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Abstract

As the need to reduce carbon emissions becomes more urgent, electric vehicles are
becoming an increasingly popular solution. Last year, California, a leader in climate policy,
mandated that 100 percent of new vehicle sales must be zero emission vehicles (ZEVs) by 2035.
ZEVs will rule the freeways of California eventually, but uncertainty remains in terms of when
and how this shift will occur. This thesis delves into the barriers still at hand in order to
accelerate and promote an equitable and effective transition to ZEVs, primarily looking at total
cost of ownership (TCO), lack of adequate charging infrastructure, and slow vehicle turnover.
Creating a model to estimate TCO, this thesis finds that electric vehicles (EVs) and internal
combustion engine vehicles (ICEVs) will reach cost parity this year for some models. Used
vehicles are expected to achieve price parity between EVs and ICEVs by 2029, while it is
anticipated that price parity for new vehicles will be reached after 2030. Finally, it evaluates and
recommends policy options for California, concluding that charging infrastructure investment

should be a top priority.
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1. Introduction

Overwhelming evidence exists that the planet is warming, largely due to human activity,
specifically the burning of fossil fuels. Global surface temperature has increased faster since
1970 than in any other 50-year period over the last 2,000 years. Carbon dioxide concentrations in
the atmosphere today are higher than at any point in human history, and global carbon dioxide

emissions increased by over 50 percent in the last 30 years (IPCC 2022).

Anthropogenic climate change has likely driven the increase of many weather and climate
extremes, including heat waves, floods, heavy precipitation, droughts, and tropical cyclones.
These events are damaging to both nature and people. The continued consequences from human
emissions are potentially catastrophic, including further environmental destruction, loss of
biodiversity, displacement of communities, and increased threats to food and water security.
With every increment of warming, these risks increase. Further complicating the issue of climate
change is the fact that it disproportionately affects communities that contribute the least to the

problem.

In order to best mitigate the consequences of global climate change, warming should be
limited to two degrees Celsius (IPCC 2022). In order to reach this goal, a state of net zero carbon
emissions must be reached. This requires immediate carbon dioxide emission reductions in all

sectors.

As of 2020, the transportation sector contributed the most to total US greenhouse gas
emissions, accounting for 27 percent of all emissions. In California, that number is even higher,

nearly 50 percent of the state’s greenhouse gas emissions are accounted for by the transportation



sector (CEC n.d.).! Within transportation, 57 percent of emissions are attributed to light-duty or

passenger vehicles (EPA 2022).

Nationally and globally, California has positioned itself as a leader in climate policy in
the past decades. The state has the largest economy in the US and the fifth largest in the world
(Wrinkler 2022), and with a strong tech and innovation sector, it has the ability to create demand
for clean technologies. California has a history of leadership in terms of progressive climate
standards and policies: the state banned leaded gasoline in 1985 and passed the Global Warming
Solutions Act in 2006. As of 2016, California has successfully decoupled greenhouse gas
emissions and economic growth (Saha and Muro 2016). While it only contributes to one percent
of total global carbon emissions (Lopez 2022), California is poised in terms of its soft power and
influence to develop and promote climate policy that will have broad-reaching impact. How
California’s transportation sector moves away from reliance on gasoline will affect policy in

other states and nations.

California, and especially the Los Angeles area, is distinctive in terms of transportation. A
vast majority of Los Angelenos use private vehicles to get around: 78 percent of people
commuting to work are driving alone, while only six percent use public transit (Our County
2018).2 Public transportation on average makes a commuter’s trip to and from work twice as
long. This reliance on driving can be attributed to Los Angeles’ development in the 1960s, which
was built around the automobile. Freeways replaced the streetcars; then they facilitated the

growth of suburbs and encouraged additional low-density development. Urban sprawl, low-

! This is higher than US average because it accounts for the carbon emissions coming from electricity
sources. Also, California has more clean energy overall than other states so less carbon emissions from
other sectors and more from driving in comparison.

2 This percentage has decreased during the COVID-19 pandemic and struggled to regain riders since
(Goldberg 2021).



density development, and a lack of centralization became a reinforcing feedback loop. Although
the city attempts to improve public transportation,? it is not a realistic or viable option for many.
Thus, the culture of personal vehicle use is maintained. Policy can be enacted to reduce
incentives for driving and incentivize biking, public transport, and other forms of micro-
mobility, but Los Angeles is unlikely to become a mass transit dominated city, such as New
York. The geography and existing structure remain a barrier. With roughly half of its population
living in the Los Angeles area (US Census Bureau),* California’s strategy to reduce
transportation emissions in the state will have to effectively target this region in order to be

successful.

In 2022, around 20 percent of all new cars sold in California were “zero-emission vehicles”
(ZEVs), which include battery-electric (BEVs or EVs), plug-in hybrid, and fuel-cell electric
vehicles.® The market has grown considerably, from around 8 percent in 2019. California leads
the nation in terms of sales: around 40 percent of all US new ZEV sales were made in the state,
and ZEVs are already California’s second-largest global export market (Veloz 2023). The state
has high ambitions; it aims to phase out sales of all new internal combustion engine passenger
cars by 2035. Governor Gavin Newsom outlined this goal in September 2020 with an executive
order that requires sales of all new passenger vehicles to be zero-emission by 2035. These are the

most aggressive transportation regulations in the US.

% Los Angeles invests more in public transportation than any other city in the country (Goldberg 2021).

4 This includes Orange County, Riverside County, San Bernadino County, and Ventura County as well as
Los Angeles County.

% It is important to note that this term does not technically mean these vehicles release zero carbon dioxide
emissions throughout their lifetimes. Plug-in hybrid vehicles use both gasoline and electricity as fuel
sources. Producing the electricity needed to charge an EV can also contribute to carbon emissions.



Shortly after Newsom’s executive order, California’s Air Resources Board passed the
Advanced Clean Cars II rule that amended California’s Zero-emission Vehicle Regulation. The
new regulations require an increasing number of ZEV sales starting in 2026, and guide the state

to 100 percent of new car sales being ZEV in 2035.

California’s Air Resources Board, or CARB, is the state agency responsible for
implementing and enforcing air pollution control and public health protection programs.
Established in 1967, CARB is one of the oldest and most comprehensive state air quality
agencies in the country. CARB's mission is to promote and protect public health, welfare, and
ecological resources through the effective and efficient reduction of air pollutants while
recognizing and considering effects on the economy. To achieve this mission, CARB has the
authority to adopt and enforce regulations that control various sources of air pollution, such as
transportation. They introduced the ZEV mandate in the 1990s, when a regulation was enacted
that required automakers to start phasing them in, and mandated that ZEVs make up 10 percent
of automakers’ overall sales by 2003. Strongly opposed by the automobile and oil industries, the
regulation was weakened after a few years. However, support has grown considerably since then;
in 2012, with lower battery costs, increased awareness of climate change, and the success of

early EV models like Tesla's Model S, a stricter mandate was adopted.

The current mandate outlined has built upon iterations since then. All ZEVs will count
toward the percentage of EV sales required of the manufacturer. However, plug-in hybrids
(PHEVs) can only make up 20 percent of the automaker’s sales, given that these are partially
gas-fueled vehicles. The regulation exempts small manufacturers until 2036 since these
manufacturers account for only two percent of sales combined. All EVs must be made to have a

minimum range of 150 miles before they have to recharge, in order to count for a credit. PHEVs
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must have an electric range of 50 miles by 2029. The mandate also simplifies the credit market
allowed in the ZEV requirement. The credit market has previously permitted manufacturers to
buy, sell, or bank (for future years) their credits in order to meet their requirements. Formerly,
different ranges or considerations of vehicles would qualify them for different numbers of
credits. Now, all ZEVs receive one credit. However, automakers can earn extra credits if they
target low-income households. If they sell a ZEV at a 25 percent discount to a community-based
carsharing program, sell low-cost (under $40,000) ZEVs at any discount, or sell a ZEV that is
baseline less than $20,275, they can receive from 0.1 up to 0.5 extra credits. Only five percent of
the requirement can be met with these extra credits. Although, the credit options and market will

all phase out after 2035.

Figure 1 below shows the proposed ZEV market share requirements and an estimate of these
requirements adjusted for flexibility in carryover credits and environmental justice, as calculated

by Tal and Davis for the Institute of Transportation Studies at UC Davis (2022).
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Figure 1. CARB ZEV mandate requirements up to 2036 and adjusted estimate (Tal and Davis 2022).

Other states may end up adopting this mandate for themselves. Since 1977, the US Clean Air
Act allowed other states to follow California’s emission standards instead of the US EPA
standards. Fourteen states have adopted previous versions of California’s ZEV regulations from
2012. With this new regulation extending beyond the state of California, the impacts could be

immense.

This thesis will analyze and promote California’s transition to an electric-powered
transportation sector. It will discuss the barriers to the success of the above mandate and
adoption of EVs, mainly the high cost, lack of infrastructure, and slow overall fleet turnover.
Next, the thesis will delve deeper into the cost barrier of EVs in order to explore how and when
they can be adopted in mass numbers. A model is developed in order to estimate when EVs will
reach both cost and price parity with their ICEV counterparts, with a particular focus given to

analyzing the used vehicle market. The resulting implications and need to accelerate the adoption
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will lead the thesis to its final section, discussing policy aimed at promoting the adoption of EVs.
The thesis will conclude by providing policy recommendations for California and offering a

perspective on the implications for the EV transition in other states and at the national level.

Overall, the thesis takes a comprehensive approach to the transition to electric passenger
cars, focusing on the questions of when and how this transition can occur in a more equitable and
effective manner, rather than whether it will happen. The remarkable improvements in electric
vehicle technology since California’s first ZEV mandate suggest that it is only a matter of time
before these vehicles become the dominant mode of transportation. However, there are still
uncertainties regarding the timing, equity, and strategies for accelerating the transition, which are

the primary focus of this thesis.

2. Barriers to Adoption

The transition to electric vehicles is inevitable (Sperling 2018). The questions remain:
how fast and equitable will this transition be? How might it be accelerated? Even with a ZEV
mandate in place, California’s shift to entirely electric passenger cars does not follow a

straightforward path.

In 2035, when California mandates all new vehicle sales are electric or zero-emission
vehicles, the majority of vehicles on the freeways in Los Angeles will still run on gasoline. A full
transition to all electric vehicles will take years to materialize, as older ICEVs will still be on the
road well past 2030. Furthermore, if other states or the national government do not follow
California’s example, other states with manufacturers still selling ICEVs may diminsh the
success of the mandate, as those unwilling to purchase an EV can just hop across the state border

to buy an ICEV.
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Slow Fleet Turnover

Fleet turnover lags new car sales considerably. An analysis of fleet turnover shows that if
new vehicle sales are 100 percent electric by 2035, by 2050, 95 percent of vehicles on the road

will be electric (Plumer, Popovich, and Migliozzi 2021).°

This lag period is large because conventional gasoline-powered cars last a long time on
the road — and are only lasting longer with advances in technology. The average age of a
passenger car or light-duty truck in the US is now over 12 years, up from 9.6 years in 2002
(Parekh 2022).” Low-income households with an annual income below $25,0000n average have
cars that are four years older than households making over $150,000 a year (Bauer, Hsu, and
Lutsey 2021). A new ICEV sold in 2034 may be in commission and emitting carbon into the

atmosphere well into the 2050s.

Most cars are purchased used. Used car sales totaled almost three times more than the
sales of new vehicles in the past ten years (Experian 2022). Only 33 percent of low-income
households’ vehicle purchases and 50 percent of high-income households’ vehicle purchases are
new vehicles (Bauer, Hsu, and Lutsey 2021). EVs have yet to catch up with ICEVs in the used
market. 89 percent of 2016-2020 model year EVs are still registered by their first owner, as

compared to 68 percent of gasoline vehicles for those same model years (IHS Markit 2021).

Cost of Electric Vehicles

® However, this model did not allow hybrids or other types of ZEVs besides EVs in their hypothetical
mandate, which California has.

" This average has also grown in recent years due to supply chain and inventory issues arising from the
COVID-19 pandemic.
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Today, many are open buying an EV. Around 35 percent of Americans state they plan on
or are “seriously considering” buying an EV. An additional 35 percent “might consider”
switching to an electric vehicle. The 28 percent that does not plan on going electric cite a lack of
charging infrastructure, range anxiety, and cost as their objections (Tucker 2022). These

concerns hinder widespread adoption.

The most cited barrier to adoption is the cost of EVs. EVs still have a much higher sticker
price than most ICEVs. In 2022, the average price of an electric vehicle was $61,488 compared
to $49,507 for all passenger cars (St. John 2023). However, this is mainly because luxury cars
make up a large portion of the EV market — such as Tesla’s luxury models, Ford’s electric
version of the F-150, and Rivian’s $73,000 R1T. Almost 80 percent of EV sales are at luxury
prices while on average only 17 percent of the gas combustion car sales are luxury purchases (St.
John 2023). Prices are getting comparable, but even the cheaper EVs — like last year’s $27,400
Nissan Leaf - are more expensive than the ICEVs; Nissan’s Altima was priced about $3,000 less.
Used EVs also tend to be more expensive than their gas counterparts. This price point makes
EVs out of touch for many lower-income drivers, as households with incomes below $75,000

spend on average 20 to 50 percent of their total income on owning a car.

Arguably, EVs are said to save enough money in operating costs, such as gas and
maintenance, that make the total cost of ownership cheaper for EVs than ICEVs. But many
estimates of the total cost of ownership show different results and uncertainty. Even if this was
the case, a higher purchase price point for both used and new cars make EVs out of touch for

many lower-income consumers, who cannot financially afford large upfront costs.

Subsidies are often used to incentivize and promote the adoption of electric vehicles.

However, if these subsidies do not have income caps in place, they can be distributed unevenly
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and potentially benefit high-income individuals who were already planning to purchase an

expensive EV even without the subsidy.

California and the federal government both have subsidy programs in place to help
promote EV adoption. Consumers can receive up to $7,500 from a federal tax credit and
California offers $7,000 to those with an income under $135,000. Used vehicles are also now
eligible for a portion of the federal subsidy. California’s rebate is only offered to new vehicles.

California also only now offers a subsidy to vehicles under a purchase price of $55,000.
Lack of Charging Infrastructure

Insufficient charging infrastructure is a concern for consumers and a significant obstacle
to achieving higher levels of EV adoption. Considerable investment is necessary to both promote
and support EV adoption levels. California has outlined a goal to complete a 6,600-mile
statewide charging network and deploy 1.2 million chargers by 2030. It invested $2.9 billion last
year for the cause, 30 times what it previously invested in 2019. California additionally will be
spending federal infrastructure funding on electric charging infrastructure. California’s
Deployment Plan for the National Electric Vehicle Infrastructure or NEVI Program, approved by
the U.S. Office of Energy and Transportation in September of 2022, will receive $56 million in
funding for infrastructure, through the Federal Infrastructure Investment and Jobs Act of 2021.
Yet, the issue of funding for public charging stations in California is not resolved. Sustained and
equitable funding is needed. Recently, a proposition to generate between $3.5 and $5 billion

every year to help with charging stations by taxing those making over $2 million, was stopped. &

8 The California ballot proposition 30 would have raised the income tax on Californians making
over $2 million, in order to pay for EV rebates, charging stations, and wildfire prevention. It would have
raised between $3.5 billion and $5 billion every year. Around 80 percent of the money would have been
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The amount of funding and investment needed to support existing EVs is one of the main

obstacles that must be overcome for a successful transition to EVs.

Energy Demands

The energy grid in California needs to be ramped up. Ironically, only six days after
CARB finalized their ZEV regulations last August before it ultimately passed in November,
there was a massive heat wave, causing an unprecedented, 10-day emergency alert that warned
residents to cut electricity use or face outages. Almost 15 times more electric cars are expected
on California’s roads by 2035. With the additional electricity needed, power capacity will need
to increase by three times what it is today. Renewable energy provided only 36 percent of the
state’s power supply so far this year. The state plans to expand that — to 100 percent clean energy
by 2045. An analysis shown by CARB models the clean energy demand and showed that a high
pace of construction is needed - six gigawatts (GWs) annually for the next 25 years (Gill 2021).
If California does successfully transition to EVs without upgrading its grid to clean and
renewable energy, the benefits and possible decrease in carbon emissions would be negated
because EVs would simply generate carbon emissions when electricity is produced at the power

plant level.

spent on incentives for individuals buying zero-emission cars and building more charging stations. Half of
this funding would have been directed toward low- and middle-income residents. The proposition had
majority support until Governor Gavin Newson unexpectedly made a sharp opposition to it. The
proposition in November failed to pass, with 59 percent voting no. Lyft was a huge supporter of the
proposition because under new California state law, is required to have 90 percent electric vehicles.
Governor Gavin Newson capitalized on this and made ads calling Prop 30 “a cynical scheme to grab a
huge taxpayer-funded subsidy” for a plan “developed by a single company to funnel state income taxes to
benefit their company” (Mitchell 2022).
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There are many potential roadblocks to a successful transition to an electric-powered
transportation sector. The rest of this thesis will look specifically at the barriers of cost, lack of

infrastructure, and slow fleet turnover, through estimation and policy evaluation.

3. Model of Total Cost of Ownership

In order to look at one of the main barriers to EV adoption among consumers, this thesis
develops an economic model to estimate and compare the total cost of ownership between an EV
and an ICEV, specifically for those purchasing a used vehicle. As stated above, fleet turnover
will be tied to the used vehicle market and thus, it is extremely important to assess the total cost
of ownership for those buying used vehicles as well as new ones.

Numerous studies have attempted to estimate the total cost of ownership (TCO) for EVs
in comparison to ICEVs. However, this has proven to be challenging due to the various
assumptions that are involved, including projections on future battery costs, increases in gas
prices, electricity prices, and estimated depreciation values. Despite the typically higher purchase
price of new EVs compared to ICEVS, some studies have shown that operating costs, especially
in states like California where gas prices are high and maintenance costs are expensive, are
significantly lower for EVs (Harto 2020). As battery prices decrease and manufacturers benefit
from economies of scale and learning by doing, the purchase price of EVs is expected to decline,
while operating costs will continue to remain lower than ICEVs. CARB analysis indicates that
EVs are likely to reach cost parity with conventional vehicles by 2030 and that by 2035,
consumers are likely to save up to $7,900 in operating costs over the first 10 years of ownership.
They claim owners will also see 10-year savings from 2026 model-year battery-electric vehicles,

though not quite as much (CARB, 2022).
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The question this model attempts to examine is when and how cost parity will be
achieved between the two. Several studies suggest that EVs will reach cost parity with ICEVs
anytime between now and 2030 (Chakraborty et al. 2022, Harto 2020, Bauer et al. 2021).

3.1 Literature Review

Bauer et al. (2021) examined when lower-income households will benefit from
transitioning to electric vehicles. They found cost parity for low-income households achieved by
2025. By 2029, EVs reach upfront price parity with the average vehicle purchased by a low-
income household, less than two years after the average vehicle purchased by a high-income
household. However, Chakraborty et al.’s (2022) study of California’s transition to electric
vehicles does not achieve cost parity for most households until 2030. An additional study (Parker
et al. 2021) considered the difference in TCO calculations based on variations in electricity rates
and other dissimilarities. It can vary by a factor of 1.2. They find that median costs of ownership
are usually higher for EVs but buying an EV will save money for approximately 17 percent of
households. Finally, an overarching view on the forecasting of TCO explores the many different
implicit assumptions behind models (Velzen et al. 2019). They outline that the frequently
overlooked profit margin is a significant factor. Many EVs are produced at a loss right now for
the manufacturer, and when automakers attempt to scale back up and make more of a profit,
prices of EVs may not decrease as much is otherwise shown. They state sometimes this means
that TCO is not lower for EVs. Chakraborty et al.’s study does include this assumption in their
model.

The Chakraborty et al. study and the Bauer et al. study both provide valuable insights for
the following model, with the former focusing specifically on TCOs in California and the latter

examining TCO projections with used vehicle prices.
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This model presented in this thesis aims to predict TCOs for EVs and ICEVs, for those
purchasing a used vehicle, for 2023, 2025, and 2030, in order to understand the transition for
consumers to EVs, and further, when EV sales will reach the used car market. The second part of
Chakraborty et al.'s study attempts to estimate the distribution of TCOs among different income
levels. However, the model only accounts for new car purchases, which may not be a realistic
assumption, since many lower-income individuals tend to purchase used vehicles and pay in cash
or other non-loan forms of payment (Pierce et al. 2020).° This analysis is not an accurate
representation of these households and individuals. On the other hand, Bauer's study only
considers a 2020 model vehicle for years up to 2030, which may also be problematic for
estimates of a total cost of ownership, when they assume a ten-year car is purchased. Ten years is
not the average age of a car purchased for any income group. The model below uses a car age of
five years, as Chakraborty et al. (2022) does, to easily compare results and to be consistent with
the purchase behavior of low-income groups. On average, those with a household income under
$75,000 purchase a vehicle that is 5.5 years old (Bauer et al. 2021).

TCO estimates are still very uncertain. To address this uncertainty, it is crucial to
continue building models and conducting research to assess how projections are shaping up and
to make necessary adjustments to the models.

3.2 Model framework
In this section, a model framework for TCO is outlined. These equations follow, for the most
part, from the TCO model framework from Chakraborty et al. (2022), and Lutsey et al. (2021).

They are adjusted slightly for different assumptions mentioned above. The reasons for this are 1)

® Adequate loan programs or loans in general prove difficult to obtain for this demographic.
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these were the most updated and relevant models available and 2) this makes the results more
comparable.

Two different powertrain technologies are analyzed: battery electric vehicles (BEVSs) and
internal combustion engine vehicles (ICEVs). Three classes of EVs, short, medium, and long
range are analyzed.® Compact and mid-size ICEVs are assesed.

The overall total cost of ownership of a vehicle with powertrain technology, p, and class, c,
is calculated using the following equation;

TCOp. = CCpe + OCy, (1)
Where;

CC, . = capital costs of a used five-year-old vehicle. This is the main difference in
assumption from the model presented by Chakraborty et al. The total cost of ownership
calculated in this equation for all the vehicles assumes owners purchase a five-year-old
vehicle. The cost of a charger installation is also combined to develop overall capital
costs. Registration is not included because the used vehicle registration costs are minimal
and relatively similar across powertrain technologies.

0C,, . = operating or recurring annual costs.

The operating or recurring costs are calculated by the following equation;

N

FCp. + MT,
_ p,Cc p,cm
Olpe = Z (147" @

n=1

Where;

FC, . = fuel or electric costs for different powertrains, classes.

12 These ranges are as follows: 150, 200, and 250 miles.
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MT, .., = maintenance costs, based on powertrain, class, and mileage.

r = discount rate, standard, 3 percent.

These values are summed and represented in present value accounting for
the number of years (n) they are occurring this cost. The model accounts for vehicle
ownership costs for five years. This equation does not account for insurance costs, as

these are assumed to be relatively similar across powertrain technologies.

Fuel or electric costs are based on the following equation;

FCye =p (GP - —o) + (1 = p)(@(EPyome - EEc - m) + (1 = @) (EPyyp - EE. -m)) (3)

Where;
p = a binary value for an EV (0) or ICEV (1).
GP = projected annual gas price, in dollars per gallon.
m = annual vehicle miles traveled.
MPG = fuel efficiency in terms of miles per gallon of gasoline.
a = proportion of annual charging at home versus using a public DC fast charger,
based on vehicle range.
EP = electricity price at home (home) and at public fast chargers (pub).
EE = electric efficiency in terms of kilowatts (kWh) per mile.
3.3 Data & Methodology
Capital Costs
To calculate the purchase price of a five-year-old vehicle in the years 2023, 2025, and
2030, two different methods were used. In the year 2023, data from Kelley Blue Book was

consulted. The value is the average of the private party and trade-in values of a five-year-old



22

(2018) vehicle! in “very good condition”, with standard trim and equipment, and with an annual
mileage of 12,000 located in the San Francisco area (zip code 94115). Table 1 presents this value

as a percentage of the 2018 vehicle manufacturer’s suggested retail price (MSRP) as the 2023

resale value.
2023 Resale
Valueofa | BEVShort | BEVMid | BEV Long ICEV ICEV
. Compact Midsize
2018 vehicle
43% 42% 59% 79% 62%

Table 1. Percentage resale value of a 2018 vehicle in 2023.

In order to calculate projections for future resale values, it was assumed that the
depreciation in the value of BEVs will be equal to the depreciation of ICEVs by 2030, reflecting
BEV preference that is similar to ICEVs in the used car market, as was outlined in Bauer et al.
(2021). Depreciation is typically higher for BEVs currently simply because of the technological
improvements that rapidly improve EVs. A baseline of a 50 percent depreciation rate for a total
of five years was used, as did Chakraborty et al. (2022). While the findings in Table 7 reflect that
the ICEV resale value rates are considerably higher than 50 percent, these values can be
attributed to the effects of the COVID-19 pandemic and supply chain shortage on used car
demand. The resale values of used ICEVs considerably increased after the pandemic, even when
EV resale values remained similar to what they were prior to the increased demand (Bauer et al.
2021). Therefore, for model simplicity and to depict a version of the differences between TCO

not skewed by the supply chain shortage, a depreciation rate of 50 percent is used for ICEV

11 The models used are as follows:

BEV Short: Nissan Leaf.

BEV Mid: Chevrolet Bolt EV.

BEV Long: As this year and class combination was not available, a value was used for a
comparable passenger truck, Kia Niro EV, Hyundai Kona EV. This was also done by Chakraborty et al.
(2022).

ICEV Compact: Honda Civic, Toyota Corolla.

ICEV Midsize: Nissan Altima, Toyota Camry.
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models, again following Chakraborty et al. (2022). However, this should be noted as a limitation
of the model.

These depreciation values combined with present data and future projections on purchase
price from the Chakraborty et al. study give values for purchase price of a five-year-old vehicle

in 2023, 2025, and 2030 (Table 2).

. ICEV ICEV

BEV Short BEV Mid BEV Long Compact Midsize
2023 Resale

Value of a $12,909 $15,845 $21,825 $8,022 $10,274
2018 vehicle
2025 Resale

Value of a $10,903 $13,989 $19,389 $8,454 $10,481
2020 vehicle
2030 Resale

Value of a $9,867 $11,679 $17,168 $10,274 $11,911
2025 vehicle

Table 2. Purchase price of a five-year-old vehicle

A standard value for a Level 2 charger, as calculated in Chakraborty et al., was added to all
prices to total capital costs.
Operating Costs

The maintenance cost values are cents per mile for under and over 100,000 miles. This
data was obtained through a Consumer Reports survey on the average annual costs (Harto 2020).
The proportion of charging done at home versus the public DC fast chargers is also obtained
through this study. Fuel efficiency projections for ICEVS are based on Corporate Average Fuel
Economy (CAFE) standards, as calculated in Chakraborty et al. (2022). Retail gasoline prices are
projected from California’s 2023 average (EIA 2023) and projected in accordance with the
extrapolation of the Chakraborty et al. study through 2030. The cost of electricity is an average
of the “off-peak rates” of the three energy providers in California: Pacific Gas and Electric

(PG&E), San Diego Gas and Electric (SDG&E), and Southern California Edison (SCE). The
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projections of electricity costs through 2030 were also informed from the Chakraborty et al.
study. An annual mileage of 12,000 was used. Thus, an annual fuel cost was calculated for each
vehicle and class. The present value of the sum of all fuel and maintenance costs was then
calculated.

It is also important to note that the model only outlines price and costs for battery EVs
(BEVs), and not plug-in hybrid EVs, or any other ZEV. This was for simplicity and comparison
reasons.

3.5 Results

The model showed that the total cost of ownership of EVs will reach total cost parity with
ICEVs this year when comparing a BEV short range to a compact ICEV (Figure 2), even though
price parity is not reached until 2029 (Figure 4). In 2024, a midsized ICEV will match cost parity
of a mid-range BEV. After this year, a short-range BEV becomes the cheapest vehicle in terms
of total cost of ownership. By 2030, the BEV short and mid ranges are the cheapest cars to own
and a BEV long will be about to reach TCO cost parity with the ICEV mid. However, while a
used short-range BEV will have a cheaper purchase price than a compact ICEV by 2029, a new
short-range BEV and a compact ICEV will not reach purchase price parity before 2030. Due to
factoring in profit margin in purchase price projections, as mentioned in Velzen et al. (2019),

purchase price of a new EV may increase by 2030 (Figure 4).
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Figure 2. The total cost of ownership of different vehicle powertrain technologies and classes in dollars
(2023-2030).
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Figure 3. The total cost of ownership of different vehicle powertrain technologies and classes in dollars
(2023-2030).
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Figure 4. The purchase price of both used (five-year-old) and new vehicles for a short-range BEV and a
compact ICEV (2023-2030). Note the scales of purchase price are different.

3.6 Discussion

This finding demonstrates that it is cost-effective on a total cost of ownership basis for a
consumer, who is purchasing a used vehicle, to purchase an EV instead of an ICEV, in many
cases. This should help to ease the barrier of cost for any Californian. However, some consumers
will react just to purchase price points rather than changes in savings (Tal et al. 2022), in which
case, these findings would indicate and explain a lack of push toward EV adoption until 2030 for
used car vehicle purchases, and much past 2030, for new car vehicle purchases.
4. Policy Evaluations and Recommendations
Charging Infrastructure Investment

Charging station subsidies and investments are discussed below as policy levers that can
stimulate charging station supply. Other interventions examined can correct additional market
failures in charging infrastructure.

California will need to significantly increase infrastructure in order to support widespread

uptake of EVs. Furthermore, the lack of charging infrastructure is cited as a key issue as an
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impediment for adoption of EVs, so an increase in infrastructure should increase purchase
decisions by those who are already interested in driving an EV. Multiple studies have shown that
charging infrastructure significantly increases EV adoption (Hall and Lutsey 2017, Bauer et al.
2021).

The market failure previously associated with charging infrastructure was a chicken and
egg problem: the lack of EVs on the road made firms or stakeholders less interested in investing
in charging infrastructure, and the less infrastructure that is available, the fewer people want to
adopt EVs.

An additional market failure that arises and prevents optimal charging infrastructure is
the incompatibility of different charging stations with different EVs. Currently, Tesla’s
supercharger network is the superior network — and mostly only available to Tesla owners. The
next largest network, as of 2021, is only 10 percent relative to Tesla. There are three Tesla
superchargers for every two chargers from other companies (Gardiner 2023). Driving from San
Francisco to downtown Los Angeles in a Tesla will take eight hours with two charging stops.
That same trip will take nine hours in a Chevrolet Bolt with three stops and a longer wait time
given the lack of fast chargers (Gardiner 2023). This is inequitable; lower-income individuals
and households who have cheaper EVs or are considering EVs are unable to reap the benefits of
this infrastructure.

Recently, the federal government opened funding available for charging infrastructure,
which will push Tesla into opening a portion of its charging network to other EVs. However, this
still would not be ideal - all is the optimal amount. If charging infrastructure provided by a

network is in any part exclusively for their vehicles, all firms may overbuild their network
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relative to the social optimum by creating duplicative investments (Rapson and Muehlegger
2021, 11).

A California legislator is pushing a bill to require all new public charging stations to be
open to anyone. In theory, this would correct this market failure, and the result would be a
plethora of charging stations, similar to gas stations today, where the market and competition
would interact with firms to determine pricing and further investment.

The policy intervention here would be to mandate and require compatibility in public
charging stations. Tesla could still make money off selling electricity but Tesla owners (typically
representative of the higher-income EV owners) would not be the only ones internalizing the
benefits from networks.

Charge point operators currently experience heavy initial capital expenditures, low
utilization rates, and little revenue (PWC n.d.), so this challenging business model does not
garner many firms’ investments.

This gap needs to be filled by the government. This policy can be in multiple ways,
through charging station subsidies or through direct investment to install publicly accessible
chargers. One study conducted by Zunian Luo (2022) analyzed the effectiveness of charging
station subsidies. The study revealed that a one percent increase in subsidies leads to a 2.5
percent expansion in the supply of charging stations.

An estimate of the overall costs needed to establish infrastructure for the ZEV mandate
looks at the least expensive pathway, providing mainly slower or Level 2 (L2) charging, and
providing enough DC fast chargers (DCFCs) in order to support long distance travel for BEVs.
Analysis by Davis et al. finds that minimum charging needs for public chargers are 1.9 million

by 2035 - an increase of 12 to 24-fold from current amounts (2022). These charger installation
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costs will total $20 million between 2022 and 2035 — averaging about $1,580 per vehicle. Given
the substantial amounts already being invested by the federal government, various states, and
private enterprises, the costs, though significant, are not excessively high. This estimation further
emphasizes the need for governmental intervention and investment.

DCFCs are the fastest option for charging and may be essential in order to improve the
charging infrastructure that would likely pull drivers to switch to an EV. Moreover, this is
particularly important for individuals who live in multi-dwelling units or other areas where it
may not be possible to install an L2 charger at home. Without an adequate number of DCFCs,
the transition to electric vehicles may be delayed for these groups. However, more widespread
access to these chargers would help to promote greater equity in the transition to EVs.

Looking at DCFC infrastructure costs and challenges in California, a study from the
Institute of Transportation Studies at UC Davis concluded that there are significant variations in
the full project cost of installation and commission of DCFCs in proposed sites. These locations
were most effective along corridors and in places where ZEV charging does not currently exist.
They found costs ranged anywhere between $122,000 and $440,000 each, mainly due to
location-specific costs. This estimation, is higher than previous literature that they found, citing
the need to further increase infrastructure funding. Private networks will have limited incentive
to build chargers in such locations that they deem unprofitable. Another note from the study is
that these also may become cheaper with increased technology (Gamage, Tal, and Jenn 2023).
Additional policy suggestions mentioned include encouraging working with local electrical
utilities early in the stages of DCFC planning (Gamage, Tal, and Jenn 2023), to diminish costs.

Furthermore, infrastructure may be more effective than EV subsidies as a policy

intervention. A study in 2022 shows that when measuring between subsidies for EVs and
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charging infrastructure investments, there is variance when there are different technological
assumptions (Ledna et al. 2022). The study attempts to estimate the tradeoffs between an EV
subsidy and expanded public charging infrastructure. They find that both policies are effective in
increasing adoption. Under a low-technology assumption, mainly regarding battery cost, the
authors find that an investment in charging infrastructure will provide a larger effect on EV
adoption than EV subsidies. However, the economics of public charging infrastructure still are
highly uncertain, with profitability and station utilization rates unclear. Under a high technology
model, a combination of infrastructure investment and EV subsidies will be the most effective in
promoting EV sales. Although the study concludes they “do not definitively identify an optimal
policy” (9), the study’s findings can imply that with the uncertainty that remains ahead,
investment in infrastructure should be a top priority over EV subsidies.

Electric Vehicle Subsidies

The concept of EV subsidies as a policy tool aimed to promote behavior is quite simple.
They are essentially financial incentives provided by governments to reduce the upfront cost of
purchasing an EV compared to an ICEV. By lowering the cost of EVs, the government is
attempting to make the market price of EVs more reflective of their social cost and, in turn, to
incentivize consumers to purchase EVs over ICEVS.

They are effective. EV purchases have a strong demand elasticity with subsidies, as
shown in many studies (Gallagher and Muehlegger 2011, Muehlegger and Rapson 2022, Clinton
and Steinberg 2019). A 2018 study by Muehlegger and Rapson show that subsidies are also
effective for low- and middle-income households, increasing sales by 21 percent when lowering

EV prices by 10 percent.
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However, without an income cap, they can be regressive. A study from 2010 to 2018
showed that EV tax rebates are predominantly distributed to more affluent and less
disadvantaged census tracts, as they are the ones predominately purchasing electric vehicles.
High rebate amounts appear in spatial clusters, concentrating in metropolitan regions (Guo et al.
2021). While this may change as EVs saturate the used vehicle market and price points fall,
policy should account for and prepare for this possibility.

Theoretically, subsidies may benefit target households and individuals who would have
purchased EVs regardless of a subsidy or not, thus reducing the effectiveness of the subsidy
program. This adverse selection can be approached through additional income caps.

Income-based subsidies are more effective and more equitable than uniform subsidies. In
a study assessing different scenarios for policy (Linn 2022), the one with an income cap was 40
percent more cost-effective than the uniform subsidies. The model looked at an income cap for a
subsidy below $100,000. However, the study also looked at the impacts of an income-based
subsidy in conjunction with a ZEV mandate and found it to be less effective. The author stated
that the “ZEV policy is doing the lion’s share of the work... In those states, the vehicles would
get sold without subsidies anyway, and the subsidies mainly shift costs of plug-ins from
consumers and manufacturers to taxpayers. This reduces the cost effectiveness of the subsidies.”
However, he added that “the subsidies do benefit low-income households” (Linn 2022).

An additional study looked at the effects of adding an income cap and increasing rebates
for low-income consumers. The study found that the percentage of rebates issued to lower
income households increased. The number of rebates issued to the highest income households
decreased and the total number of rebates issued grew by 50 percent (Fuller and Brown 2020). It

is effective in increasing and improving equity. To further take advantage of this finding,
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California can use more targeted incentives, by establishing more income brackets. This would
most likely further improve program equity and cost-effectiveness.

However, because California already has a ZEV mandate in place and the above research
shows that subsidies do not add significant additionality to EV sales when a ZEV mandate is
already in place, EV subsidies do not need to be prioritized as much as infrastructure investment,
which is more effective in increasing EV adoption anyway.

Fleet Turnover Improvement

The findings from the model earlier in this paper and from other studies show that slow
vehicle turnover will be an obstacle (Alarfaj et al. 2020). Buying either type of vehicle will be
more expensive in 2030 than it is today, and this increase in the sale price of either new or used
vehicles may prompt car owners to hold onto their less fuel efficient ICEVs for longer periods.
Scrap decisions and scrap elasticity have been known to produce emissions leakage under fuel
efficiency standards, which is known as the Gruenspecht effect (Jacobsen and Benthem 2015).
This could exist with the ZEV mandate. This delay in vehicle scrappage exacerbates slow
vehicle turnover and could diminish the effectiveness of a transition to ZEVs in terms of carbon
emissions.

In a perfect economic scenario, a policy combining a vehicle scrappage requirement with
a purchase subsidy would offer a sufficient enough financial incentive for a household to change
its behavior. An intuitive example is as follows (Linn 2020); a household has an old car that they
will need to spend $2,000 on to continue operating. They could buy a new car for $3,000. They
may choose to repair their gas-guzzler car. If a new car was $1,000 instead of $3,000, they may

be more likely to scrap their old vehicle and buy a new car. While this over-simplified example
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does not factor in any other additional variables, the point goes that the higher the replacement
cost, the less likely the individual is to scrap their old vehicle.

Unfortunately, a policy to subsidize a household or individual to scrap their old vehicle is
not always effective in terms of reducing carbon emissions. Without the capability of screening
households perfectly, this policy could provide a subsidy payment that would go to households
who were already planning on scrapping their older vehicles. Funding these households’
scrappages does not reduce carbon emissions by significant amounts. Adverse selection also
occurs with this policy, as shown with the above EV subsidies as well.

There have been attempts to induce scrappage by implementing policies to buy back and
scrap older cars, but these programs prove to be ineffective. For instance, the federal
government's "Cash for Clunkers" program, which aimed to encourage people to trade in their
older cars for newer, more fuel-efficient models, cost $2.9 billion and helped 700,000 car owners
upgrade their vehicles in 2009, but it was not very efficient. A study on the car allowance rebate
system showed that the original program primarily provided benefits to Americans who were
already planning to trade in their vehicles and often missed those who were driving gas-guzzler
cars and long distances. The program reduced emissions at a fiscal cost of about $300 per metric
ton of carbon dioxide, which was substantially more expensive than other programs at that time
(Busse et al. 2012, Li et al. 2013).

US Senator Chuck Schumer revived interest in linkage subsidies again when he proposed
a new scrappage program in 2019. However, an evaluation of this program to an unlinked
program showed that a linking program is expected to result in fewer EV sales and less spending

relative to a program without linking. While linking also lowers purchase additionality, or
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vehicle purchase decision, the program linking would lead to a high degree of scrappage
additionality (Ankey and Leard 2022).

California currently has a program Clean Cars 4 All, that links scrappage and an EV
incentive. They also have a separate EV subsidy program, which is unlinked, and therefore, most
likely more effective.

While a scrappage program should not be a priority for policymakers to invest in, there
are some small changes that could be made. First of all, the requirement to purchase a new car
linked to the current scrappage program can be eliminated.

A study in 2022 (Linn) considered hypothetical scrappage subsidies which had eligibility
requirements of either age or mileage without linking the subsidy to a requirement to buy a new
cleaner vehicle. According to Linn, this can “assess whether carefully selecting the eligibility
requirements can improve emissions outcomes” (2), because an effective policy with scrappage
would scrap vehicles that without the policy would still be driven a lot and emit a lot more
emissions.

It showed that a fixed subsidy amount for all vehicles past a certain age would be costly -
at roughly $600 per metric ton of carbon dioxide reduced. However, attempting to target the
subsidy and program to cars with possible future emissions could reduce the amount of adverse
selection that was previously occurring, such as in the “Cash for Clunkers” program (Linn 2020).

In trying to target the subsidy to be proportional with future emissions, policy could
reduce the subsidy as a car increases with age, to push cars with greater potential future

emissions out of the market faster.
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Figure 5. Results of both a flat ($500) subsidy and targeted subsidy proportional to estimated future
emissions on the vehicle age and subsequent number of vehicles scrapped (Linn 2022).

The eligibility criteria for a program should be changed from being based on the year of
the vehicle to be scrapped to being based on the odometer reading of the vehicle. This is a better
predictor of a vehicle’s future emissions and thus a better way to target for the subsidy. Two
identical 20-year-old cars, one with an odometer reading of 100,000 and the other with 150,000
are likely to have a different amount of possible future emissions.

To quantify these assumptions, the study’s model came up with the cost-effectiveness in
dollars per metric ton of carbon avoided. Targeting subsidies based on of mileage improves cost-
effectiveness by 30 percent more than targeting based on class and age (Linn 2020), from $403
dollars to $273 dollars per ton.

Because the key to accelerating fleet turnover depends on the used market, as the
majority of car sales are used, a policy that targets used vehicles with many future years full of
emissions ahead of them to bow out of the market would be very effective. Policy should not link
new purchases to a scrappage program. The majority of the households and individuals who have

an older emission-producing car and are eligible for California’s Clean Cars 4 All are part of the
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demographic (lower income and older car) that typically buys used cars, so acquiring a new
vehicle is not likely in line with their behavior and financial decisions.

By decoupling the two, the policy may not achieve results of large increases in EV sales
carly on, as the policy’s purpose is just to decrease emissions and incentivize scrappage.
However, as used cars are approaching price parity with used ICEVS, the policy should not limit
this scrappage incentivize to a household that will just buy a new car.

Other Policy Options

Additional incentive policy includes opening up high occupancy vehicle (HOV) lanes to
those who have purchased a ZEV, or discounting toll or express fast lanes for ZEVs. The former
is a significant contributor to adoption (Jenn, Springel, and Gopal 2018) but discounting express
lanes as an incentive for EVs does not impact EV sales significantly, by only one percent in the
most extreme scenario, and further limits the effectiveness of the lanes in their purpose (Davis,
Stark, and Garcia Sanchez 2023).

4.2 Policy Recommendations for California

California has taken many steps in the right direction to accelerate EV adoption. They are
making optimal policy decisions in accordance with much of the research above.

Most literature on policy recommendation points to a ‘all of the above’ policy approach
to furthering adoption of EVs (Ledna et all 2022). While this is accurate and commendable,
Table 3 below provides a priority list of policies, in order to provide information on what will be
most efficient, cost-effective, and equitable, to continue to invest in. In summary, it is
recommended to spend the most amount of investment within charging infrastructure, as this will

provide the greatest value for the money spent.
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Given that other states and the entire nation are contemplating ZEV mandates and other

policies to promote the adoption of electric vehicles, it is crucial for California to execute this

correctly and choose effective policy, as it is being closely watched.

Proposed Policy

Policy Recommendation

or Action Discussion for California Priority Cost

Charging Significant Continue to invest in High High

infrastructure driver of infrastructure, subsidize

investment adoption. DCFC | public chargers,
investment can | prioritizing DCFCs. This
more equitable. | should be California’s top

priority.

EV subsidies Significant Improve and expand High High, can be
driver of income caps and brackets, $350-640
adoption, can be | to increase equity. per ton of
less so than Continue to provide carbon
infrastructure subsidies, but not with as reduced.!?
investment. Can | much investment as
be regressive if | infrastructure.
not income
capped.

Additionally,
has limited
effectiveness
when a ZEV
mandate is
already in place.

Linking a Linkage can Remove the requirement | Medium- High, not

scrappage reduce to buy a new car linked to | Low cost-

program with an | effectiveness of | the current scrappage effective,

EV subsidy policy. program, and change can be

eligibility based on $300-600

odometer reading rather per ton of

than year. carbon
reduced.

EVs access to Significant asa | Continue HOV lane Low Low, until

HOV (high driver of access for ZEVs and increased

occupancy adoption, but phase out as necessary. EV adoption

vehicle) lanes will prove leads to
ineffective as greater
congestion.

12 Gillingham and Stock estimated these values and noted a large degree of uncertainty (2018).
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EVs fill the

roads.
Express or HOT | Only slight Do not offer Express or Low Medium-
(high occupancy | increases in EV | HOT lane discounts, Low
toll) lane adoption and instead develop targeted
discounts for EVs | decreases incentives that focus on

effectiveness of | low-income EV adopters.

other express

lanes purposes.

Table 3. An overview of policy recommendations for California

5. Conclusion

This thesis examined the transition to electric vehicle in California through passenger car
EVs. This transition, while made inevitable by California’s ZEV mandate, still poses significant
challenges, such as a slow turnover, lack of infrastructure, and costs. These barriers to success

will require extensive government intervention and investment.

California is well positioned to do this. The total cost of ownership model in this paper
estimates EVs and ICEVs will reach total cost of ownership parity this year for some models.
Used vehicles are expected to achieve price parity between EVs and ICEVs by 2029, and it is

anticipated that price parity for new vehicles will be reached after 2030.

Policy is in good shape in California and recommendations are outlined in the chapters
above in order to increase equity and efficiency of the transition to EVs. It is reasonable to
conclude that the EV adoption push will need policy that follows a ‘all of the above’ approach as
we push toward electrification of the transportation sector, and specifically prioritize

infrastructure and equitable approaches to subsidies and other government intervention.

This study and the discussed transition have wide implications for other states and the

nation, as the shift to EVs grows stronger.
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Uncertainty remains in all aspects this thesis studied. The coming years in California’s
transition to EVs will prove that constant policy review, evaluation and subsequent revision are
necessary. The process of policy is consistently ongoing and the road to electric vehicles in

California will reflect that.
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