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ABSTRACT 

DISPARITIES IN PUBLIC CHARGING INFRASTRUCTURE DEPLOYMENT AND 

INEQUITABLE ELECTRIC VEHICLE OWNERSHIP COST BASED ON INCOME 

AND RACE 

 

 Chih-Wei Hsu 

 

Widespread electric vehicle (EV) adoption will be crucial for achieving 

decarbonization goals in California. The inclusion of marginalized populations in this 

process is important and involves challenges related to their physical access to charging 

infrastructure 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 shows that, in California, PAEVC access is lower in areas with below median 

household incomes and areas with a black and Hispanic majority. The PAEVC access 

disparities are even more pronounced in areas with higher rates of renter-occupied 

housing and multi-unit housing. An economic cost model analysis shows that a used or 

new battery EV has a comparable, and sometimes lower, ownership cost than an internal 

combustion engine vehicle. Current incentives in place to encourage the purchase of new 

EVs can also lead to the cost of ownership of new EVs being lower than used EVs. For 

populations unable to access home chargers, however, the savings advantage of owning 

an EV is effectively negated due to the higher operational cost of relying on PAEVCs 

relative to home chargers. My results suggest that while greater access to PAEVCs may 
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help address a critical barrier to EV uptake in marginalized communities, additional 

measures that address high operating costs, such as increasing access to the lower cost 

residential curbside charging, 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 but is growing rapidly. Current estimates project that in the U.S. by 2030, 

18.7 million electric vehicles (EV), including both plug-in hybrid electric vehicles 

(PHEV) and BEVs, will be on the road, accounting for 20% of total annual vehicles sales 

(Figure 1-1) (Cooper & Schefter, 2018). BEVs and PHEVs together accounted for 3.87% 

of the California auto market share and 1.66% of the national market share in 2018 

(Alliance of Automobile Manufacturers, 2019). Consistent with the exponential upward 

trend in the national EV sale forecast (Figure 1-1), Californiaôs EV market penetration is 

estimated to reach 36% by 2030 (Figure 1-2) with the stateôs five million zero-emission 

vehicle mandate.  

Barriers to EV adoption are shrinking overall, but at a slower rate for the lower-

income populations that primarily buy used vehicles and are more likely to live in rented 

homes or multiunit dwellings (MUDs). This thesis examines whether the current public 

access electric vehicle charger (PAEVC) infrastructure is disproportionately unavailable 

to specific income, race, and ethnicity groups making BEV ownerships less economic 

and convenient for the groups leading to persisting barriers for BEV adoptions. It also 

examines the cost of ownership for used and new BEVs and explores whether the 

financial incentives for new BEVs makes BEV ownership cost regressive for used 

vehicle buyers. Together, the findings shed light on the BEV adoption barriers for lower-

income populations statewide. Lastly, I propose an alternative charging infrastructure for 
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high MUD locations and the policies needed to address adoption barriers for low-income 

groups. 

1.1. Electric Vehicle Adoption and Barriers 

EVs are not adopted by everyone universally at this early stage. EV early adopters 

tend to be highly educated, environmentally friendly, and people who have previously 

owned hybrid vehicles (Carley, Krause, Lane, & Graham, 2013). Symbolic attributes of 

EVs also positively influence early adoptersô decisions, as early adopters often perceive 

adoption to positively impact their social status (Noppers, Keizer, Bockarjova, & Steg, 

2015). In California, the majority of current EV owners that received the state financial 

incentive are in the demographic groups with higher education (86% with a bachelorôs 

degree or higher), annual household income of $100,000 and higher (79%), living in 

detached houses (83%), and owning their houses (87%) (California Clean Vehicle Rebate 

Project, 2015).  

Upfront cost, battery range, charging (ñfuelingò) speed, and public charging 

infrastructure are among the top barriers in adopting BEVs (Biresselioglu, Demirbag 

Kaplan, & Yilmaz, 2018; Egbue & Long, 2012). BEVs often have a higher purchase cost, 

longer refueling time, and fewer public fueling locations compared to conventional 

vehicles.  
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Figure 1-1 Battery and plug-in hybrid battery electric vehicle market penetration in the United 

States adapted from Cooper & Schefter (2018). 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.   

 

 

Figure 1-2 Zero-emissions vehicle market penetration in California adapted from Lutsey (2018). 
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The average purchase cost of BEVs is currently higher than most non-luxury 

internal combustion engine (ICE) vehicles. According to a National Renewable Energy 

Laboratory consumer survey, 47% of the survey respondents would pay extra, ranging 

from $1 to more than $9,000, for a EV that could reduce their fuel cost by one-third 

(Singer, 2017). Only 32% of the respondents are willing to pay more than $3,000 

additional cost for an EV, which is a very conservative price premium compared to ICE 

vehicles. The same study shows the respondent group aware of the EV tax credit is most 

likely to purchase EVs, followed by the group that is aware of EV charging stations and 

the group that can plug in the EVs 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 

battery technology, consumer surveys have shown generally that a BEV range exceeding 

200 miles is acceptable to most consumers (AutoList.com, n.d.; Cox Automotive, 2017; 

Miwa, Sato, & Morikawa, 2017). The National Renewable Energy Laboratory, in its 

2017 study, found that although half of the survey respondents would consider a BEV if 

the range exceeds 300 miles on a single charge, only 16% were aware of the charging 

stations along their commute routes (Singer, 2017). Before BEV technology achieves the 

average range of 300 miles and more, increasing the numbers and visibility of PAEVC 

could potentially further increase consumersô willingness to adopt BEVs by reducing the 

perceived minimum acceptable range and mediating range anxiety.  
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1.2 Equity of Electric Vehicle Adoption 

Some of the BEV adoption barriers discussed above are breaking down for the 

general public. The cost of new BEVs is projected to become competitive with ICE 

vehicles by 2024 (Bloomberg New Energy Finance, 2018). The range of BEVs has also 

increased, in some cases doubled, since the first commercial BEV model was introduced, 

and many 2019 BEV models provide ranges of 200 miles or more. Moreover, the state of 

California has been aggressively building out PAEVC infrastructure. California currently 

has an estimated 37,400 Level 2 chargers and 2,900 DC fast chargers, and funding is 

secured for additional 124,600 Level 2 chargers and 3,500 DC fast chargers (California 

Energy Commission, 2019). 

However, looking at this progress through an equity lens, some of the above 

barriers still hold for disadvantaged communities, such as those with lower income. 

Charging, specifically over-night charging, could still be a barrier for the population 

without off-street parking and the ability to charge at home.  

Lower-income families spend a larger portion of their income on transportation 

expenses (The PEW Charitable Trusts, 2016), and BEV adoption could help reduce their 

transportation expenditure. However, if the planning of PAEVC infrastructure is not 

evaluated with consideration of equity, it could be developed around the higher income 

early adopters and become locked-in (Wells, 2012) to prevent lower-income communities 

from adopting BEVs. For example, if the charging infrastructure is developed based on 

the demand of current and future EV drivers, lower-income communitiesðhaving fewer 
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EV driversðwould likely attract less infrastructure investment. Wells further explained 

that adoption policies lacking coherent focus on social equity could lead to the unequal 

distribution of the new technology and would likely cause harm to the excluded 

population. 

Current EV owners living in multi-unit dwellings (MUDs) are more likely to only 

utilize PAEVCs compared to the EV owners living in detached houses. Residents living 

in MUDs, often with lower incomes, usually do not have access to private garages and 

off-street parking and are thus unable to charge EVs at home or overnight. A survey 

study shows 81% of the lower-range BEV owners (i.e., those with driving ranges below 

150 miles) that live in MUDs charge exclusively at public chargers, compared to only 

16% for lower-range BEV owners living in detached houses (Tal, Lee, & Nicholas, 

2018). The disproportionate reliance on public charging infrastructure for EV owners 

living in MUDs implies that operating an EV becomes more expensive as charging using 

public infrastructure is more costly than at-home charging. Thus, more EV charging 

infrastructure needs to be available to EV drivers living in MUDs without off-street 

parking. 

For the MUDs with off-street parking, California Assembly Bill 1796 (CAL . CIV . 

PROC. CODE § 1947.6) grants tenants the right to install EV chargers at MUDs at the 

tenantôs expense, but residents in MUDs still face more barriers such as higher 

installation costs associated with detached parking layouts, lower investment motivation, 

and difficult negotiations between the building management and the residents (Turek & 
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Deshazo, 2016). The higher EV charger installation cost borne by the tenants in MUD 

compared to single home residents creates an additional barrier in adopting EVs. 

Used EVs could be one way for lower-income families to adopt EVs. The primary 

method of vehicle acquisitions for the majority of Americans is by purchasing used 

vehicles (Paszkiewicz, 2003), which demonstrates the importance of the used EV market 

for a widespread EV adoption. The secondary EV market will see increases in options 

and affordability as the new EV market matures and reaches price parity with ICE 

vehicles, which should allow a broader consumer base to adopt EVs. However, even the 

current used EV buyers still have a higher income than the general car-owning population 

(Turrentine, Tal, & Rapson, 2018). Lower-income buyers will face a higher relative cost 

barrier, and adequate incentives and assistance programs need to be in place to stimulate 

EV adoption. Prime examples include incentive programs like a) Californiaôs Clean 

Vehicle Assistance Program that provides grant and low-interest finance for qualified 

households to purchase new and used EVs and b) the Assembly Bill 193 Zero-Emissions 

Assurance Project (CAL . HSC.CODE § 1947.6) that mandates the provision of  incentives 

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 rebates (California Air Resources Board, n.d.) and up to $7,500 in 

federal tax credits (26 U.S.C. § 30D). A lower income consumer will not likely be able to 

receive the full $12,000, or even $10,000, in combined incentives. With the California 

rebate structure, an annual income of $35,640 is the maximum a person could earn to 

qualify as a single person lower-income household (California Air Resources Board, 
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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.1 For this person, the combined incentives 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 adoption may 

become more maintream. 

Most of the currently available used BEV models, such as Nissan Leafs from 

model years 2010 to 2017, come with limited range and could be impractical to commute 

with for many drivers. Drivers with the need to travel more than 30 miles for a one-way 

commute without charging stations at their destinations may find it challenging to use 

early model BEVs. For example in Humboldt County, early model BEVs technically 

would be able to travel throughout the county with the existing PAEVCs (Hsu, 2019), but 

without adequate DC fast charging infrastructure and fast charging compatible BEVs, 

traveling across the county in the early model used BEVs would be impractical and 

undesirable. Late-model (model years 2017 to 2019) and the new-model (model years 

2019 and beyond) BEVs will include more options compared to the first-generation 

BEVs and have significantly longer driving ranges.  

 

1 Calculated with the 2019 federal single filer tax bracket 
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1.3. Humboldt County Electric Vehicle Adoption 

This section 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, 2019, out of 32 million registered vehicles, California has 

262,568 (0.87%) zero-emissions vehicles (ZEVs) (California 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 million ZEVs by 2020. To reach the 2030 goalð19 

times the current number of ZEVsðthe ZEV fleet would need to grow at a 31% annual 

growth rate. Humboldt County had 423 BEVs as of January 1, 2019 (California 

Department of Motor Vehicles, 2019). If the state has a uniform adoption rate across 

counties, the number of ZEVs in Humboldt County could be 8,072 by 2030, which is 

approximately 5% of the projected total number of vehicles registered in the county in 

2030.2  

To achieve the state-wide goal of 250,000 PAEVC stations and 10,000 DC fast-

charging stations by 2025, Humboldt would see 868 Level 2 chargers and 35 DC fast 

chargers installed, assuming the chargers are distributed evenly across the state on a per 

capita basis. Currently, there is a plan in place to install three DC fast chargers along the 

major highway corridors in the county, primarily to facilitate long-distance 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). With DC fast chargers, not only will long-distance 

travel in BEVs become more convenient, but it could also encourage the adoption of used 

BEVs that are DC fast charging compatible, as the diminished short range of used BEVs 

could be partially compensated by the ability to 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 adoption (Slowik & Lutsey, 2017; Sierzchula, Bakker, Maat, & 

Van Wee, 2014). The EV-to-charging plug ratio can inform the progress toward the 

charging infrastructure target. Based on different methods, the recommended public EV-

to-plug ratio ranges from 7:1 to 24:1 for the U.S; in California, considering local factors 

with the more detailed EVI-Pro tool, the recommended EV-to-plug ratio is 27:1 (Hall & 

Lutsey, 2017). Due to the nascence of the EV market and infrastructure, the ideal public 

EV-to-plug ratio could shift as both the market and the technology further develop. 

Furthermore, local context (e.g., most Humboldt County residents live in rural areas) 

would also influence the optimal EV-to-plug ratio. 

Nevertheless, these ratios could be used as interim benchmarks. Currently, 

Humboldt County has 33 PAEVC stations, of which nine are exclusively for Tesla BEVs 

(U.S. Department of Energy, 2019). Excluding the Tesla chargers, these 24 stations have 

a total of 41 Level Two charging plugs and six DC fast charging plugs. The Humboldt 

County EV-to-plugs ratio is 27 vehicles to one charger (including both Level Two and 

DC fast chargers). The countyôs EV-to-charger ratio meets the aforementioned 

recommended ratio of 27:1 and is similar to the state ratio of 24:1 (Table 1-1). Based on 
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the EV-to-charger ratio, Humboldt County is on par with the rest of the state with respect 

to PAEVC infrastructure.  

Table 1-1 Electric Vehicles (EVs) to charger ratio for Humboldt County and California. Data 

sources: vehicle registration data from the California Department of Motor Vehicles; 

charger data from the U.S. Department of Energy; renter population data from the U.S. 

Census Bureau  

 

EV: Level Two 

and Fast 

Charger 

EV: Level 

Two Charger 

EV: DC Fast 

Charger 

Renter 

Population 

Percentage 

Humboldt County 25:1 29:1 194:1 44.5% 

California 24:1 26:1 298:1 46.5% 

Literature 

Recommendation 
7:1 ï 24:1 n/a n/a n/a 

 

1.3.3. Charging Infrastructure Location 

As EV adoption transitions out of the early phases, EV charging infrastructure 

will need to serve beyond the early adopters. In general, the optimal locations for 

PAEVCs are determined by the following factors: parking, transit access, power supply, 

business locations, local and regional traffic impact, cost, and vehicle range (Hall & 

Lutsey, 2017). Based on the local context, it determines which of the abovementioned 

key factors are to be considered for the optimal locations for PAEVCs.  

Although the current Humboldt County PAEVC infrastructure is serving the 

majority of buildings and population geographically, as 76% of buildings are within five 

miles of a PAEVC station (Hsu, 2019), future infrastructure may need to extend to areas 

currently not covered by the current PAEVC infrastructure. Most PAEVC stations in 

Humboldt County are located along the coast between Trinidad and Rio Dell. This leaves 
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the areas including the Yurok Indian Reservation, Orick, the Hoopa Indian Reservation, 

Orleans, and the majority of Southern Humboldt County without public chargers within a 

short driving distance.  

1.3.4. Previous Local Charger Siting Study 

Previously, the macro-siting of PAEVC has been done for Humboldt County with 

agent-based simulation modeling (Zoellick, Carter, Sheppard, & Carman, 2011). The 

study investigated the number and locations for the PAEVC needed for 0.5%, 1%, and 

2% plug-in EV penetration rates. The plug-in EV adoption pattern was projected using 

data from Humboldt Countyôs hybrid vehicle adoption pattern. The study result was 

generated for a ten-year time horizon, which is only two years away at the time this thesis 

is written. The plug-in EV market penetration rate in Humboldt county was 0.91% as of 

October 2018, and the county had 24 PAEVC stations with 41 plugs which is between the 

plug estimations for 1% (31 plugs) and 2% (45 plugs) penetration rates. With the stateôs 

five million ZEV goal, the BEV penetration rate alone could reach as high as 5% by 2030 

in the county, as shown in Section 1.3.1, indicating a need to install more chargers to both 

support and increase the equity of PAEVC access. The study modeling results show 

chargers tend to be sited in and around population centers and major corridors. It did not 

investigate the access equity issues for areas with a low projected EV adoption pattern 

nor address the charger access issue for residents without off-street parking.   
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1.4. Structure of Analyses 

The analyses in the thesis are separated into three chapters with the goals of 

examining the infrastructure and financial barriers to EV adoption with the main focus on 

BEVs. The first analysis in Chapter Two investigates the equity of the current PAEVC 

distribution based on 1) sociodemographic factors and 2) the availability and accessibility 

of PAEVCs surrounding specific points-of-interest. This analysis magnifies the potential 

disparity of PAEVC availability and access based on income, race and ethnicity, and 

housing status. The second analysis in Chapter Three compares the total cost of 

ownership of both new and used BEVs based on different BEV depreciation and 

operation scenarios. The chapter also examines the economics of used and new BEVs to 

assess whether the inability to afford the upfront cost of the new BEVs could penalize the 

owner financially. And finally, Chapter Four introduces the idea of installing residential 

curbside PAEVCs on light or utility poles and creates an inventory of these poles next to 

MUDs without off-street parking for Eureka, California. This alternative PAEVC 

infrastructure could benefit MUD residents that do not currently have a viable charging 

method to adopt BEVs. Lastly, Chapter Five draws conclusions from the results of the 

three separate analyses and provides policy recommendations to improve the equity of 

EV adoption in California.  
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CHAPTER 2: DISTRIBUTION EQUITY OF PUBLIC ELECTRIC VEHICLE SUPPLY 

EQUIPMENT INFRASTRUCTURE 

Chapter Two aims to investigate the equity of California statewide charging 

infrastructure distribution (Figure 2-1). Specifically, the investigations include the 1) 

public access electric vehicle charger (PAEVC) access based on sociodemographic 

factors and 2) the PAEVC access surrounding different grocery store and fitness 

club/studio locations. The first analysis provides insight into whether the PAEVCs are 

distributed disproportionally depending on sociodemographic factors such as household 

income, home-owning status, and race. The second analysis uses points-of-interest (POIs) 

(i.e., the grocery store and gym/studio locations) to examine PAEVC availability among 

stores with different customer bases and among different types of census block groups 

(CBGs.) Both analyses examine the convenience and visibility of the current PAEVC 

infrastructure for different race, ethnicity, and income groups. 
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Figure 2-1 Public electric vehicle charging stations in California. Data source: U.S. Department 

of Energy Alternative Fuels Data Center.  



16 

 

 

 

2.1. Sociodemographic Charger Distribution Equity Analysis Method 

Level Two and DC fast charge PAEVC locations and census sociodemographic 

data were used to analyze the relationship between the distribution of the PAEVC 

infrastructure and different sociodemographic factors. First, I compared the count of 

PAEVC stations in each of the California counties to the corresponding population size. I 

further compared the PAEVC station counts within a mile of the center of each CBG to 

income, race, housing type, and home-owning status. The sociodemographic data from 

the 2016 American Community Survey were obtained from the U.S. Census Bureau (U.S. 

Census Bureau, 2016) and PAEVC location data were obtained from the U.S. 

Department of Energy (U.S. Department of Energy, 2019).  

Tabular PAEVC location data were converted to a shapefile and processed with 

following different methods for the county level and the CBG level. At the county level, 

PAEVC stations located within the borders of each county were counted. For the CBG 

level, the presence and absence binary variable indicating access to PAEVCs were 

generated. Finally, the PAEVC station count data were merged with the census 

sociodemographic data. 

2.1.1. County Level 

To investigate the distribution of PAEVC infrastructure at the county level, a 

simple linear regression was used to predict the PAEVC station count based on the 

county population size. The simple linear regression result was then used to identify the 

top ten counties with the largest positive residual values of the predicted PAEVC station 
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count and another ten with the largest negative residual values. The purpose of this was to 

identify counties with more or with less PAEVC stations than predicted if PAEVCs were 

equally distributed across Californiaôs population. 

2.1.2. Census Block Group Level 

The CBGs included for the analysis are all CBGs located completely within or 

overlapped with either Urban Areas or Urban Clusters as defined by the U.S. Census 

Bureau, which accounts for 95% of the stateôs population (see Appendix A for the Urban 

Area Map of California). The non-urban CBGs were excluded due to larger block group 

geographic areas. A PAEVC located within one side of a large CBG would hardly be 

accessible to residents on the opposing side. For example, in Figure 2-2, a single non-

urban CBG in Buttonwillow has the similar area as all the Bakersfield Urban Area CBGs 

combined. Even though there are two PAEVC stations in Buttonwillow, it is 

unreasonable to assume the residents living at the fringe of the CBG would have the same 

level of access to the PAEVC as the residents living in the smaller urban CBGs with a 

PAEVC in Bakersfield. 
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Figure 2-2 Example comparison between the public access electric vehicle charger (PAEVC) 

stations located in urban and non-urban census block groups. 

  

 For the CBG-level analysis, the combined PAEVC station count and CBG 

sociodemographic data were grouped with two different variables separately. To 

investigate the potential PAEVC distribution disparity based on income, the data were 

grouped by the quartiles of the CBG median household incomes. To investigate the 

potential racial disparity in PAEVC distribution, the data were grouped by the majority 

race and ethnicity (i.e., greater than 50% of the population in the CBG) in each CBG. The 

races and ethnicities considered were Non-Hispanic Asian, Non-Hispanic black, 

Hispanics, and Non-Hispanic white. CBGs without a race and ethnicity majority were 

labeled ñno majorityò.  
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Population-weighted PAEVC stations in each CBG were used to compare state-

wide PAEVC share to the population proportion by race and ethnicity. The population-

weighted PAEVC stations in the CBG were calculated as the PAEVC stations available 

in the CBG multiplied by the percentage of the population of a specific race.  

To compare the PAEVC access across income and race groups, I used generalized 

additive model (GAM) with ñmgcvò package in R to fit thin-plate spline curves with a 

binomial distribution for the binary PAEVC access data. The fitted curves minimized the 

expected squared error using the restricted maximum likelihood approach (RMEL). 

Smoothing curves with RMEL in GAM, akin to the locally-weighted scatter plot 

smoothing (LOWESS) method used by Sunter et al. with census data to detect disparities 

in rooftop photovoltaic solar deployment (Sunter, Castellanos, & Kammen, 2019), does 

not need a global function to describe the whole data sample. But in addition, GAM with 

a ñmgcvò package can fit local polynomial relationships, as opposed to local linear 

relationships in LOWESS, and has built-in likelihood-based selection method (i.e., 

RMEL) that selects the optimal smoothing parameter by balancing between goodness-of-

fit  and model smoothness. 

Various covariates were tested in the attempt to generate the PAEVC access 

GAM models. The final covariates used to generate the GAM models include distances to 

the nearest highway, renter-occupied housing unit rates of the CBGs, and MUD housing 

unit rates of the CBGs. Distances to the nearest highway were chosen as the main 

covariate for modeling PAEVC access because PAEVCs are usually sited along the 

major corridors. The values were calculated by finding the shortest distance between the 
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centroids of the CBGs to the nearest primary and secondary roadsðhighways and 

freewaysðin the shapefile obtained from the U.S. Census Bureau (U.S. Census Bureau, 

2018). Population density, one of the potential covariates tested, was not included due to 

the following reason. The original intent of using population density was to control for 

the urbanity of the CBGs. However, this was alternatively achieved by using only CBGs 

located in Urban Areas and Urban Clusters as defined by the U.S. Census Bureau. The 

filtered CBG data were still meaningful as these urban CBGs account for almost 95% of 

Californiaôs population. Lastly, renter-occupied housing unit rates and MUD housing unit 

rates were only used as covariates for data of the CBGs located within one mile from the 

nearest highway in the attempt to investigate PAEVC access differences between income 

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

2.2. Charger Distribution Equity Based on the point of Interest Method 

In addition to the availability of and access to PAEVC based on residential 

locations (i.e., CBGs), I was also interested in the availability and access differences of 

PAEVCs at driving destinations (i.e., points of interest [POIs]) based on different stores 

and their different clienteles and neighborhoods. Grocery store and fitness club/studio 

locationsðPOIs typically with longer stop durationðwere 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 more heterogeneous and workplace EV chargers may 

not allow general public access. 

The grocery stores included in this analysis were ALDI , all individual Co-ops, 

Costco, Grocery Outlet, Safeway, Sprouts Farmers Market, Target, Trader Joeôs, Vons, 

Walmart, WinCo, and Whole Foods. The fitness clubs/studios included in this analysis 

were 24 Hour Fitness, all yoga studios, Crunch Fitness, Equinox, LA Fitness, Planet 

Fitness, Soul Cycle, and YMCA. 

The store locations were obtained from the Open Street Map application program 

interface (API) using R. The store location data were overlaid in QGIS with the PAEVC 

location data obtained from the U.S. Department of Energy (U.S. Department of Energy, 

2019). The numbers of the PAEVC stations within 0.1 miles of each individual POI were 

counted and aggregated to determine the mean and standard deviation of each individual 

chain of grocery stores and fitness clubs/studios. The baselines, one for grocery stores 

and one for fitness clubs/studios, were calculated using the same method mentioned 

earlier for all locations under the categories of grocery store and fitness club/studio as 

categorized by Open Street Map API. For example, the grocery store baseline was 

collected using the ñosmdataò in R and filtered to all POIs that are considered to be a 

grocery store. The distance of 0.1 miles was chosen to attempt to only include the 

PAEVCs in the immediate parking lots next to the grocery or fitness club/studio 

locations.  

To capture the neighborhood characteristics, the sociodemographic information 

from census data such as income, race, and ethnicity were merged with the POI data. To 
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categorize and estimate the income level of the clienteles at each location, internet search 

results based on consumer reports and membership fees from fitness clubs/studios were 

used. For grocery stores, average grocery price index data were obtained from Bay Area 

Consumersô Checkbook (Brasler, 2018c, 2018a, 2018b).3 The fitness club and studio 

membership or class fees were obtained from the official company websites when 

available. When different tiers of membership exist, the most basic or the cheapest option 

of the membership was selected. For fitness studios that charge on a per-class basis, the 

five-class package was selected or the cost of five classes was calculated. Note it is 

possible that the same gym or studio brand may have different membership fees or class 

fees at different chain locations. The generally published prices were used since capturing 

the price variations was outside the scope of this analysis. 

To further compare the access and availability difference between income, race, 

and ethnicity groups, I used the same GAM model approach outlined in 2.1.2. GAM 

models with binomial distributions were used to analyze the PAEVC access at different 

POIs.  

 

3 The price index data was surveyed in the San Francisco Bay Area which may not accurately 

represent state-wide grocery price index. Price index data for ALDI was obtained from the Chicago Area 

Consumersô Checkbook website since it was not included in the San Francisco Bay Area data. 
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2.3. Sociodemographic Charger Distribution Equity Analysis Result and Discussion 

PAEVC access disparities based on the household income were found at the 

county level, and PAEVC access disparities based on the household income, race, and 

ethnicity were identified at the block group level. 

2.3.1. County Level 

At the county level, the simple linear regression (r-squared = 0.9312) suggests a 

significant positive correlation between the counts of PAEVC stations and the county 

populations. The positive and significant correlation between population and the PAEVC 

station count is expected, as PAEVCs, like other public services and infrastructure, are 

most cost-effective if utilized more often by more people. The model residual could be 

used as an indicator in detecting the counties with more or with less PAEVC stations 

given the county population. Santa Clara has the highest positive residual and San 

Bernardino has the most negative residual. Furthermore, Santa Clara and San Mateo, the 

top two counties with the most positive residuals of the predicted PAEVC station count 

based on the population sizes, have just received an additional $33 million in state 

funding to install more PAEVCs (Silicon Valley Clean Energy, 2019) which would 

further solidify their positions on the PAEVC infrastructure leader board. Humboldt 

County lies close to the best-fit line on the simple linear regression plot (Figure 2-3) and 

is ranked 15th out of 58 counties in California with 11 more PAEVC stations compared to 

the predicted value based on its population size. The full regression result can be found in 

Appendix B. 
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Figure 2-3. The relationship between county populations and public access electric vehicle 

charger (PAEVC) stations. The blue line represents the best-fit line of the simple linear 

regression model for PAEVC stations as a function of the county population. The top and 

bottom five counties with largest predicted value residuals were labeled. The red triangle 

is Humboldt County. Note Los Angeles County, which lies closely below the bestfit line, 

is not shown on the graph as it was the only county with a population (i.e., 10 million 

people) more than 3.5 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 more PAEVCs as predicted by 

the regression best fit line as discussed above. When the residue of the PAEVC count and 

population regression (refer to as ñPAEVC bias indexò in Figure 2-4 for clarity purpose) 

are compared to the mean household income of each county, a positive trend emerges. As 

the mean household income increases, the PAEVC residualðor PAEVC bias index ð

tend to become more positive (Figure 2-4) suggesting a bias in PAEVC distribution 
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toward richer counties and against poorer counties. Even though the analysis at the 

county level provides a quick and clear glance into how counties are doing in terms of 

PAEVC build-out, the study resolution, in terms of sociodemographic factors and 

geographic area, is too low to be used to more definitively detect the income, race, and 

ethnicity disparity. The next section discusses such matter at the CBG level.  

 

Figure 2-4 The relationship between the mean household incomes and the public access electric 

vehicle charger (PAEVC) bias index. The blue line represents the best-fit line of the 

simple linear regression model (R-square of 0.39) for PAEVC bias index as a function of 

the mean median household income. The top and bottom five counties with most positive 

and most negative PAEVC bias index are labeled. The red triangle is Humboldt County.  

 

2.3.2. Block Group Level 

Asian population and white population are the two groups that share higher 

percentages of PAEVCs than their percentages of state population than other race and 
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ethnicity groups (Table 2-1). The Asian population accounts for 13.7% of the state 

population but disproportionally shares 16.2% of all PAEVCs and 18.2% of the PAEVCs 

available within a one-mile radius of their CBGs. The white population accounts for 

38.4% of the state population but shares 47.5%, nearly 10% more than its population 

proportion, of all PAEVCs. On the other hand, the Hispanic population, with 

approximately the same percentage of the state population as the white population, shares 

only 26.9% of all PAEVCs.  

Table 2-1 Population weighted share of public access electric vehicle charger (PAEVC) stations 

and PAEVC stations available within one mile of the center of census block groups 

(CBGs) for California.  

Race & 

Ethnicity 

PAEVC Share 

Station Count 

Percentage of 

State Population  

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 based the majority race and ethnicities into five 

groups: Asian, black, Hispanic, white, and no majority groups. However, the final results 

combined black and Hispanics into a single category as there were relatively fewer black 

majority CBGs compared to other groups (Table 2-2). The small sample size of the black 

majority CBGs resulted in models with large uncertainty bands. However, the black 
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majority CBG group had a more similar trend line to the Hispanic majority CBG group 

compared to all other groups. Thus, for robustness and clarity of the final results in the 

chapter, the new categoryðblack and Hispanic majority CBGsðreplaced the black 

majority CBG group and Hispanic majority CBG group. 

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

Original 

Groupings Count & Proportion 

Final 

Groupings Count & Proportion 

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

Black 247 (1.1%) 
Black and 

Hispanic 
8,557 (37.0%) 

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 highways has a positive effect on the possibility of CBGs having 

access to at least one PAEVC station within its boundaries (Figure 2-5). The possibility 

of access to PAEVC stations is at the highest (i.e., approximately 18%) right next to the 

freeways and flattens out starting about one mile (i.e., ~1,600 meters) away from the 

highway. With the proximity to freeways controlled, we can now investigate the PAEVC 

access difference between income and race groups. 
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Figure 2-5 Relationship between public access electric vehicle charger (PAEVC) access 

probability and the distance to the nearest highway for census block groups. Top) 

Frequency plot of census block groups. Bottom) PAEVC access probability as the 

function of the distances to the nearest highway. 

 

 When the distance to the nearest highway is controlled for, all income groups 

exhibit the decreasing trend in the possibility of having access to at least one PAEVC 

station as the distance to the nearest highway increases. However, the lowest household 

income CBG group (i.e., lower than first quartile, $44,000 per year, of the median 
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household income of all CBGs) has lower PAEVC access compared to all other income 

CBG groups when the distance to the nearest highway is half a mile (i.e., 800 meters) or 

less (Figure 2-6).  
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Figure 2-6 Comparison of public access electric vehicle charger (PAEVC) access between census 

block groups (CBGs) grouped by medium household income controlling across 

population density. Top) Frequency plot of the CBGs. Bottom) Probability of having 

access to at least one PAEVC station in the CBGs as a function of distance to the nearest 

highway by different income groups. The semi-transparent bands represent the 90% 

confidence interval. 

 

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

highway, black and Hispanic majority CBGs have lower possibility to have access to at 














































































































































































































