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ABSTRACT

The sustainability of powenfrastructuresdepends on thereliability. Onetest of the
reliability of an infrastructure is its ability to function reliably in extreme environmental
condifons. Effective planning for reliable electrical systems reciigowledge of
unscheduled oagesources, including environmental and sociatdes. Despite many
studies on the wvulnerability of infrastructure systentise effect of interacting
environmental and infrastructural conditions on the reliability of urban residential power
distribution remains an understudied problelWe model electrianterruptionsusing
outage data between the years of 200@ a005across Phoenix, Arizon&onsistent

with perceptions of increased exposusggerhead power lines positivetorrelaie with
unscheduleautagesindicating un@rground cables are more resistamfailure In the
presence of overhead lines, the interaction between birds and vegetation as well as
proximity to nearest desert areasd lakesare positive driving factors explaining much

of the variaion in unscheduled outageSloseness to the nearest arterial road and the
interaction between dusing square footagand temperatureare also significantly
positive A spatial error model was found to provide the best fit to the dReasultant
findings are useful for understanding and improving electrical infrastructure reliability.

Keywords Distribution, Electricity, InterruptionOutage, Rliability



1. Introduction

Electrical power is a basic publiservice The reliability of dectrical power is
important because many other infrastructuees directly dependent on. iPower
interruptionsmay, for exam@, compromise transport asdmmunicationsystemsand
other emergencgnd securityservices [1]Power interruptionsre also inconveant and
costly to both commercial andesidential consumergrecludingthe use of lighting,
computers, refrigerators, and HVAC systems among otfirsA study of expected
damage costs in the wake of the major blackout in the Natdreal.Sand Canadan
2003 identified costs to three categories @fnsumers: residentjaconmercial and
industrial and what the authotse r me d &6 wi d ed theiabilify ofansirticipal,c t ur e 6
state and federal authorities to maintain essential publices[3]. The study concluded
thecostsincurredby residential users accounttmt about$1.6 billionper year

Thereliability of power infrastructuress a measure aher capacity to function
over the range of expected environmentaiditions.Most existing studis ofelectrical
reliability explorecascading blackoutst a national or regional scakleor example, Hines
et al. @] studyregional blackoutsn the U.S.using the Disturbance Analysis Waonkj
Group (DAWG) database fronthe North American ElectritaReliability Council
(NERC) andinvestigatethe different causes afegional blackouts In this paper we
consider a different problem: the role of interactions between distinct environrardtal
infrastructuralconditions in determining the average relidpilof the electric power
distribution infrastructure. There aneany studies on the vulndiiity of infrastructures
of this type p,6]. However,the effect of interacting environmental and infrastructural
conditions on the reliability of power distribati systems remains undesearchedf
9]. While the impact of individualenvironmentalconditions such asanimals, trees,
sand/dust, lightning, earthquakes, hurricanes, and ice storms on power rehiaiiligen
well documented10-19], interactions beteen them have not. Analysis of responses to
individual events such as hizanesprovides some insight into the reliability of the
electrical distributiorsystem, but unless it controls for the effect of interactions between
the event and other environntahconditions, the results may be misleading. In urban
areas, for exampl@utages in residential powgequently occur because of interactions
betweenbiophysical environmental and infrastructural conditior&orm winds cause
vegetationto come into ontact withelectrical distribution linesPoles, vegetation, and
water bodiesattract birdsthat interfere with overheadines through collision, nesting,
excrement, and other activitiesd so on

In this paperwe consider the factors thaffed residential powereliability in
the urbarregion of Phoenix, Arizondocusing onenvironmental conditns, the electric
power distributioninfrastructuge, and interactions between the tw&'e model electric
interruptionsusing outage datéor the years 202-2005 obtainedfrom Arizona Power
Supply(APS), a local utility Estimatios were conducted usimgast sgares regression,
generalized linear regression, and spatial regres3da consider allunscheduled
incidentswhere voltage falls to zerd@heseinclude momentaryputagesthat persist no
longerthan a few seconds and blackautidentsthat persist longer than a fewinutes.
We focus onthe distribution system (the pply systemof energyfrom distribution
substationgo end users) rather thalme transmission system (trsipply systenof high
voltage bulkenergy from a generatingpurce todistribution substationgs sincewe are
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interested irenvironmental interactiond he dectrical distribution systenis denser and
coves a greater geographical arézan the transmission systenit therefore operates
within a wider rangeof environmental conditionsandis more exposed to hazardous
environmental events and conditsonit also accounts fomost of the interruptions
experierwed by electricity consumerd,R0]. We consider a number of infrastructural
characteristics including feeder type (overhead or underground), ageasss$owith
feeder type, closenest® other major infrastructures, together with a number of
environmentalcharacteristics such as proximity to desert areas, vegetationi@hd b
abundanceOur results should beseful for understanding and improvimgsidential
electrical infrastructure reliability.

The structure of the paper is as followsie next sectiomffers a descriptiomf
the recordedcauses ofinscheduleadutagesn the electrical power distributiogystem
Section 3 details the data and methods used in the anédtydscribesan outage model
that is calibratedpecificallyfor Phoenix, Arizongbut issufficiently general in structure
to be appliedto other urban areasSection 4describes ouresults These are then
discussedn Section 5 A final section offers our conclusians

2. Background

Reliability events comprise any deviation from argu60cycle per second
alternating current supplyypically at 120 voltdor residential customers or 480 volts for
commercial and industrial customeis practice, however, reliabilit eventsat the
customer levelare taken to be interruption@cidens where voltage falls to zero)
captured in any of the main reliability indices: The System Average Interruption Duration
Index (SAIDI), the System Average Interruption Frequency Index (SAIFI), or the
Momentary Average Inteuption Frequency Index (MAIFI)41]. An interruption is a
completeloss of power supply experienced directly by custom€euses can range
anywhere from errors in generation to component failurethéndistribution system
[22,23]. Interruptions areften caused by outages when a component of the electrical
infrastructure is not available to perform its functi@®,24]. However, atages do not
necessarily lead to intenptions experienced by customd®b]. Outagesare either
scheduledn advanceby utility companies oare forcedby unscheduled event this
paper, ve only consideunscheduled outag@sthe distribution system

Unschedulegower outageare caused bglistributionequipment failurenduced
by factors typicalIny atbaegronfdieed72@ dondenvi ron
environmentalfactorsinclude innate problems mn the equipment and its usegdis a
contributing elemento electricalequipment failureas with most mechanical equipment
[26]. With increasing age, powedistribution systemsdeteriorate becomingnore
vulnerable to disruptionOverloading distribution lines is nather important non
environmental factor causingutages[27]. Power supply lines have limited carrying
capaciy. When demand exceedhe supply limit, distributionines overload causing
overheanhg which can lead to saggingeducing ground clearangeotentially leading to
contact with proximal vegetian andintermittent failure Proper demand forecasting and
reliable software support systems help avert problems veflaading. Otherwise
overloading can lead toutages in the distribution systerhload shedding is not
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conducted28]. Overloadingalso accelerates insulation age thereby reducing the physical
lifespanof the distribution infrastructur9].

Equipment failure also occurs when deterioratingpmponents interact with
adverse@nvironmenta conditions These include both environmental events such as
electrical, rain, winter, wind or dust storms, and interfeeesby vegetation or animals
[20]. Weathefrelaied events such agghtning, extremetemperatres tornades, ice
storms cydones and floodingare major cotmibutors to power outag€d6,20,30-32].

Fire, especially in the presence adfmbustible materialan cause electrical fault83).

High ambient temperatures can reduce distributioefficiency by reducing the
transducer 0 spateaheat toithtegvirobhnent B4j. Birs, ilightning, or heat
waves may exacerbate theeat induced by werloading exemplifying a potentially
important interactionOverhead distribution components can be affected by lightning
primarily through direct flashes and less frequently through indirect fl§20&5]. In
contrast, extremely cold temperatus lead tdcing of distribution componentsuch

as insulatorsreducingelectrical performance 8. Flooding andiwater treein§ where
water penetratesnsulation) can shat-circuit undergrounddistribution lines while
excessive rain may shecircuit overhead hes[37]. Eectrical infrastructurecan also be
impaireddepending on its location with respectatoearthquaké s | mp a[t9. r adi us

Interactions exisbetween weather events and other environmental conditions.
Trees unduly close to overhead lifesquentlyinduce adversenterfaces [8]. A tree
outside a rightf-way that can fall within five fee(or about 1.524 meter)f a
distribution line is considered b e a 0 dea[B9Y &he effeat ofvegetation on
power distribution reliabilityanges from brief contastthatcausefaults by bridging two
conductorsto tree fallthat brings overhead lines dowd0,41]. Growing branchescan
intrude uporconductors, animalsanmove branches into conductors, atehd treesan
fall interfering with equipment[42]. Treeto-line contactis most likely to occur if
combined with a severe weather everdrngdoes, hurricanes, and majouriderstorms
are accompanied Hyigh wind speedshat cause branches swayinto power linesand
in the worst casesausereesto fall acrosdines[43]. In theNortheast U.S., for example,
it has beerestimated thabetween20% and 50% of unscheduledoutages aralue to
vegetatia interference with overhead power lifés].

Otherspecies alsoome into contact with both overhead and underground power
distribution cables frequently causing interruptior[gi4]. Squirrels, birds, snakesats,
mice, gophers, ants, raccoons, and other large animals cause interropteomegular
basis [0,11,14,20,45,46]. Birds, including raptors(large birds of preyand otheismaller
speciesareacommon cause d§ a n i fauéts oadistribution systems, substations, and
transmission ystemsdue to nesting, exement, and other activitie2(]. Raptors are
attracted to poles that truss overhead life§. Birds in flight can &so collide with
overhead hes causing bird electrocutions and redu@déctrical reliability. Bird
electrocutions are most commonly associated with distribution lines instead of
transmission line$48]. Interactionsaffectingelectrical outageare illudrated inFig. 1
environmental events such as steror heat events can interact with environmental
conditions such as vegetatiomith differential effects depending dhe type and age of
infrastructure.

[Insert Fig.1 here]
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There is alsoan interaction between environmental conditions, environmental
events and demandHeat eventsaffect reliability through their effect omlemandvia
increasedusage of HVAC systemsnd the positive feedback aficreased usage of
HVAC systemson ambient temerature At the same timefeedbacks of that kind can be
moderated byegetation, since vegetation generally cools ambient temperalturiass
paper, however, we do not consider such indirect interactions.

3. Methods and data
3.1Study area

The study eea comprisea central transect withitme municipal boundaries of the
City of Phoenix, Arizonastretching from the Sky Harbor Airport in the South to the
Carefree Highway (SR 74) in the NortRhoenix accounts foabout 386 of the
metropol it alation amdeisathes'® lapgesp city in the U.S[49]. Phoenix
represents a good case study for thregsons. First, the reliability of electrical power i
Phoenix (and the U.Sn general) isquite variable relative tother develped countries
such asSwecen [50]. Second, Phoenix has a uniquerieonment. Phoenix is situatéd a
desert and yet has a diversand frequently highly vegetatedurbarbiophysical
environment It is also served by range electrical distributioninfrastructuresRoughly
half of Phoenix is served by electricity distributed through overhead &nd$alf by
undergroud cables Finally, greater Phoenix istill one of the most rapidlygrowing
metropolitan areas in the nation. Thus, future electrical reliability planning is tampor
for both current and future residenish e Phoeni x metropolitan are
by two major surces APS and Salt River Project (SR®Putage data werprovided by
one of theseAPS. The areaswithin the municipal boundaries of the City ohd&nix
serviced by SRP wegccordinglyexcluded.

3.2 Environmental pwer reliability factors for Phoenix, Arizona

Phoenix is situated in the Sonoran Deselt follows that locational factors
causing unschedulecdesidentialpower interruptionsare contingent on the desert and
urban environmest The city has amrid climate with extremely hot summers and mild
winters.Compared wh the rest of the U.Sit experiences relatively little winjbl]. Nor
does it experiencequent stormspr the hgh levels ofprecipitationthat affect cities on
the East coastOn averagePhoenixreceivesaround 8 inches of rainfall per yegs2],
and has relatively low keraunic leve]s meaning thundersorms and lightning are
infrequent Ice storms, hurricanes aridrnadoes arall rare in Arizona The effects of
tropical storm winds stemming from lepressure systems in the Pacific are expected to
reach Arizona oncevery five years on averads3]. It follows that $orm and storm
related (e.g. vegetation) damagmuld be expected to be lessignificant causes of
outages in Phoenix than in the Easithough some lightningand thunderstorms occur
during thelate summermonsoon seasofJuly-September) lightning storms are also
relatively rare in the West and woube expected to haveralatively smallimpact on
power reliabilityin Phoenix.

The majority of Ar i z o motadfectedbby thésdismi@ nvi r onn
activity of the arcum-Pacific belt. Residents withiRhoenixrarely experience tremors
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associatedavith earthquakesAlthough destructionto the built environment has occurred
near Flagstaff and along the Western and Southern borders of Arizona in theopast
earthquake has ever caused deaths or injuries netbeded historpf Arizona [B4].
Potentally importantrisk factors to theeliability of thepowerdistributiongrid in
Phoenix include overloads associated witkpisodesof extreme heatas well as
sandstormsand excessive amounts afust. Temperatures can reach up4fbdegrees
Celsius during the summer months potentially resulting imeroading of power
distributionlines due to the energy needea power air conditioning unitsAdditionally,
the natural desert environment generates simiche dust and sand that interferveth
insulaors reducing effective distributiorpotentially resulting inflashover outages
[15,55]. The desert environment effect is worst during sand storms, when strong winds
lead to sand particle saltatiat high speedccasionally leadingo suspensiorfl5].
Many places in Phoenix have flood irrigatiofrees are abundant in areakere flood
irrigation is predominant, and pttially interact with birds, windnd overhead lines
(especially when lines sag during overloading and overheating events)
Automobiletraffic andconstruction digsas noted by20] and[45] are relatively
smaller contributors to power outag#san storms trees, ightning, and animals in
general. However, polycentridow-density citiessuch as Phoenix are automobile
oriented, sdraffic accidents are a potentially important factor in bead line outages
In addition P h 0 e n i x @bsn groath mehns that home construction sites émet o
associated groundwouctivities may cause underground cable outages through backhoe
digging accidents.

3.3 Data

The purpose of reliability modeling is to understand and predict which customers
will experience poweiinterruptionsgiven a rangeof environmental conditions .
Interruptionsmay occur when there is an outdgeany part of thgpower infrastructure
system (including the generation, transmission, dtdnsmission, and distribution
systens). We consider alfeportedunscheduleghower outagsin the distribution system
since eacluinscheduledutageis assumed to be anconvenieninterruptionto electricity
consumers.

There are alarge number of environmental factothat potentially cause
unscheduledesidentialpower interruptionan Phoenix, but thesgary depending on
whether electricitys distributedthrough overhead or underground lines. To exantire
factors affectingresidential power reliability, data onpower line location and type
(overhead or underground) were obtained from AH§. 2 is a map showing the feeder
line types and locati@ APS also provided data on power outages (cause, duration,
number of customers affected) for the period 20@D05, by feeder identificationThe
reliability dataconsist ofinformation onoutagesby proximate cause sourcémm the
APS outage identificationystem We grouped the causes of outages into the following
categories: scheduled outages, accidental outages, and environmental olgalest (@f
accidental outagespince we are interested in environmental interactions, we focus on
the subsetof enviomnmental outagesSince we are interested iresidential power
reliability, the unit of observation in this sty is the singldamily housing unit. V&

gathered housingale location data from theMar i copa County Assess:{
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(MCAO) andidentified the numberof outages per houssalelocation by feedertype
Each housing salevas assigned to its nearest feeder line to account for the number of
outages at each sale locatidve used housing sale locations in 2005 to account for the
location of environmental conditions in the observed outage pefagl. 3 shows the
distribution of environmental outages across the study area.

We further characterized power lines bypximity to other built infrastructures
(i.e. arterial road), measuredn Euclidean (straight line)distances irmetersfrom the
centroid (geometric centerpf each parcel tdhe nearest arterial roadlVe used the
MCAO database gparcels to determine tlenstruction year for each houseserveas
a proxy for infrastructure ag&ince power outagearereported byfeeder outages were
assigned to each house our sampleby its correspondingeeder This yielded 6,061
housingobservations.

[Insert Fig.2 here]
[Insert Fig.3 here]

To create a proxy for energy demand, we used howdiagacteristicsData on
housing characteristics in 2005 wesbtained via theMCAO including house price,
housesize,lot size, and construction yedEnvironmental variables relevant to Phoenix
residents include vegetation and bird abundaacdient temperatureair pollution and
severalothermetricsto represent proximity to environmental featuréise Soil Adjusted
Vegetation Index (SAVI) from a Landsat Thematic Mapper (ETM) image was used as a
proxy for vegetation abundanceig. 4 showsthe distribution of vegetation across the
study areaBird abundance was obtained througantral ArizonaPhoenix LongTerm
Ecological ResearchCAP-LTER) project Birds were monitorg seasonally across 40
sitesfrom 2002 to 2004 and counts were interpadiaover the span of the metropolitan
area(see [¥] for details onthe methodology) Fig. 5 shows the estimated distribution of
birds across the study arda@mperature data represented by August minimum degrees in
Celsius wee obtained through CABTER. August minimumtemperature was used as a
proxy for Phoenixés urban heat islamd (UHI ),
the Phoenix metropolitan ea, the UHleffect is observed in the elevation of nigimhe
temperaturesand is most strongly obsed in the summer montH$8], thus mean
August minima are appropriate indicatorBhese datawere derived from spatial
interpolation of daily temperate data from55 meteorological sensofsom different
sourcedncluding 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 weaggrgated to biweekly periods GIS data on air
pollution were also obtained from CAP LTER, which digitized a contour map created by
the Arizona Department of Environmental Quality. This map modeled particulate matter
O 10 e (CPMcent ripforithe megion pased ormsampleollected in
200Q The proximity metricsrepresent the spatial separations betwiencentroidof
sold parcels and the centroid of features of interestnaard calculated through ArcGIS
using Euclideandistances immeters The proximity metriceexamingl include proximity
to the nearest native desert arpeoximity to the nearest small pafk 100 hectares

8



proximity to the nearest large patk 100 hectar@s proximity to the nearest stream,
proximity to the nearest lak@xcluding the Salt Riverproximity to the nearest canal,
and proximity to the center city (downtowithe Salt Rver is excluded from the alyais
becausea dam in Tempe precludes most flow across Phoenix. Hdreg@ortion of the
Salt River inthe city of Phoenix is typically dr. Additionally, the Salt Rivein the
Phoenixis associated more with industry thath residential areas/ariable names,
descriptions, andtatistics are provided ihable 1

[Insert Table There]

[Insert Fig.4 here]

[Insert Fig.5 here]
3.4 Model

There were two main steps to identify the selection of variables for the model.
First, we needed to identify the relevant factors that atfeteliability of distribution
systems, which weréescribed indetail in section 2Second, we needed to identify
which of those factors were relevant for the distribution system aerfith, which wee
discussedn section3.2. Unscheduled wtages are hypothesized to depend on a set of
nortenvironmental and environmental factomsonenvironmental factors including
infrastructuretype and location; environmental factansluding temperature, vegetation,
bird abundance, and proximity to des&ite estimated a model e following general
functional form:

Y, :f(Win’Zi)"'e 1)

wherey; is the number oénvironmentabutage experienced at locatianw; is the size
of the property at that location (a proxy femergydemand)y; is avectorof associated
infrastructuralconditions,z is a vectorof associate@nvironmental conditionsande is a
vectorof error terms

The generalstructure ofthe modelis applicable not just tBhoenix, Arizona but
to otherurbanarea. However the specific components of the vectgrandz would be
expected to reflect the characteristics of the area. For Photmaxinfrastructural
conditions comprise the type of infrastructure, and its location with respecietorogjor
built infrastructures such asterial roads. That is:

x = (feeder type, proximity to arterial road). (2)

Becauseinfrastructure age is highly correlated with infrastructure type and location,
giving rise to problems of multickhearity, we excluded infrastructure age from the set
of explanatory variablesThe environmental conditions are measures of species
abundane, climatic conditions and distance from the desert. That is:

z = (vegetation abundance, bird abundance, proximity to deserimity to lakg. (3)

Theestimatednodelis:



y':a+bwvvi+é.bjxij+é.bjzij+e 4)
i i

where

a bj X, = b5 OH + b ART (5)
j

and

8 5,2, = byro BIRD+ b VEG+ b, DES + by LAKE (6)
i

in which each of the variables are described in Table

Interactions betweethe environmental variableand the type and/or age of
infrastructureare captured in a separate set of interaction terms, the expected effects of
which depend on the variables concernedr examplejf vegetationor bird abundance
interacs with overhead linesve would expect interaction terms between those variables
to be positiveThe interaction between vegetation, birds, and overhead lines intbb/es
notion that vegetation, especially tall trees, will attract belsause birds are attracted to
large trees to provide shelteBirds interfere with overheaddistribution equipment
directly, and potentially movéranches that may interfere witlverhead lines Further,
areas with abundant vegetation and birds may also attract other wildlife that can interfere
with overheadlistribution equipmentWe expect such are&s experiencenoreoutages
than areas with underground cabléswer trees, and fewdsirds. We also expect an
interaction betweeenergy demand (proxied lusing square footagand temperature
sinceextreme heat eventsill induce higher levels of energy demand in larger houses
than in smaller houses. &dccordinglyalso estimatgan interaction modaif the form

yi:a+ébjzijvvi+abjxij+abjzij+abjxijzij+e (7)
i j j j
where
a b,z W = bsgerraw (SQFT*TEMP) (8)
j
and

a b;%; z; = Bgyon (BIRD*VEG* OH )+ bDESOH(DES* OH )+ bLAKEOH(LAKE* OH ) (9
i

Several estimation methods were used. Initially we wsddary least squares (OLS).
Since we ued count data, and the distribution of outages is positively skewed, we also
estimaté the model using generalized linear regressinoluding both Poisson zero
inflated Poissorand negative binomial regressjarsing pseudoR® values based on the
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residualdeviance over the null deviance to measure goodness of fit for each method (see
[59,60).

An important issue to be addressed in the estimatiorthisf model is the
likelihood that an interruptioat onehouseis dependenbn anoutageat a nearby feeder
The result of this is a highly spatially correlated set of observed outages where houses in
a neighborhood supplied by the same feeder will likely experience the same interruption.
This would generally be the casehere power distribution systems rely am radial
system of energy istribution [26,61], but can still occur with loop systemRadial
distributions provide energy to customers directly from a transformer to nearby end users
whereas loogd distribution systemsare interconnected, allowing for dlaend power
supply routes in case a component fails. The negative outobmeadial distribution
fault is that any home downstream of a failure in a radial bigfian will experience an
interruption Although the distribution system is likely to haleth looped and radial
feeders, we do not have data to indicate thisr do we have data on distribution
substation locations that could be used to identify network topologies.

To account for spatial autocorrelation and abate spatial interdependencsy issue
we controled for spatial effect [62,63]. Spatial dependence caéske two forms. First,
spatial dependence can result from underlying spatial interaction processes in the form of
externalities. Second, spatial dependence can result from misspecification in the form of
omitted variables, incorrect functional sdawtion, or measurement erran reality,
houses are dependent on the reliability of the feeder rather than a neighboring house;
however, since we assign houses to its closest feeder, we can assume therefore that
houses are depende ny Fudthermaeneighbortdodseantaisingr el i a b |
many housesvill have similar biophysical environmenssiggesting houses exposed to
environmental conditions such as birds, vegetation, overhead lines, or desert conditions
will experience a similar effectConsequetly, we ran spatial diagnostic tests to
determine whether spatial error dependence should be controlled for in the model before
coefficient estimation. The spatanaysisoli agnost
the OLS residuals and Lagrange Mpiiger methods detailed in Anselin et 4] using a
binary spatial weights matrix with neighbors defined on the basis of a distance threshold
We construatd a spatial error model to incorporate and assess the effect of spatial
dependence in the for of spatial measurement erformally expressed as:

y= Xb+u (10)

in whichu = /Wu+ e is a vector of spatily autocorrelated error termgV is a row
standardized spatial weights matrix ahds the spatial error coefficient to be estimated.
The incorporation of spatial dependence through spag&jhting in thespatia error
modelincludes a spatially lagged vector of error tethetis effectively treted as noise.
We estimatedhe model singmaximum likelihoodnethods irGeoDd" [65].

4. Results

Coefficient estimates for the environmental getanodekestimated with OL&re
reported in Table ZTheoverall OLS fit is reasonablgadjusted?® = 0.431). Diagnostics
reveal moderate multicofiearity (Multicollinearity Condition Number 37.517) but do
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not indicatethat the estimates are bias@dulticollinearity Condition Number < 100)
Table 2reports measures dhe relative importancef each of the outage factors.
Relative importance in this cage based on the LMG metric whiclwhen normalized,
givesthe percentage explanatory power of eacklefnents irthe R value[66,67]. We
used the LMG metribecause iprovidesan effective way of prioritizing intervention
options andbecausdts calculation is straightforwa{@8].

Theinteraction betweesize of dwellingsand August minimum temperatyreur
proxy for heatrelated energy demand, has a positive and significant impact agesut
However, the main factor associated with outages is the wvulnerability of the
infrastructure.The coefficient for @erhead power lines, measured as the percentage of
overheadpower lines in the census traxfteach parcels positive and highly sighcant
Proximity to the nearest arterial road, a proxydgposure tdraffic and congestion, has
a positive and significanbfluenceon outages.

Of the environmental variables, the effect thfe interaction between bird
abundance, vegetation abundareeg overhead lines provides is strongly positive and
highly significant representing the second most important factor in determining outages
across Phoenix. After controlling for this interactiomdbquantity on outages istill
positiveandsignificart. Distance from the natural desert argeaegative andilsohighly
significant. The effect of vegetation abundance is also positive, but is not significant at
the 5% levelindicating the presence of vegetatisiess important than the interaction
between vegetation andther environmental and infrastructural conditiois. other
words, \egetation is insignificant because we control for the interaction between
vegetation and overhead lines. Without that interaction, vegetation is signifidameak
because it ignores the interaction effect andoiés not appropriately represent the impact
of vegetation orthe distribution systenThe variable wasccordinglyexcludedfrom the
calculation of relative importance of each variable.

[Insert Table Zhere]

Since the dependent variable is represented by counts of unscheduled outages, it
could be argued thatsing anOLS estimator is inappropriatgiven the highly skewed
nature of count data. Waccordingly reestimatedthe modelusing generalized linear
regresson (i.e., Poisson regressiomegative momial regressionand a zero inflated
Poisson regressipnResults argeportedin Table 3.A comparison of pseud® values
(based on the observed deviance over the null deviamtEAIC criteria indicatedhe
OLS estimations provide a better fit than tR®isson and zerimflated Poisson
regressions However, the AIC criteria indicatethe negative Imomial regression
performed better tharthe OLS estimation [g. An analysis of the distribution of each
model 6s r es i du-Bdrastestvidr mormility éndichtad tteptuttee residuals were
significantly ron-normal [7Q. Although the unscheduled outage counts in this paper were
positively skewed, the residuals from the OLS estimation wereasakewed athe
resulting residals fromzero inflated PoissoregressionThe interpretation of the model
remained similar for each of the gealkezed linear regressionsxcept for vegetation
abundance, which became positive and significant in the zero inflatesbRoegression.

[Insert Table 3 here]
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Results for the spatial error models are reported in TablBis#fance matrices
were based on distance thresholds such that observaiiitns 250 meters, 300 meters,
and 350 mets of each observation were considereeighbors The resultindit of the
modelimprovessubstantially with the incorporation of the spatial compangath the
pseudeR’ valuesand AIC criteriaare noticeably bettdor the spatial error modethan
both the OLS and generalized linear rasgrens.The interpretation of thepatial model
in comparison with theriginal model remains similar, except for the interaction between
overhead lines and proximity to the nearest desert. In partithdaimteraction becomes
insignificant when th@eighbor threshold exceeds 300 meters

[Insert Table 4 here]

5. Discussion

The wvulnerability of the power distribution system in central Phoenix to
environmental factors is strongly related to whether the lines are overhead or
underground. It is not atllasurprising that overhead distributiofines are more
vulnerable to environmental sHacthanconcealedlistributioncables given their greater
exposure to weather events, to vegetation, andntmals (i.e.especiallybirds). The
exposure effect is egarbated by the fact that overhead lime®hoenixtend to be older,
and have depreaied more than underground cablBecause overhead power lines are
also oter than underground power cabldéBeir vulnerability is a foction of both
exposure and agaVe found, for example, that the vulnerability of power lines decreases
with increasingdistance from arterial roads. While this reflects the impact of traffic and
congestion, it also reflects on the age of the infrastructimege the infrastructure near
arterial routes is typically older than the infrastructure farther away from those routes.

What may be more surprising in the Phoenix data is the significance of two
environmental effects: thiateraction between overhead lines atistance to the desert
(negative and significant) and the interaction between overhead power lines, vegetation
and birds. Distance to desert is a proxy for the impact of sand or dust. Proximity to desert
impliesincreased exposure to dust and sand saltation from desert@neastorms are
infrequent events, this maindicate that wineborne sand is a significantly greater
environmentathreat to overhead distributidmes than the windborne snow or rain that
accounts for a majority of emenmental outages in the EaBurther, sand and dust may
build up on insulators entually leading to flashoverghe interaction between overhead
power lines, vegetation and birds is a measure of the interaction between these
environmental variables and the infrastructunéerdactions btween trees and power lines
are ampfied by the effect of birdsThe mechanisms may be different in both cases, but
the same vegetation conditions that threaten power lines in windy periods also support
high bird abundance&irds may directlyinterrupt electricity supplyhrough the effects
on overhead distributioines described earlier, but may also attract predators such as
cats thatinterfere with overhead distributiolmes. Although trees are widely distriled
in the study area (see F#), it is the interaction between trees, birds and overhead lines
that is significant. It is possible that this correlates with flood irrigated areas, since these
are known to have strong, positive effects on both vegetation bsoraad bird
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abundanceWe have not, however, tested the indireohsequencef flood-irrigated
areas.

The strongest and perhaps most obvious finding is that the number of outages at
one location strongly depends on the number of outages at neighboring locations (i.e., up
to araund 350 meters).This is becaus@eighboring houses atikely to have similar
biophysical conditionshave similar heatnergy demand related characteristarsd be
served by the same feeder that experiences an o@agdimitation of this study is the
potential bias resulting from the omissionaferm representing the interconnection of
feeder lines. We do not have information on whether feeders are looped or radial in
design nor do we have information on distribution substation locations to desiveork
topologies. Knce, wewerenot able toincorporate an interconnection component in the
model.

6. Conclusion

While our findings buildon existing studies on understanding the factors
determining residential electrical distributioaliability, we have adopted an approach
that is different from those found in the existing literative have explored some of the
interacting factors thahelp to understand the reliability of the eledtyicdistribution
infrastructure in Phoenix, Arizondetter understandingof the interactions between
infrastructure type and the biophysical environmean help improve environmental
planning for electrical distribution reliability Underground cables arsafef more
aesthetically pleasingand more reliablethan overhead lines71]. Since werhead line
installation and repair isignificantly cheaper than underground line idistihon and
repair [72], there is perhaps a shderm attraction to overhead lineslowever, since
overhead lineare also more vulnerablparticularlyin interaction with other elements of
the urban environment, it is not as clear that their use is efficient in the long run. As such,
the efficiency of underground versus overhead lines is yet to be determined. Indpllow
research we arenasidering the extent to which the reliability of power infrastructures is
capitalized into the value of housing, and hence identifying its value to consumers.
Regardless of the value estimates revealed by that exercise, understanding the physical
interacton between infrastructures and environmental factors can inform strategies for
managing those infrastructures.
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TABLE 1. Names, Descriptions, afghsic Statisticsof Variables (0 = 6061)

Name Description Mean SD Min Max
ouT Number of environmental 6.32 724 0 46
outages

% houses in tract suppliet

of by overhead feeder 0.26 0.36 0 1
SQFT  Housing areaif sq.km) 0513 0177 0136 1634
ART Distanceto nearesérterial 0314 0237 00w ) 110

road(in km)

Vegetation abundance;
VEG Soil-Adjusted Vegetation 39.297 4.765 22013 64.659
Index (in thousands)

Bird abundancéin

BIRD 0.130 0.018 0.078 0.169
thousands)
DEs  Distance to nearestdesel ;g 1333 0011 6301
area(in km)

AGE Age of house if1 yrs.) 27.8 18.84 1 105
Distance to nearest small

SMPK park (<100 hectaresn 1.020 0.603 0.001 4.039

km)

Distance to nearest large

LGPK park (>100 hectaresn 4,778 2.956 0.653 15.624

km)
STRM Distance jco nearest streal 1,040 0841 0 4056
(in km)

LAKE Distance ti;fareSt lakin (1 575 0926 0068 5981

pux =~ Distance tl‘(’nf)e”ter iyl 50121 8.024 0581 38162

CAN Dlstance_ to nearest cana 3510 2377 0 12475

(in km)

TEMP August minimum 21 0.14 20 22
temperatureif Celsius)

pmio FParticulalde 4,4, 16.46 30 110

em, concen?®r
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TABLE 2. Environmental Outage Resulis= 6061)

Name Relative Importance Coefficient t
(Constant) - -0.285 -0.313
SQF*TEMP 0.017 0.160 7.742
OH 0.409 11.676 28.727
ART 0.005 -1.058 -3.510
BIRD 0.124 13.624 2.564
VEG - 0.004 0.240
BIRD*VEG*OH 0.247 1.252 16.688
DESOH 0.102 -1.258 -14.145
LAKE*OH 0.097 -2.529 -12.002
Adj. R - 0.431 -
AIC - 37789 -
JarqueBera - 4180.211 p < 0.001
MCN - 37.517 -

Note:MCN represents Multicollinearity Condition Numb&elative importancéLMG)
metrics may not add up to one due to rounding.
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TABLE 3. Generalized Linear Modé&esultyn = 6061)

Poisson Zero-inflated Poisson Negative Binomial
Name Cod. z Cod. z Cod. z
(Constant) 0.243 3.173 1.094 14.071 0.407 2.50
SQFT*TEMP 0.028 18.069 0.013 8494 0.033 9.044
OH 1.430 52.138 1.449 52.195 1.519 21.580
ART -0.186 -7.559 -0.243 -90.892 -0.317 -5.717
BIRD 5.300 11.047 0.939 1.909 3.144 3.218
VEG 0.002 1.524 0.04 3.131 0.0 1.1167
BIRD*VEG*OH 0.098 23.14 0.041 9.298 0.091 7.207
DESOH -0.106 -22.617 -0.067 -14.254 -0.097 -6.561
LAKE*OH -0.184 -15.16 -0.033 -2.508 -0.140 -3.912
Pseudd® 0.290 - - - 0.065 -
AIC 43916 - 38851 - 33000 -
JarqueBera 317546 p<0.001 6852.211 p<0.001 20.289 p < 0.001

24



TABLE 4. Spatial ModeResultg(n = 6061)

250 meters 300 meters 350 meters
Name Cod. z Cod. z Cod. z
(Constant) -3.815 -2.766 -6.613 -4.225 -1.266 -0.731
SQFT*TEMP 0.033 2.159 0.032 2.157 0.020 1.405
OH 8.059 16.100 6.430 11.485 6.592 10.876
ART -1.859 -4.504 -1.384 -3.461 -1.183 -3.193
BIRD 66.60 6.314 90.580 7.516 51.260 3.799
VEG 0.007 0.422 0.011 1.280 -.003 -0.351
BIRD*VEG*OH 0.443 6.985 0.262 4.080 0.285 4.545
DESOH -0.237 -2.404 -0.085 -0.816 -0.035 -0.335
LAKE*OH -0.893 -4.704 -0572 -2.933 -0.600 -3.143
/ 0.801 134.442 0.841 150.648 0.863 153.601
Pseudd?? 0.831 - 0.841 - 0.848 -
AIC 32091 - 31651 - 30972 -
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Figure Captions

Fig. 1. Outage diagram dhe interactions between environmental evesitsjronmental
conditions, and infrastructural conditions

Fig. 2. Map of feeder types.

Fig. 3. Map of environmental outages (2002005) per house sale in 200&raduated
symbols classified in natural breaks.

Fig. 4. Map of vegetation abundané@ thousandsper house sale in 200%olored
symbols classified in naturareaks.

Fig. 5. Map of bird abundancg@n thousandsper house sale in 200&olored 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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