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ABSTRACT

DISPARITIESIN PUBLIC CHARGING INFRASTRUCTURBDEPLOYMENT AND
INEQUITABLE ELECTRIC VEHICLE OWNERSHIP COST BASED ONNCOME
AND RACE

Chih-Wei Hsu

Widespread electric vehicle (EV) adoption will be crucial for achieving
decarbonization goals in Californighe nclusion of marginalized populations in this
process is important anvolves challengeselated taheir physical access to charging
infrastucture and economic access to EVs. Public access electric vehicle chargers
(PAEVCs) and upfront financial incentives for EVs may help reduce the barriers
affecting these populations. In this thesis, a spatial analysis at the census block group
level shove that, in California,PAEVC accesss lowerin areas witthelowmedian
household inconmsandareaswith ablack and Hispaimajority. The PAEVC access
disparitiesareeven more pronounced areas witthigher rates ofenteroccupied
housingand multtunit housing. An economic cost model analygtiswsthat a used or
new battery EV has a comparable, and sometimes lower, ownershipartet internal
combustion engine vehicl€urrent incentive in place to encouraglee purchase of new
EVscan also lead to the cost of ownership of nevs B&ng lower than used BVvFor
populations unable to access home chargpensever the saving advantage of owning
an EV is effectively negatedue to thenigher operatinal costof relying onPAEVCs

relaive tohome chargerdMy results suggest that while greater access to PAEVCs may



help address a critical barrier to EV uptake in marginalized communities, additional
measureshat address high operating cosisch asncreasing access tbelower cost
residential curbside chairtgg, may be needed to make EVs competitive in these

communities
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CHAPTER 1:INTRODUCTION AND BACKGROUND

Battery electric vehicle (BEV) technology is still in the early stages of
development bus growing rapidly. Current estimates project that in the U.S. by 2030,
18.7 million electric vehicles (EV), including both plighybrid electric vehicles
(PHEV)andBEVs, will be on the road, accounting for 20% of ta@ahualvehicles sales
(Figurel-1) (Cooper & Schefter, 2018BEVs andPHEVstogether accounted for 3.87%
of the California auto market share and 1.66%hefnational market share in 2018
(Alliance of Automobile Manufacturers, 201@onsistent with thexponentiaupward
trend in thenational EV sale forecadfigurel-1) , Cal i f orni ads EV
estimated to reach 36% by 20Fogurel-2) wi t h sfive million zeesenmassion
vehicle mandate.

Barriers to EV adoption are shrinking overall, but at a slower rate for the-lower
income populatiosthat primarily buy used vehicles aatce more likely to liven rented
homes or multiunit dwellings (MUDS). This thesis examwégther thecurrentpublic
acceselectric vehiclechargefPAEVC) infrastructure is disproportionately unavailable
to specific incomgrace and ethnicity groups makirEV ownerships les economic
and convenierfor the groupdeading to persisting barriers fBEV adoptionslt also
examines the cost of ownership for used and new Biedsexplores whether the
financial incentivesor new BEVs makes BEV ownershgostregressive for used
vehicle buyersTogetherthe findings shed light othe BEV adoption barriers for lower

income populatiogistatewide Lastly, |propose an alternative charging infrastructore

mar k



high MUD locationsandthe policies needed to addresgdoption barrierfor low-income

groups

1.1.Electric Vehicle Adoption and Barriers

EVsare not adopted by everyouasiversally at this early stage. EV early adopters
tend to be highly educateelvironmentdy friendly, andpeople who havereviously
owned hybrid vehicle@Carley, Krause, Lane, & Graham, 2013ymbolic attributes of
EVsalsoposi ti vely influence ear | yoftengdeccgveer s o6 d «
adoption to positively impact their social sta{Neppers, Keizer, Bockarjova, & Steqg,
2015) In California, the majority of current EV owndhst received the state financial
incentive are in the demographic groups wi
degree or higher), annual household income of $100,000 and higher (79%), living in
detached houses (83%), and owningrtheuse (87%) (California Clean Vehicle Rebate
Project, 2015)

Upfrontcost,batteryr ange, charging (Afuelingod) spe
infrastiucture are among the top barriers in adopBEfy's (Biresselioglu, Demirbag
Kaplan, & Yilmaz, 2018; Egbue & Long, 201BEVs oftenhavea higher purchase cost,
longer refueling time, and fewer public fusdilocations compared to conventional

vehicles.



EEI/IElI Annual EV Sales Forecast, Percent of Total Vehicle Sales
(2018-2030)
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Figurel-1 Battery and plugn hybrid battery electric vehicle market penetration in the United
States adapted from Cooper & Sche(#418) The forecast was developed by compiling
five independent forecasts: Bloomberg New Energy Finance, Boston Consulting Group,
Energy Innovation, U.S. Energy Information Administration, and Wood Mackenzie.
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Figurel-2 Zera-emissions vehicle market penetration in California adapted from L(26&3)



Theaverageurchase cost @EVsis currentlyhigherthan mosnonluxury
internal combustion engine (ICE) vehicldgcording to a National Renewable Energy
Labordory consumer survey, 47% of the survey respondents would pay extra, ranging
from $1 to more than®00Q for aEV that could reduce their fuel cost by ethéd
(Singer, 2017)Only 32% of the respondents are willirig pay more than $3,000
additional costor anEV, which is a very conservative price premium compared to ICE
vehicles. The @ame study shows threspondengiroupaware ofthe EV tax credit isnost
likely to purchasé&Vs, followed by the group that is awas€EV charging stations and
the group that can plug in tli®/s at home.

Although the ideal range of a BEV on a single charge is still unclear, as it will
vary with advancements in onboard charging technology, charging infrastructure, and
batterytechnolay, consumer surveys have shown generally tHE¥ range exceeding
200 miles is acceptable to most consum@stoList.com, n.d.; Cox Automotive, 2017,
Miwa, Sato, & Morikawa, 2017)The National Renewable Energy Laboratory, in its
2017 study, founthatalthough half of the survey respondents would consid&EV if
the rangeexceeds 300 mileson a single charge, only 16% were aware of the charging
stations along their commute rou{&nger, 2017)BeforeBEV technology achieves the
average range of 300 milaedmore increasing the numbers and visibilityPAEVC
could potentially further increase consundavdlingness to adopBEVs by reducinghe

perceived minimum acceptable range aratliatingrange anxiety.



1.2 Equity of Electric Vehicle Adoption

Someof the BEV adoptionbarriersdiscussed abovarebreaking dowrfor the
general publicThe cost of new BE¥is projected to become competitivich ICE
vehicles by 2024(Bloomberg New Energy Finance, 2018he range oBEVs has also
increasedin some cases doubleince the first commercial BEmModelwas introduced,
andmany 201BEV models provide ranges of 200 miles or mddereover the state of
California has been aggresdivéuilding outPAEVC infrastructure Californiacurrently
hasanestimated37,400 Level 2 chargeand 2,900 DQastcharges, and fundng is
secured for additional 124,600 Level 2 chargers33h@d0 DCfastcharges (California
Enegy Commission, 2019)

However, lookng at ths progresghroughanequity lenssomeof theabove
barriers still holdor disadvantaged communitiegich as those with lower income
Charging specifically ovemight chargingcould still be a barriefior the population
without off-street parkingnd the ability to charge at home

Lower-incomefamilies spendh largerportion of their income on transportation
expenseg¢The PEW Charitable Trusts, 2018ndBEV ad@tion could help reducaer
transportation expenditure. However, if the plannin@ AEVC infrastructure is not
evaluatedvith consideration oéquity,it couldbedeveloped around the higher income
early adopterandbecome lockedn (Wells, 2012)o preventlower-incomecommunities
from adoptingBEVs. For example, if the charging infrastructure is developed based o

the demand of current and future EV drivers, loimeome communities havingfewer



EV driver® would likely attract less infrastructure investmaffells further explained
that aloption policies lacikg coherent focus on social equiguld lead tolie unequal
distribution of the new technolog@ndwould likely cause harrto the excluded
population

CurrentEV owners living inmulti-unit dwellings MUDs) are more likely to only
utilize PAEVCscompared tahe EV owners living in detached houses. Residents living
in MUDs, often with lower inconms usually do not have access to private garages and
off-street parkingaind arehus unable to charge EVs at hoareovernight A survey
study shows 81% of the loweangeBEV owners(i.e.,those with driving rangeselow
150 miles) that live in MUDs charge exclusively at public chargers, compared to only
16% for lowerrange BEV owners living in detached hou6Eal, Lee, & Nicholas,
2018) The disproportionateeliance orpublic chargingnfrastructureor EV owners
living in MUDs impliesthat opeatinganEV becomes more expensiaecharging using
publicinfrastructure isnore costly than @tome chargingThus more EV charging
infrastructure needs to be available to EV drivers living in MUDs withoustoffet
parking.

For the MUDs with offstreet parkingCaliforniaAssembly Bill 1796 CAL. Civ.
Proc. CoDE § 1947.9 grants tenants the right to install EV chargers at Midthe
t enant 6 dutresidents m 8163 still face more barriersuch as higher
installation costs associated with detached parking layouts, lower investment motivation,

and difficult negotiations between the building management and the regiterek &



Deshazo, 2016 he higher EV charger installation cost borne by the tenants in MUD
compared to single home residents createsdditional barrier in adopting EVs.

Used EVs coulde one way folower-incomefamilies to adpt EVs. The primary
method of vehicle acquisitions for thejority of Americans is by purchasing used
vehicles(Paszkiewicz, 2003which demonstrates the importance of the us¥dmnarket
for a widespread EV adoption. The secondavymarket will seencreases in options
and affordability as the new EV market matures and reaches price paritC#ith
vehicles, which should allow a broader consumer base to adopt EVs. Hovwessatthe
current usedeV buyersstill havea higher income than the generar-owning population
(Turrentine, Tal, & Rapson, 2018)owerincome buyers will face a higher relative cost
barrier, anchdegateincentivesand assistance programsed to be in plade stimulate
EV adoption. Bime examples include incentive programs € al i f or ni ad s
Vehicle Assistance Prograthat provides grant and leimterest finance for qualified
households to purchase new and used &\b) the Assembly Bill 19Zero-Emissiors
Assurance Proje¢CAaL. HSC.GoDE § 1947.6)thatmandats the provision ofincentives
for battery replacements for used EVs

New BEV owners in California can qualify up to $2,500, or $4,500 for lower
income consumers, in rebai€alifornia Air Resources Board, n.é&nd up to $7,500 in
federal tax cred#(26 U.S.C. 830D). A lower income consumer will not likely be able to
receive the full $12,00®r even $10,000n combined incentivedVith the California
rebate structure, an annual income of $35,640 is the maximum a person could earn to

qualify as a single person lowgrcome househol{California Air Resources Board,

Cl

e



n.d.) This level of income, without other tax credits, would only have approximately
$4,100 in federal tax liability and subsequently maximum $4,100 federal tax credit for
purchasing an BEV For this person, the combined intiees would be $8,600 rather
than the $10,000 a higher income individual could potentially receive. Lastly, incentives
are not permenent and may not be available in the future years when BEV adaption
bemme more maintream.

Mostof thecurrently availdle used BEVmodels such as Nissan Lesfrom
model yeas 2010 to 2017come withlimited range and could be impracti¢alcommute
with for many driversDrivers with the need to travel more than 30 miles for avoae
commute without charginstationsat their destinationmay find it challenging to use
early model BEVsFor example irHumboldt County, early mod®&EVstechnically
would be able to travel throughout the counith the existingPAEVCs (Hsu, 2019)but
without adequat®C fast charging infrastructure and fast chiaggcompatible BEVs,
traveing across the county theearly modeused BEVs would be ipractical and
undesirableLatemodel(model years 201 2019 and thenew-model(model yeas
2019 andbeyond BEVs will include more options comparedthe first-generation

BEVs and have significalytlonger drivingranges.

! Calculated with the 2019 federal single filer tax bracket



1.3.Humboldt County Electric \fa@cle Adoption

This setion introduces the status of the EV adoption locally in Humboldt County,
California.

1.3.1.Electric Vehicle and Infrastructure Adoption and Projection

As of January 1, 2019ut of 32 million registered vehicleSalifornia has
262,568(0.87%)zeroemissions vehicles (ZEV¢Lalifornia Department of Motor
Vehicles, 2019)The state has set the goal to reach five million ZEVs by 2030, an
extension of the previous goal of one milliBEVs by 2020. To reach the 30 goad 19
times the current number of ZE¥ghe ZEV fleet would need to groat a31% annual
growth rate Humboldt County h&423 BEVs as ofJanuary 12019(California
Department of Motor Vehicles, 2019) the state has a uniform adoption ragoss
counties the number of ZEV81 Humboldt Countycouldbe8,072by 203Q which is
approximately6% of the projectedtotal number of/ehicles registekin the countyn
20302

To achieve the stat@ide goal of 250,000PAEVC stationsand 10,000 DC fast
charging stations by 2025, Humbolgbuld see868Level 2 chargers ar8b DC fast
chargers installedassuming the chargers are distributdgdnly acrosthe state on a per
capita basisCurrently, there is a plan in place to install thbggfast chargers along the

major highway corridain the countyprimarily to facilitate longdistance travel (e.g.,

2 Assuming the Humboldt County vehicle growth rate is constant and continues at the growth rate
from 2018 to 2019.
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from Humboldt to San Francisco). WIEFC fast chargrs, not only will longdistance

travel in BEVs become more convenidmitit could also encourage the adoption of used
BEVsthat are DC fast chairgg compatible as he diminishedshortrange of used BEVs
couldbepartially compensatelly the abilityto recharge with DC fast chargers quickly

1.3.2.Charging Infrastructure Adequacy

Studies have shown public charging infrastructure, although not the sole factor, is
critical in promoting EV adoptio(Slowik & Lutsey, 2017; Sierzchula, Bakker, Maat, &
Van Wee, 2014)The E\fto-charging plug ratio can inform the progréswardthe
charging infrastructurgarget Based on different methods, the recommerpddic EV-
to-plug ratio rangefrom 7:1 to 24:1 for the U.Sn Californig consideringocal factors
with the more detailed EMPro too] therecommende&V-to-plug ratio is 27:Hall &
Lutsey, 2017)Due to thenascencef the EV maket and infrastructure, the idgalblic
EV-to-plug ratio could shift aboththe market and the technology furtlievelop
Furthermore, local context (e.gnostHumboldt Countyresidents live in rural areps
would also influence the optimg&N-to-plug ratio.

Nevertheless, these ratios coblelusedas interim benchmark€urrently,
Humboldt County has 3BAEVC stations of which nine are exclusively for Tedd&EVs
(U.S. Department of Energy, 201®8xcluding the Tesla chargers, th@destations have
atotal of 41 Level Two chargingplugs and six DC fast charging plugs. THemboldt
County EVtto-plugs ratio is Z vehicles to one charger (including both Level Two and
DC fast c¢har ge r-te-ghargefritie meets theratongrdesadre V

recommended ratio of 27:1 arsdsimilar tothe stateatio of 24:1 (Table1-1). Based on
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the E\tto-charger ratio, Humboldt County on par withthe rest of the state with respect
to PAEVC infrastructure.

Tablel-1 Electric Vehicles (EVSs) to charger ratio for Humboldt County and California. Data
sources: vehicle registration data fréme California Department of Motor Vehicles;
charger data from the U.S. Department of Eyergnter population data from the U.S.
Census Bureau

EV: Level Two Renter
and Fast EV: Level EV: DC Fast Population
Charger Two Charger Charger Percentage
Humboldt County 25:1 291 1941 44.5%
California 24:1 26:1 2981 46.5%
Literature 7:17 24:1 n/a n/a n/a

Recommendation

1.3.3.Charqing Infrastructure Location

As EV adoption transitions out tieearly phasg EV charging infrastructure
will needto servebeyond the early adoptets.generalthe optimallocations for
PAEVCsare determined by the following factors: parking, transit access, power supply,
business locations, local and regional traffic impact, cost, and vehicle(kdait&
Lutsey, 2017)Based on the local context, it determimésch of theabovementioned
key factorsare to be considerddr the optimal locations fdPAEVCs

Although the current Humboldt CounBAEVC infrastructueis serving the
majority of buildingsand population geographicallgs76% of buildings are within five
miles of aPAEVC station(Hsu, 2019)future infrastructurenay needto extend to areas
currently not covered bthe currentPAEVC infrastructureMost PAEVC stationsn

Humboldt County are located along the coast between Trinidad and Rio Dell. This leaves
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the areas includinthe Yurok Indian Reservation Orick,the Hoopalndian Reservatian
Orleans, and the majority of Southern Humboldt County without public chargers aithin
shortdriving distance.

1.3.4.Previous LocaChager Siting Study

Previously themacrasiting of PAEVC has been done for Humboldt County with
agentbased simulation modelin@oellick, Carter, Sheppar&, Carman, 2011)The
study investigated theumberand locations for thPAEVC neededor 0.5%, 1%, and
2% plugin EV penetration rate Theplug-in EV adoption pattern was projected using
datafrom Humboldt Count$ Bybrid vehicle adoption pattern. &lstudy result was
generated for a teyear time horizon, which is ontyvo years away at the time this thesis
is written Theplug-in EV market penetration rate Humboldt countywas 0.91%asof
October2018 and the county had 24 PAEVC stations withpfidgs which is between the
plug estimations for 1% (31 plugs) and 2% (45 plugs) penetration Vitésthe staté s
five million ZEV goal, the BEV penetration rate aloreutd reach as high ag®by 2030
in the countyas show in Section1.3.], indicating aneed to install more chargers to both
support and increase the equityREVC access. The studyodelingresuls show
chargers tend to be sited and around population centers and major corsidbdid not
investigate the access equity issues for areas with a low projected EV adoption pattern

nor address the charger access issue for residents wothiatteet parking
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1.4. Structure ofAnalyses

The analyses thethesis areseparatedhto three chapters with the gealf
examining thenfrastructure and financial barriersEY adoptionwith the main focus on
BEVs. The first analysisn ChapterTwo investigats the equity of the currefRAEVC
distribution based on 1) sociodemographic factors and 2) the availabitityccessibility
of PAEVCs surrounding specific poirtsf-interest.This analysis magnifiethe potential
disparity ofPAEVC availability and access based on income, race and ethnicity, and
housing statuslhe second analysis ChapterThreecompares the total cost of
ownership of both new and used BEVs based on diff@EM depreciation and
operation scenario¥he chapterlao examineghe economics of used and new BEVSs to
assess whethéne inabilityto afford the upfront cost of the new BEVs could penalize the
owner financially And finally, Chaptefourintroduces the idea afistallingresidential
curbsidePAEVCs onlight or utility poles and creates an inventory thiesepoles next to
MUDs without off-street parkindor Eureka, CaliforniaThis alternative®AEVC
infrastructure could benefit MUD residents that do not currently have a viable charging
method to adopBEVSs. Lastly, ChapterFive draws conclusions from thresults ofthe
three separate analysasd provides policy recommendations to improve the equity of

EV adoptionin California
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CHAPTER 2:DISTRIBUTION EQUITY OF PUBLIC ELECTRIC VEHICLE SUPPLY

EQUIPMENT INFRASTRUCTURE

ChapterTwo aimsto investigatehe equity of Californiastatewidecharging
infrastructurdistribution(Figure2-1). Specifically, the investigations include the
public acces®lectricvehiclechargefPAEVC) accesdased orsociodemographic
factorsand2) thePAEVC accessurroundingdifferentgrocerystore and fitness
club/studiolocations Thefirst analysigprovides insighinto whether thé AEVCsare
distributed disproportionally depending on sociodemographic factors such as household
income, homewning status, anchce The second analysis ugesnts-of-interest POI9
(i.e., thegrocerystore and gym/studio locations) examind®PAEVC availability among
storeswith different customer basand among differenypes of census block groups
(CBGs) Both analyses examiribe conveniere andvisibility of the currenPAEVC

infrastructure for differentace ethnicity,and income groups.
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Public EV Charging Stations 0 50 100 mi 7
[ County Boundary —

Figure2-1 Public electric vehicle charging stations in Califoribata source: U.S. Department
of Energy Aternative Fuels Data Center.
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2.1. Sociodemographi€hargemDistribution Equity Analysis Method

Level Two and DC fast charg®AEVC locations andensusociodemographic
data were used to analyttes relationship betweehe distributionof the PAEVC
infrastru¢ure anddifferent sociodemographfactors First, | compared the count of
PAEVC stationgn each of the California countiés the corresponding population size. |
further compared thBRAEVC station countsvithin a mile of the center of ea€@BG to
income race housingtype,andhomeowning statusThe sociodemographic daram
the2016American Community Survewereobtained fronthe U.S. Census Buredu.S.
Census Bureau, 2016nhdPAEVC location data wreobtained fronthe U.S.
Department oEnergy(U.S. Department of Energy, 2019)

TabularPAEVC locationdata wereonverted ta shapefileand processed with
following different methods for the county level and the CBG leAkthe county leel,
PAEVC stationdocated within the bordsiof each countyvere countedror the CBG
level,the presence and absence binary variable indicating accBP8&tdCswere
generatedFinally, thePAEVC stationcountdata were mergedith the census

sociodemographidata.

2.1.1.County Level

To investigate the distribution ®AEVC infrastructureat the county leveh
simple linearegressiorwas used to predict tHRAEVC stationcountbased on the
county population siz& he simple linearegressionmesultwasthenusedto identify the

top tencountieswith the largest positive residuahluesof the predicted® AEVC station
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countandanother ten with the largest negatresidualvalues The purpose of this was to
identify counties with mag or with lessPAEVC stationshanpredictedf PAEVCswere
equally distri buppbpaldionacr oss Californiads

2.1.2.CensusBlock Group Level

The CBGs included for the analysis are all CBGs located completely within or
overlappedvith either Urban Areas or Urban Clusters as defined by the U.S. Census
Bureaywhi ch accounts for 9 GBd&AppehdixtAforehe Brbamt e 6s p
Area Mapof California) ThenonurbanCBGs were excluded due to lardgdock group
geographiareasA PAEVC located within one side of a large CBG would hardly be
accessible to residents on the opposing $ideexample, ifFigure2-2, a single non
urban CBG in Buttonwillow has the similar area as all the Bakersfield Urban Area CBGs
combined. Even though there are tRAEVC stations in Buttonwillow, it is
unreasonable to assurie residents living at the fringe of the CBG would have the same
level of access tthe PAEVC as the residents living in the smaller urban GB@h a

PAEVC in Bakersfield.
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Figure2-2 Examplecomparison between thpiblic acces®lectric vehiclechargelPAEVC)
stationdocated inurban and nowrrban census block groups.

Forthe CBG-level analysis the combinedPAEVC stationcount and CBG
sociodemograpic data were grouped witiwvo differentvariablesseparatelyTo
investigate the potenti®@AEVC distribution disparity based on income, theta were
grouped bythe quartiles othe CBGmedian household incomelo investigate the
potentialracial dispaity in PAEVC distribution, the data weigroupedoy the majority
raceand ethnicity(i.e., greater than 50% of the population in the CBGach CBGThe
races and ethnicities considered were fiigpanic Asian, NofHispanic black,
Hispanics, and Nohlispanic white. CBGs without a race and ethnicity majority were

| abel ed Aino majorityo.



19

PopulationweightedPAEVC stationsin eachCBG wereused to comparstate
wide PAEVC share tahepopulation proportion by race and ethnicity. The population
weightedPAEVC stationsin the CBG verecalculated as theAEVC stationsavailable
in the CBG multiplied by the percentage of the populabioa specific race.

To comparghe PAEVC accessacrossncome andacegroups, | used generatéd
additive mode(GAM)wi t h 7 mg c v 0 to fit thio-glaegsglinetunveswith a
binomial distribution for the binaflp AEVC access datd he fitted curvesninimized the
expectd squared error using the restricted maximum likelihood approach (RMEL
Smoothing curves with RMEL in GAMKkin to thelocally-weighted scatter plot
smoothing (LOWESSethodusedby Sunter et alwith census datt detect disparities
in rooftop photovoltaic solar deploymgi8unter, Castellanos, & Kammen, 2018)es
not need a global function to describe the whole data sample. But in addition, GAM with
afimgcw package can fit local polynomial relations$ips opposed to local linear
relationshigin LOWESS, and has buiih likelihood-basedselectionmethod (i.e.,
RMEL) that selects the optimal smoothing parameter by balancing beypednesf-
fit andmodelsmoothness

Various covariates were tested in the attempt to generaBRABEEC access
GAM models. The final covariates used to generate the GAM models include distances to
the nearest highway, renteccupied housing unrates of the CBGs, arldUD housing
unit rates of the CBGs. Distances to the nearest highwargehosen as gnmain
covariate for modelinAEVC access becau$tAEVCs arausually sited along the

major corridorsThe values were calculated by finding the shortest distance between the
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centroids of the CBGs to the nearest primary and secondangrbagtsvays and

freeway® in the shapefile obtained from the U.S. Census Bufldes. Census Bureau,
2018) Population density, one of the potential covariates tested, was not included due to
the following reasonThe original intent of using population densitgsto control for

the urbanity of the CBGs. However, this was alternatively achievegibgonly CBGs
located inUrbanAreas andUrbanClusters as defined by the U.S. Census Bureau. The
filtered CBG data erestill meaningful as these urban CBGs account for almost 95% of
Cal i forni ads p o poacupet hoasimg unitites artdUR housing unit e r
rates were only used as covariates data of theCBGs located within one mile from the
nearest higway in the attempt to investigadPAEVC accesglifferences between income

and racial groups when all groups are located near the freeways.

2.2.Charger DistributiorEquity Based orthe mint of InteresMethad

In addition to theavailability of and access tBAEVC based omesidential
locations(i.e., CBG), | was also interested in the availabilityd access difference$
PAEVCsat driving destination§.e., points of interesfPOIg) based on different stores
andtheir different clientelesand neighborhoa Grocery store and fitness cliistudio
location® POls typically with longer stop duratidrwere included in the analysis

Workplaces were not included in the study since incomes of the people associated with a
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workplace, compared to shops, are murterogeneouand workplace EV chargers may
notallow generapublic access

The grocerystoresincluded in this analysis wed DI, all individual Co-ops,
Costco, Grocery Outlet, Safeway, Sprouts Farmers MarketeTiarg Tr ader Joeds.
Walmart, WinCo, and Whole Foods. The fithekgbs/studiosncluded in this analysis
were 24 Hour Fitness, all yoga studios, Crunch Fitness, Equinox, LA Fitness, Planet
Fitness, Soul Cycle, and YMCA.

Thestorelocations were obtaimefromthe Open Street Mappplication program
interface API) using R Thestorelocation data wereverlaidin QGISwith thePAEVC
location data obtained from the U.Bepartment oEnergy(U.S. Department of Energy,
2019) The numbers of theAEVC stationswithin 0.1 milesof eachindividual PO were
countedand aggregated to determine theanand standardeviation ofeachindividual
chainof grocery stores and fitness clubs/studidse baseling, one for grocery stores
and one for fitness clulgudios, werealculated using the sameethodmentioned
earlierfor all locationsunder the categmsof grocery store and fitness clgtudio as
categorized byDpen Street Map APFor example, the grocery store baseline was
collect ed using the 0edo@dPOKs that areomsiddRedeebrad f i | t er
grocery storeThe distance of 0.1 ies was choseto attemptto only include the
PAEVCsin theimmediateparking lotsnext to the grocery or fithess club/studio
locations

To capture the neighborhood charactersstice sociodemogpdnic information

from census data suelsincome race and ethnicitywere merged with the POI dafeo
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categorize and estimate the incolenel of the clienteles at eadbication internet search
resuls basedn consumereports andmembership feeom fitness clubs/studiowere
used.For grocery storg average grocelpriceindexdata werebtainedfrom Bay Area
Consumer s 0 (B@der 20k8b, 8049a, 2018Bhe fitness club and studio
membership or class fees were obtained fronoffigal companywebsites when
available. When different tiers of membership exist, the most basic or the cheapest option
of themembership was seled. For fithess studios that charge on agh&ss basis, the
five-class packageasselected othecost of five classes ascalculated. Noté is
possible that the same gym or studio brand may have different membership fees or class
fees adifferentchainlocations.The generally published prices were used siapturing
the price variationgvas outside the scope of this analysis.

To further compare the access and availability difference between income, race,
and ethnicity groups, | used the same GAlddel approach outlined 1.2 GAM
models with binomial distributionsere used to analyzbe PAEVC access at different

POls.

3The price index data was surveyed in the San Francisco Bay Area which may not accurately
represent stateride grocery price index. Price iad data for ALDI was obtained from the Chicago Area
Consumersdé Checkbook website since it was not inclu



23

2.3. Sociodemographi€harger DistributioriEquity Analysis Result and Discussion

PAEVC access disparities based on the household ina@meefound at the
county level]and PAEVC access disparities based on the household income, race, and

ethnicity were identified at the blockayp level.

2.3.1.County Level

At the county levelthe simple linearegression (squared = 0.93)Xuggests a
significant positive correlation between the countBAEVC stationsand the coumt
populatiors. The positive and significant correlation betweepydation and th&@ AEVC
stationcount is expectechsPAEVCs like other public services and infrastructuaee
most costeffective if utilized more often by more peoplde model residualould be
used as an indicator in detecting the countigis moreor with lessPAEVC stations
given the county populatiosanta Clara has the highest positive residadl San
Bernardino has the most negative residbatthermore, Santa Clara and San Mateo, the
top two counties with the most positikesiduals of th@redictedPAEVC station count
based orthe population sizg have just receivednadditional $33 milliorin state
funding to install mor@ AEVCs(Silicon Valley Clean Energy, 2019yhich would
further solidify their positions on tHRAEVC infrastructure leader boardHumboldt
County lies close to the befit line onthe simple linear regression plétigure2-3) and
is ranked 18 out of 58 counties in Californiaith 11 morePAEVC stations compared to
the predictedvaluebased on its population siZEhe full regression resulabe found in

Appendix B
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Figure2-3. The relationship between county populations and palsiies®lectric vehicle
chargen(PAEVC) stations. The blue line reprede the besfit line of the simple linear
regression moddbr PAEVC stationsas a function of the county population. The top and
bottom five counties with largeptedicted valueesiduas werelabeled. The red triangle

is Humboldt CountyNote Los Angeles Qmty, whichlies closely below the bestfine,

is not shown on the grag@s it was the only county with a populati@e., 10 million
people)more than 3 million people.

When the income levels of the counties are considered, counties with higher

average incomes seem to fair off better in terms of having RWIE/Csas predicted by

the regression best fit line as discussed above. When the residuéaBWE count and

popuation regressioil r e f e PAEV®b iaass i Figilire24dor dlanty purpose)

are compared to the mean household incoh@ach county, a positive trend emerges. As

the mean household income increasesPWEVC residuad or PAEVC bias indexd

tend to become more positideigure2-4) suggeshg a bias irPAEVC distribution
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toward richer counties and against poorer counties. Even thbegmalysis at the
county level provides a quiand cleaglance into how cour@saredoing in terms of
PAEVC build-out, the study resolutignn terms ofsociodemographic factoend
geographic areas too lowto be used tooredefinitively detect the incomeace and

ethnicitydisparity. The next section discusses such mattee CBG level.
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Figure2-4 The relationship between the mean household incomes and thegadaig®lectric
vehiclecharger{PAEVC) bias index The blue line represents the bésline of the
simple linear regression mod&-square of 0.39%or PAEVC bias indexas a function of
the mean median household income. The top and bottom five countienagitipositive
and most negativBAEVC bias index aréabeled. The red triangle is Humboldt County.

2.3.2.Block Group Level

Asian population and white population are twe groups that share higher

percentages d?AEVCsthan their percentages of state population than other race and
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ethnicity groupsTable2-1). The Asian population accaus for 13.7% of the state
population but disproportionally shares 16.2%bPAEVCsand 18.2% of th€ AEVCs
available withinaonemile radiusof their CBGs.The white population accounts for
38.4% of the statpopulation busharest7.5%,nearly 10% mge than its population
proportion,of all PAEVCs On the other handheHispanic population, with
approximately the sanyercentagef the state population as the white populatghgres

only 26.9% of alPAEVCs

Table2-1 Population weighted share piiblic acces®lectric vehicleehargePAEVC) stations
andPAEVC stationsavailable within one milef the center of census block groups
(CBGs)for California.

Race & PAEVC Share Percentagef
Ethnicity Staton Count StatePopulation
Asian 900(16.6%) 13.7%
Black 264(4.9%) 5.6%
Hispanic 1,457 (26.9%) 38.6%
Native 21 (0.4%) 0.4%
Other 186(3.4%) 3.1%
Pacific Islander 17 (0.3%) 0.4%
White 2,575(47.5%) 38.4%

Originally, I divided CBGs basethe majority race and ethnicities info/e
groups:Asian, black, Hispanic, white, and no majority grougewever, the final results
combined black and Hispanics into a single category as there were relewetplack
majority CBGs compared to other groypsible2-2). The small sample size of the black

majority CBGsresulted in models with large uncertainty bands. Howevehl#oik
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majority CBG group had more similar trend linéo the Hispanic majority CBG group
compared to all other groupBhus,for robustness and clarity of the final restitt the
chaptey the new categoéy black and Hispanic majority CB@sreplaced the lick
majority CBG group and Hispanic majority CBG group.

Table2-2 Census block group groupings based on race and ethnic majority.

Original Final

Groupings Count & Proportion  Groupings Count &Proportion

Asian 1,121 (4.8%) Asian 1,121 (4.8%)

Black 247 (1.1%) Black and 8,557 (37.0%)
Hispanic

Hispanic 6,988 (30.2%) White 9,547 (41.2%)

White 9,547 (41.2%) No Majority 3,926 (17.0%)

No Majority 5,248 (22.7%)

The proximity to highwaybsasa positive effect on the possibility of CBGs having
access to at least oRAEVC station within its boundariegigure2-5). The possibility
of access t&® AEVC stations is at the highest (i.e., approximately 18%) right next to the
freeways and flattens out starting aboné mile(i.e.,~1,600 meters) away fromeh
highway. With the proximity to freeways controlled, we can now investigateAlia/C

access difference between income and race groups.
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Figure2-5 Relationship betweeruplic acces®lectric vehiclecharge (PAEVC) access
probabilityandthe distance to the nearest highway for census block groaps.
Frequency plot of census block groupsttom) PAEVC access probability as the
function of the distances to the nearest highway.

When thedistance to theearest highwais controlled for,all income groups
exhibit the decreasing trend in the possibility of having access to at led3ABMEC

station as the distance to the nearest highway inaddseever thelowest household

incomeCBG group (i.e.Jower thanfirst quartile $44,000per yeayof themedian
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household income of all CBGhaslower PAEVC access compared &l other income
CBG groups when the distance to the nearest highway is half a mile (i.e., 800 meters) or

less(Figure2-6).
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Figure2-6 Comparison of publiacces®lectric vehiclechargeifPAEVC) access between census
block groups (CBG) grouped by medium household inconmmtrolling across
population densityTop) Frequency plobf the CBGs. Bottom) Probability of having
access tat least on@ AEVC stationin the CBGsas a function oflistance to the nearest
highwayby different income group§ hesemitransparent bands represent the 90%
confidence interval.

In terms of race and ethnicity, when comparing at the shstence to the nearest

highway, black and Hispanimajority CBGshavelower possibility to have access to at





















































































































































































































































































































