time to restoration of service following a failure within that
system.Supply nterruptions may occur when there is an outage in the generation,
transmission, subransmissionpr distribution systemWe focugd on the last of these.

We include all reported unscheduled outagegardless of duratiormheserangel from
momentary incidents that perg&dtno longer than a few secontts blackout incidents
thatlastedseveral hoursOutageswerelimited to those caused by failure thie electrical
distribution system (thelow voltage power supply systembetween distribution
substationgindend users) rather than the electrical transmission systerigdtheoltage
powersupply systs betweena generating souranddistribution substationsDutages
werethen weighted byime in minutes

Many environmentalconditionspotentially cause unscheduled residential power
interruptions in Phoenixand their effect varieslepending orthe configuration of the
power distribution Data on power line locatiotlype (overhead or undergroundutage
duration, and number of customers affected for the period RGI5, were obtained
from APSto examine the factors affectirayerage residentighlower outage duration
Feeder line types and locatioae mapped in Fid. It is clearfrom the maghat roughly
half the study area iservedby overhead lingsthe remaining are®deing served by
underground cablesCauses of outagewere groupednto the following categories:
scheduled outages, accidental outages, and environmental outages (afsatsdental
outages). We focesl on unscheduledi.e. accidental and environmentabutages
affectingsinglefamily housing un.

Since our ultimate & (not the aim of this paper$ to estimate the capitalized
value of residential electricapower resilience through hedonic pricing methods, ou
sample was based bdiousing sale location datdedonic methods decomposenarkeed
item into a number of attributes over which purchasers have preferences. By estimating a
hedonic price function it i's possible to i/
(MWTP) for each attribute. For instance, house prices can be used to invaiuaef a
public service by estimating the MWTP for that service, controlling for salient housing
characteristics, neighborhood characteristics, and other environmental characteristics.
House salelata were obtainelom theMar i copa Counticg(MBAO3fers sor 6 s (
the year 2005 to account for theripd of observed outage$his yielded 6,061 housing
observationsWe linked the number of outagemd total duratiomer house location sale
by feeder typeThis was done by havingaeh housing salecationassigned to its nearest
feeder lineWe alsoused the MCAO database of parcels to determine the construction
year for each house to serve as a proxy for infrastructure Fage.3 shows the
distribution of averageduration ofunscheduled outagdin minutes) from 2002005
across the study arelig. 4 shows the distribution of the average number of customers



affected per outageetween 2002005 Fig. 5 shows the number of unscheduled outages
from 2002 to 2005 at each house sale location in 2005.

We obtained further characteristics of houses that might affect outage duration
comprising severalproximity variables to other featuragacluding distance to nearest
hospital, distance to nearest arterial road, distance to nearest native desert area, and
distance to th€€BD. These variables were constructed by measEirmgidean (straight
line) distances in feet from the centroid (geometric center) of eacklgarthe nearest
feature of interestFig. 6 showsthe proximity of each 2005 house sale toriearest
hospital.

Other eavironmental variables relevant to Phoenix residents include vegetation
and bird abundancegs well asambient tempetares The Soil Adjusted Vegetation
Index (SAVI) was used as a proxy for vegetation abundance and was déowedc
2005 Landsat Thematic Mapper (ETMage It was obtained through th€entral
Arizona Phoenix Long Term Ecological $&arch (CARLTER) project. CAP-LTER is a
nationally funded project to study the letegm ecological sustainability of citieig. 7
shows the distribution of vegetation across the study area. Bird aburtdacgerealso
obtained through CARTER. These data were collected by monitoringds seasonally
across 40 sites from 2002 to 200dounts werethen interpolated over theentire
metropolitan aregseeWalker et al., 2008or methodologal detail3. August minimum
temperaturen Celsiuswas used as a proxy f oWH)Pahdoeni x06s
more generallyambient temperaturén the Phoenix metropolitanea, the UHleffect is
observed in the elevation of nigtimne temperatureand is most strongly observed in the
summer months(Baker et al. 2002), thusmean August minima are appropriate
indicators These datavere also obtained through CARTER and werederived fran
spatial interpolation of daily tempeuase data from55 meteorological sensorBom
different source#ncluding the Flood Control Disct of Maricopa County (ALERT), the
National Weather Service (NWS), the Arizona Meteorological Network (AZMET), and
the Phoenix Reatime Instrumentation for Surface Meteorgical Studies (PRISMS)
Network. Daily measurements welgggreyated to biweekly periods Variable names,
descriptions, and statistics are provided in Table 1.

[Insert Table 1 here]
[Insert Fig. Zhere]
[Insert Fig.3 here]
[Insert Fig.4 here]
[Insert Fig.5 here]
[Insert Fig.6 here]
[Insert Fig. 7 here]



3.3Model

Average duration ofnscheduled outagegas hypothesized to depend on a set of
infrastructural conditions, environmental conalits, andtriage characteristics The
infrastructural conditions included infrastructure type age, and location The
environmental conditions included temperature, vegetation, bird abundance, and
proximity to desert The triage characteristics inclugtl the number of unscheduled
outages, the number of customers affected, and the types of customers.afizmed to
repair depots (in terms of distancggs excluded from the analysis because datehen t
locations of repair depots actenfidential.We esimated a model of the following general
functional form:

y=f(d.q.%.2) € (1)

wherei is an index of locationgis theaverage duration of unscheduled outages the
demand for energyp is a vector of associatetiage characteristicsx is a vector of
associated infrastructural conditioass a vector of associateenvironmental conditions,

and e is anerror term.

The outagedurationmodelwas empirically calibratedfor Phoenix, Arizonabut
the general forntould readily be applietb other urban area&iven thatour study area
is constrained to Phoenix, itglesert conditions helped guide our selection of
infrastructural and environmentariablesaffecting power distribution reliability. In this
case,infrastructural conditions compridehe type ofpower distributioninfrastructure,
and its location with respect to other major built infrastructures such as arterial roads.
That is:

x = (feeder typeproximity to arterial road).

The outage characteristiasomprise&l the number of unscheduled outages experienced,
the number of customers affected, and the type of customers affected. That is:

o = (number of outages, number of customers affected, type of customers affected

The environmental conditionsere captured bymeasures of species abundance, climatic
conditions and distance from the desert. That is:

z = (vegetation abundance, bird allance, proximity to desert).

The estimated model is:
Y, =a #,d am a;@ _aijmi (2
] ] ]

where
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A b,X, = bo,OH + b, ART (4)
i

and

& ,2; = bago BIRD+ beVEG + be DES (5)

l

in which the vaables are described in Table .1We expead to find significant

interactions between the environmental variabkesd the type and/or age of
infrastructure. The interaction between the environmental variables and overheasl lines
straightforwar@d weather conditions frequently affeaterhead linesia the impact they

have on vegetationlWe expeced interaction terms betvem those variables thave a

positive effect on outage duratioWe get at i on, especi aftreesy | ar ge
outside a righbf-way that can fall within five feet of a distribution lin€Tennessee

Valley Authority, 2011))may potentially interfee with overhead distribution equipment.

Together with overhead distribution lindsgavily vegetatedireas are more likely to

experience outages than areas with underground catfleser trees.

Temperature events (especially periods of excessive heatxpeeted to induce
outages through demand spikes. To capture this we intladenteraction between
housing square footage and temperature. Square footage or temperature may be main
effects The interaction between them is a way of weighting temperafthis. is simply
becauselarger houses require more energy to cool the living areas. Given these
considerations, we also estimate an interaction model of the form:

Yi :a+é_ b;z,d +a bjo, +a b;x; +a bz +a b;x;0; +a bix;z; +e (6)
] ] ] | | ]

where

A b,2,d; = boepreme(SQFT* TEMP) ()
i

and

a b;%;Z; = bgyon (BlRD*VEG* OH)"' bDESOH(DES* OH)- (8)
]

We estimatd the model with ordinary least squares (OLS). A potentially
important issue to be addressed in the estimation of this model is the likelihood that an
interruption at one house is dependent on an outage at a nearby Tééslgives rise to
the possibility that outages in a neighborhood supplied by the same feeder
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experiencing the same environmental conditionk experience the same or similar
duration ofinterruption.They will be spatially correlated. However, we expect that the
degree of spatial coxlation will be different in casesherepowe distribution systems

rely onradialandloopedsystens of energy distributiorfWillis et al., 2001; Perrier et al.,
2010) Radial distributions provide energy to customers directly from a transformer to
nearty end users whereas looped distribution systems are interconnected, allowing for
backend power supply routes in case a component fails. Wéeknessof a radial
distribution systemis that anyresidence that isdownstreard of a failure will also
experience an interruption.

In reality, houses are dependent on the reliability of the feeder rather than a
neighboring houseHowever, since we assign housestheir closest feederthis is
formally equivalent to spatial dependence between the retjabdperienced by different
houses served by the same feederrthermore, neighborhoods containing many houses
will have similar biophysical environments suggesting houses exposed to environmental
conditions such as birds, vegetation, overhead lineseserticonditions will experience
a similar effect. Henceit is still reasonable to explore the Sphcorrelation between
average duration of unscheduled outage®ighboring locations

Spatial dependence can generally take two forms. Hirstan reult from
underlying spatial interactienIn the case of electrical power supply, an outage at one
house would not cause an outage at another house. Therefore,lysdatiged
dependence is conceptually not applicable. The spatial relationship of reliability among
neighboring houses is a spatial association of a second kind, i.e. spatial depeadence
result from misspecification in the form of omitted variables, incorrecttimmal
specification, or masurement error. ¥ran spatial diagnostic tests to determine whether
spatial lag dependence or spatial error dependence should be controlled for in the model
before coefficient estimation. The spatial diagnostic tests weralbasen a IMor an 6 s
analysis of the OLS residuals and Lagrange Multiplier methods detaikkdselin et al.

(1996) As expected, spatial diagnostic tests indicated spatial dependence to be a result of
spatial measurement error rather than spatial exteasalie accordingly estimated a
spatial error modedf the following form

y=Xb A\ e 9

in which y is a vector of observations on the dependent variables a matrix of
observations on the independent variables a vector of regressioroefficients to be
estimatedu is a vector of spatially autocorrelated errernts a-is a coefficient tabe
estimatedande is avector of error termsThe spatial weights matriw/ containsbinary
elemens such thatw;; = 1 if houses andj areconsicered neighbors, O if not, andot
equal toj. The spatial weights can be constructed in different Wafes.chose to usa
distance ban@omprisingthe distance limit fsm which a feedeprovideselectricity to
nearbyhousesWe testedh range oflistance bandsAt one extremethe spatial weights
matrix definedneighbors on the basid a minimum Euclidean distae threshold such
that each houskad at least one neighbot his resulted in each house sale within 3760
feet from sale location as a neighborAt the other extremeevery housewithin a
distance rdius of 500 feet of housei wasconsidered a neighboBased on la Mor an¢
analysis, the most suitablepresentative supplyange appead to be somewherén
between 80@&nd1200 feet.
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An issue in estimatinghe coefficients in @patial regression modi that since
spatially lagged variables are endogenthey need to bénstrumenéd on the relevant
exogenous VvariablegAnselin, 2002). We estimated #ge coefficients using the
Maximum Likelihood Estimation methdd GeoDd™ (Anselin et al., 2006).

4. Results

Coefficient estinates for thenonspatial and spatiabutage duration modehre
reported in Table ZTheoverall fit for the norspatial modelvas reasonabléadjusted??
= 0.383. Diagnostics reveald low multicollinearity (Multicollinearity Condition
Number =21.571) but indicatd severe spatial dependenc€able 2 also prwides
coefficient estimates fagach of the outagadtors in a spatial r model with neighbar
defined on the basis of observed housgkin 1000 feet fronobserved housecationi.

The pseudoR? value for the spatial error modeks 0.868 a substantial improvement
over the nonspatial mode The coefficientfor the spatial error term wagsositive and
highly significant.

In the nonspatial model, e most significantactor explaining the duration of
unscheduled outagewas the total number of unschddd outages. However, the
relationship between number ofitages and average outage durati@s not linear. A
scatterplowisualizationbetween number of unscheduled outages and average duration of
outages shows a steep increase in average dutgtitbebout 40 outageg\fter that,the
slope significantlydecreasesut remains positive This might be explained by the
differencein infrastructural and environmental conditions corresponding to observations
above and below0 outages. Theariationin infrastructural and locational characteristics
in houses eperiencing more thad0 outagesvas relativelysmall since these areas are
served primarily by overhead line®y contrast the differences in infrastructural
characteristics and locational characteristichouses experiencing less than 40 outages
weremuch larger.

We foundtheinteraction between vegetation abundance and overhead distribution
lines to be positively andsignificantly related tothe average duration of an outage.
Consistent with our expectation that proximity to high priority puldiclities confers
resilience on neighboring infrastructures, we found digtince fronthe nearest hospital
was positive and highlgignificanty related to outage durationlhat is, louses closer to
hospitals are likely to have their power restoreccimmore quicklythanhousedarther
away from hospitals.

Also consistent with our expectations, Wind that the number of customers
affected per outage reduces the average duration of an odtagmteraction term
between proximity to the nearest hitapband number of customers affected was also
significantly related to outage duration, meaning locations with fewer customers affected
and relatively far from hospitals tend to have longer outage durafitresinteraction
between housing square footaged ambient temperature was positive and significant,
indicating greater energy demand incraabe average duration of outag€&snally, an
interaction between distance to tl&BD and the age of infrastructures was also
significantly related to outage duratiohhe coefficient on the distance to the nearest
arterial roadwas positive and marginally significant, indicating outage locations farther
from arterial roads tend to havenlger durations than outage locations closer to arterial
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roads. The coefficient for distance to the nearest native desertvaseaegative and
significant implying outage locations close to desert areas on average tend to have longer
outage durations thaareas farther away from desert areas.

For the spatiaérror model, the interpretatiowas broadlysimilar. However, we
found that the 0di st aspataéndodetrobamged. MTowefficiens ed i n t
on distance to the nearest arterial rdsetane insignificant and he coefficient for
distance to the nearest desert asedichedin sgn while remaining significantBoth
effects may reflect dbnearity between the distance measures used thedspatial
weights inW. Lastly, thesignificance of our proxyor energy demand (the interaction
between house size and tempergtwas reducedAt the same timethe coefficient for
spatial dependendarned out to b@ositive anchighly significant indicatingthathouses
in the same nelipborhood (within 1000 feet) are likely to experience very similar
duration per electrical power interruption.

5. Discussion and Conclusios

There is a general consensus in the literaturetiledtictors affedng the number
of poweroutageslso affectheirduration. In particular, the extent of the damage caused
is positively correlated with the length of time it takes to repair that daragereflects
both the severity of the weather (or other) event that is the proximate cause of an outage,
and he vulnerability or robustness of the infrastructufEhe vulnerability of
infrastructure is related both to its type and its agée found that the age and type of
infrastructure interacts with environmental conditioamsd environmental events to
explain the duration of outagesThis appears to be particularly true for vegetation
abundance.This may be because vegetation causes more damage than other
environmental variables such as birds. The latter are significant source of outages, but do
not explain atage durationProximityto theCBD is also highly correlated with botge
and infrastructure typeSpecifically,overhead linesre more frequently found close
central Phoenixand areolderthan other linesContrary to expectation, we found that the
duration of outages in areas served by underground lines was shorter than in areas served
by overhead lines

What we found that has not previously been noted in the literature is the degree to
which proximity tohigh priority public services such as hospitals confers resilience on
the neighboring infrastructure. We have noted that the resilience of infrastructures
depends both on the physical characteristics of the power distribution network, and on the
effectiveness of network management. In particular, the time to restoration of power
supplies depends on the resources committed by the electricity supply company. This
generally reflects a triage that takes into account both the number and type of customers
affecied. Outages that impact large numbers of people or high priority public services
attract attention over sparse residential areas. Residential areas in the neighborhood of
high priority users benefit from a positive externality conferred both by the quélity
infrastructure provided and the priority given to restoring supply to those @3ers.
findings suggest that utility companies give greater priority to both critical customers and
a large number of customers.is worth noting, though, that not all plic facilities
confer resilience on neighboring areas. We also tested the importance of proximity to
police stations, fire stations and schools. All turned out either to be insignificant or to
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have a negative relation to outage durat@ata that would & useful in further research
include the spatial footprint and intensity of weather events (since many of these are quite
localized), and thdocations of utility repair depotgsince these may help explain
response/restoration times).

Finally, we foundthatincomporating a spatial error term improvése model fit
substantially lfy 227%. While anon-spatial outage duriain modelprovides insight into
the main factors affecting the resilience of infrastructures, the coefficient estimates are
inconsisteh by the high spatial dependence among outage duratibms.spatial model
provides additional information on the degree to which neighboring housedue
similar outages. We found that spatial associations are strongest between 800 to 1200 feet
with spatal associations decreasing with increases in distance over 1200Teetur
knowledge, this is the first study to explore the effect imteractions between
environmental, infrastructural, and social conditioos the resilience of power
distribution néworks accounting for spatial dependence among residept@berties
These findings are important for both understanding resilience oklectrical power
distribution systemsnd for future energy resilience planning.
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TABLE 1. Names, Descriptions, afghsic Statisticsof Variables (= 6061)

Name Description Mean SD Min Max
Average duratiomof
TIME unscheduledutages 99.32 42.91 0 329.7
(minutes)
ouT Number of unscheduled 44.94 26.82 1 130
outages
Averagenumber of
CUST customers affected per 267 184.44 0 1035
unscheduledutage
0 . .
OH Y% houses in tract suppliec 0.26 0.36 0 1
by overhead feeder
% of houses in tract
UG supplied by underground 0.74 0.36 0 1
feeder
SQFT Housing area (sq. ft.) 1681.81 581.28 445 5360
ART ~ Distancetonearestarteric 40 45 77585 058  6924.81
road (ft.)
Vegetation abundance;
VEG Soil-Adjusted Vegetation 39297.06 4764.78 22013 64659
Index
BIRD Bird abundance 129.98 18.30 78 169
pEg ~ Distance onearestdeser 5, 437379 3473  20672.30
area (ft.)
AGE _Proximate age of 27.80 18.84 1 105
infrastructurg(yrs.)
LAKE ~ Distance (tfct’ )”earESt lake 516850  3039.63 192 19623.70
PHX Distance to center city (ft. 66014 26324.91 1906 125204
HOSP Distance to nearest 12470 7512.08 2612 47570
hospital (ft.)
TEMP August minimum 21 0.14 20 22

temperature (Celsius)
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TABLE 2. OutageDuration ModelResults(n = 6061)

Non-spatial (OLS)

Spatial (1000 feet)

Name Coefficient t Coefficient z
(Constant) 2.85F+1 12.631 31.768 8.858
SQFT*TEMP 2.31F-4 5.714 4.363E5 1.775
VEG*OH 5.84F-4 15.152 4.545E4 7.657
ART 9.72F-4 1.691 3.649E4 0.538
HOSP 6.974E-4 9.104 7.526E4 4.942
PHX/AGE -3.374E-4 -4.091 -1.750E4 -2.564
DES -5.684-4 -4.625 1.405E3 5.732
ouT 2.332 45.644 2.172 43.653
OUT? -1.550E-2 -32.775 -1.400E2 -31.889
CUST -4.31&E-2 -14.453 -5.296E2 -18.322
CUST/HOSP 2.612E+1 2.393 6.497 5.448
= - - 8.674E1 178.796
Adj. R 0.382 - - .
Pseudd?? - - - 0.868
MCN 21.571 - - -

Note: MCN represents Multicolliraity Condition Number.
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Figure Captions
Fig. 1. Electrical feeder configurations. Radial (left) and looped (right).
Fig. 2. Map of study area antéeder types.

Fig. 3. Map of average outage duration tim@s minutes) from 2002005 Colored
symbols classified in natural breaks.

Fig. 4. Map of average number of customers affected per unscheduled botagg002
2005 Colored symbols classified in natural breaks.

Fig. 5. Map of number of unscheduled outagesm 20022005 Colored symbols
classified in natural breaks.

Fig. 6. Map of proximity to nearest hospital (in feet). Colored symbols classified in
naural breaks

Fig. 7. Map of vegetation abundance per house sale in 2005. Colored symbols classified
in natural breaks.
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Fig. 1
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Fig. 2
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Fig. 3
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Fig.4
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