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ABSTRACT: To broadly contribute to sustainable mobility, electric
technology vehicles (hybrid, electric, and plug-in-hybrid) must become
more price competitive with internal combustion vehicles. This study
assesses the economic and carbon benefits of electric technology vehicles in
the U.S., accounting for household-by-household behavioral variability and
geographical differences in fuel and electricity prices. This finer resolution
provides insight into subsets of the population for whom adoption is
economically or environmentally favorable, allowing us to construct marginal
abatement cost curves for CO2 that account for geographic, behavioral, and
stock heterogeneities. Currently, low gasoline prices and high initial expense
means that, without subsidies, few consumers benefit financially from electric
technology vehicles (1.7% of drivers). However, improved technology
dramatically and nonlinearly increases both the number of consumers that
benefit and corresponding carbon emissions that could be abated without
government subsidy. Our results clarify cost targets that electric vehicle technology must achieve in order to deliver net financial
and subsidy-free environmental benefits.

■ INTRODUCTION

Transportation is a necessity of daily life but also accounts for a
large share of greenhouse gas (GHG) emissions in the United
States (U.S.) and the world. In the U.S., the transport sector
emits 1782 million metric tonnes of CO2e (MMT CO2e) (28%
of all U.S. emissions) with 60% of that due to light-duty vehicles
(i.e., private transport).1,2 Globally, transportation accounts for
23% of energy-related greenhouse gas emissions and 92% of
total oil consumption.3 For these reasons, decarbonization of
transportation is a critical part of controlling atmospheric GHG
concentrations. Furthermore, the current Intergovernmental
Panel on Climate Change (IPCC) report recommends “rapid
and far-reaching” efforts in the transport sector to limit global
warming to 1.5 °C4,5 as well as to achieve the 2 °C target set in
the Paris Accords.6

Electric Technology Vehicles (ETV) are a leading solution for
decarbonizing transportation.7−9 In this paper, the term Electric
Technology Vehicle (ETV) is used to include Hybrid Electric
Vehicles (HEV), Battery Electric Vehicles (BEV), and Plug-in
Hybrid Electric Vehicles (PHEV). An electric drivetrain,
common to all three types, improves efficiency. Batteries
provide flexibility to run vehicles on electricity derived from
different fuel mixes, ideally low carbon ones. Governments
around the world have been investing significantly to encourage
consumers to adopt electric vehicles.10 In the U.S., for example,
the federal government provides tax credits up to $7500 for the
purchase of BEVs and PHEVs.11

Despite considerable government investment and societal
attention given to electric vehicles, there are critical unanswered
questions. An important one is what economic benefits do
Electric Technology Vehicles deliver to consumers? However,
there is as yet no analysis accounting for both the behavioral and
spatial heterogeneity in the answer. There is substantial
variability in driving patterns, preferred vehicle type, and
gasoline and electricity prices. In the U.S., the average annual
distance driven, as estimated from the National Household
Travel Survey (NHTS) for this work, is 11700 miles with a large
standard deviation of 10040 miles.12 Moreover, consumers own
vehicles of different makes, models, and types of vehicles from
other consumers, e.g., 52% drive passenger cars and station
wagons and 21% drive Sport Utility Vehicles (SUVs). Gasoline
and electricity prices vary by location. In 2017, the average
gasoline price in the U.S. was $2.53 per gallon with a standard
deviation of $0.12 per gallon.13 South Carolina had the lowest
gasoline price of $2.13 per gallon, whereas Hawaii had the
costliest gasoline at $3.09 per gallon. Similar variations can be
seen in electricity prices. The average electricity price in the U.S.
was 10.3 cents per kWh with a standard deviation of 3.3 cents.
Residents of Louisiana paid 7.5 cents per kWh compared to
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those in Hawaii who paid 24 cents per kWh.14 The above
heterogeneities are expected to give rise to substantial variability
in fuel savings from purchasing an electric technology vehicle.
Currently, the most resolved analysis of the economic benefits

of electric vehicles is at the city level.15−17 Results indicate that
an average driver gets economic benefits in 3 of 14 U.S. cities
with the highest subsidies, from current electric vehicles (EV).15

Other prior economic studies of benefits are at the state
level.18,19 However, individual variations in driving patterns
within cities and states must be accounted for. Also, as electric
technology vehicles are part of national energy strategies, a
national-level analysis of economic benefits to consumers is
overdue. We address this gap with a case study of the U.S. using
individual responses regarding vehicle ownership and usage
from the National Household Travel Survey (NHTS).12 The
NHTS includes annual miles driven on a particular vehicle
which is calculated using one-day travel activity, odometer
reading of the vehicle, user-reported annual miles driven, and
demographic information on the primary user of the vehicle.20

While a national analysis of the economic benefits of current
Electric Technology Vehicles (with and without subsidy) is
certainly useful, it is also important to consider technological
progress. Motivations behind the U.S. EV subsidy include an
expectation that the subsidy will support future cost reductions
of the emerging technology. Recent price reductions in vehicle
batteries support optimism that EV technology will continue to
improve.21−23 We thus also analyze how the population of U.S.
consumers that benefit from electric technology vehicles grows
as technology costs fall. In addition, the economic benefits from
electric technology vehicles are sensitive to gasoline and
electricity prices. Temporal variability in gasoline prices is
particularly high due to volatility in the global market for crude
oil.
The carbon benefits of Electric Technology Vehicles depend

on the electrical grid they use to charge. Running an EV from
coal-generated electricity can actually increase emissions.24,25

There is considerable geographical variability in grid mixes and
ensuing carbon benefits in switching from gasoline to EVs. This
dependence of EV carbon reductions on location has been
studied in detail. Prior results for the U.S. have shown that the
regional variation in grid mixes and average miles driven
significantly affect the emissions from EV usage.25−29 For
example, Graff-Zivin et al. found substantial variation in the
marginal emissions of electricity varying with respect to location
and time-of-use,24 e.g., the upper Midwest region showing three
times higher marginal emission rates compared to the western
U.S.
An analysis of EV emission benefits should account for the life

cycle,25,27−32 though some studies limit their focus to the use
phase.24,33−35 Manufacturing ETVs is carbon intensive
compared to conventional vehicles,25,28,30,36 thus the inclusion
of manufacturing tends to decrease the carbon benefits of ETVs.
Note that the literature indicates a wide range of estimates of
emissions from vehicle manufacturing; there are also indications
that these emissions may be falling over time, in particular for
battery manufacturing.31,37,38 The upstream emissions for
producing and distributing gasoline are significant and higher
than those for electricity (2400 g CO2e/gallon for gasoline
versus 72.5 g CO2e/kWh for electricity29). Accounting for
upstream emissions for fuel production thus increases the
relative carbon benefits of ETVs.
Our work addresses an important question: What is the cost-

effectiveness of electric technology vehicles as a carbon

mitigation option considering that economic and grid emission
benefits vary by behavior and location?We address this question
by modifying the usual CarbonMarginal Abatement Cost Curve
(MACC) ($/MTCO2e) to account for heterogeneity. The
marginal abatement cost curve (MACC) is often used by policy
analysts,39,40 and typically shows abatement cost (e.g.,
$/MTCO2e) and total abatement potential (MTCO2e) for a
given set of interventions. Interventions are ordered from least
to highest cost of mitigation. Prior MACC analyses represent
technology in terms of an average user, neglecting heterogeneity.
This is reasonable when assessing 100% adoption of a
technology. However, given observed behavioral heterogeneity
(e.g., Sekar et al., 201641), it is important to consider mitigation
paths in which technologies are adopted by subgroups that
benefit the most. Consider an example of a technology
intervention with a net economic cost to the average consumer.
It may be that the population divides into one group that saves
money with the technology and another that does not.
Considerable carbon savings with negative cost may be possible
considering adoption by the first group. Segmenting the
population according to relative benefits can thus upend the
understanding of the carbon mitigation costs of a technology.
We will show that this is the case for electric technology vehicles
in the U.S.
Using the usual aggregated approach, marginal abatement

costs for carbon have been assessed in the transportation
sector.42−44 For example, New York City projected marginal
abatement costs for battery electric vehicles at $80 per MTCO2e
in 2020 and −$10 per MTCO2e in 2030, and for PHEVs, $90
per MTCO2e in 2020 and −$10 per MTCO2e in 2030.42 The
transition from positive to negative cost between 2020 and 2030
is due to assumptions about the cost reduction of electric
technology vehicles. Morisugi et al. calculated the abatement
costs in the U.S. for different CO2 emission tax levels to be
$234−399 per MTCO2e with a CO2 emission tax of $100 per
MTCO2e for the transportation sector.

43 These previous studies
have not included behavioral heterogeneity in estimating carbon
abatement costs.
Themodel presented in this paper characterizes the economic

and carbon implications of an electric technology vehicle
purchase. Other relevant work has studied other aspects of
vehicle choice, such as whether fuel efficiency affects consumers’
purchase decisions.45−49 And, against the popular belief that fuel
economy standards help consumers financially,47 studies have
found that consumers do not correctly value high energy-
efficient investments.46 Personal vehicle purchases are well-
studied, often using discrete choice models.50,51,60,52−59 These
studies show that vehicle purchase decisions depend on several
factors, including economics. As we are limited by data used for
this study, we focus on Total Cost of Ownership, which captures
the capital and operating costs associated with a purchase of a
vehicle.61,62 While understanding the conditions under which
and the rate at which consumers would actually purchase electric
technology vehicles is critical, we consider a narrower question
for a number of reasons. First, economic and carbon savings are
important decision variables and, as described above, have not
yet been properly assessed. Second, public policies such as the
federal tax subsidy for electric vehicles should be assessed for
potential to deliver direct public and private benefits aside from
the decision calculus of consumers.63−65 This is particularly true
for electric vehicles as consumer decisions will depend on what
fleet of electric technology vehicles is brought to the market, the
outcome of which is difficult to predict and depends partly on
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policy decisions. While decision science should be brought to
bear to understand electric vehicle technology adoption, there is
a complementary role from a purely accounting economic
perspective. Third, it is important to understand how
technological progress and variations in fuel prices affect
trade-offs between conventional gasoline and electric technol-
ogy vehicles. Themarginal abatement curve framework explored
here can deliver useful, if bounded, answers to this question.
To summarize the work, we first develop a model assessing

economic benefits of electric technology vehicles (hybrid, plug-
in hybrid, electric) that accounts for individual-level dif ferences in
miles driven, type of vehicle owned (sedan, SUV, minivan and
truck), and lifetime ownership preferences in the U.S. The
model also considers state-level dif ferences in gasoline and
electricity prices and includes upstream carbon emissions
associated with vehicle and fuel production. The National
Household Travel Survey (NHTS) is used as the primary data
source, which includes vehicle holdings characteristics for each
surveyed household (a total of 309000 households and 143000
vehicles). Next, the net economic benefits (or costs) are
calculated to replace each existing internal combustion vehicle
with a comparable electric technology vehicle. Consumers are
assumed to choose a HEV, PHEV, or BEV depending on which
provides the greatest private economic benefit. This distin-
guishes subpopulations into groups that benefit economically
from electric technology (and hence negative abatement costs)
and those who do not. The economic analysis is followed by a
state-by-state marginal emissions model to obtain a carbon
abatement cost curve resolved consumer-by-consumer. We then
consider how economic benefits and carbon abatement costs

evolve with lower battery and related technology prices as well as
higher gasoline prices. This is analyzed both with and without
the current federal tax credit for electric and plug-in hybrid
vehicles.

■ METHODS

Figure 1 shows the overall methodological framework. A
detailed explanation appears in the Supporting Information
but is summarized here. The National Household Travel Survey
(NHTS) sample vehicle fleet is used as the main input for the
vehicle-level analysis. NHTS reports the households’ state of
residence, used in modeling geographical heterogeneity with
state-specific electricity emissions and fuel and electricity prices.
The NHTS data set also reports make, model, and type of the
vehicle (used to estimate the initial capital cost and mileage),
number of months the vehicle is currently owned (used to
estimate the expected duration of ownership of the vehicle), and
number of miles driven annually (behavioral heterogeneity) for
each household vehicle. In evaluating purchase of an electric
technology vehicle, we assume consumers keep the same make,
model, and type as their previous vehicle. Four technology
options are considered: (1) updated conventional vehicle, (2)
hybrid electric vehicle, (3) battery electric vehicle, and (4) plug-
in hybrid electric vehicle. The meaning of updated conventional
vehicle is the 2018 version of the model the consumers currently
own. The economic and carbon implications of purchasing an
ETV by comparing the ETV with the updated conventional
vehicle are then assessed.
The current vehicle market does not offer ETV analogues for

every available model. With this said, the suite of available ETV

Figure 1. Methodological framework. The diagram shows the flow of data and calculations and indicates data sources used, such as the National
Household Travel Survey12 and others.2,28,29,66−72 Blue backgrounds refer to model calculations; yellow backgrounds show types of heterogeneity
analyzed.
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models is expanding rapidly. For example, there were 11 new
ETV models offered in 2018 compared to 2017.2 This evolving
market presents a challenge for modeling ETV adoption.
Considering only currently available ETVs would properly
reflect today’s options but would misrepresent choices even a
few years later. Thus, we assume a developed ETV market in
which there is a reasonable analogue ETV option for any current
vehicle model. Therefore, ETV choice is modeled as a
differential technology “upgrade” to currently sold conventional
vehicles. This leads to modeling incremental cost additions of
each technology type (HEV or BEV or PHEV) for each vehicle
class (sedan, SUV, van, and truck). Using prior models of ETV
characteristics and costs,73−76 technical and performance
specifications are designed and additional costs for ETVs are
estimated based on a model conventional vehicle for each
vehicle class. The cost model accounts for batteries, other
electric vehicle (EV) systems such as electric motor, trans-
mission and integration, control unit, onboard charging unit,
regenerative breaking, and wiring, as well as credits for removing
mechanical components of internal combustion engines for EVs.
The battery cost and electric motor costs are scaled with respect
to the battery size and power requirements for each vehicle type
and are based on the International Council on Clean
Transportation (ICCT) report.77 We use a battery cell price
of $230 per kWh, in line with various estimates for the year 2018
from previous studies78−80 and reports such as Bloomberg New
Energy Finance (BNEF)81 and the Joint Technical Support
Document from the U.S. Environmental Protection Agency
(US-EPA).82 In addition to capital costs, an industry markup
factor of 1.46 is assumed for all vehicle components.83

We model operation of a vehicle in terms of annual miles
driven by an individual consumer. Note that this neglects
temporal variability in vehicle use, i.e., consumers driving more
or less on individual days, as well as the complexity of
multivehicle households choosing different vehicle types for
different trips. We treat BEV range in terms of delivering average
daily miles, e.g., a 100-mile range vehicle can meet demand for
consumers traveling less than 365 × 100 = 36500 miles per year.
We consider two BEV designs for each vehicle type, 100 and 150
miles of range, respectively. Consumers who drive more than
150 miles daily can only choose HEV or PHEV technologies.
For PHEVs, it is assumed that a consumer will first operate on
electricity until the battery is drained and then switch to
gasoline. For both BEV and PHEV, we assume charging is
available and done at the state average residential rate. Also, we
neglect the effect that differences in temperature29 and terrain
have on the relative performance of ETVs and conventional
vehicles. The detailed cost model is presented in Table S2 in the
Supporting Information (SI) and in the attached SI excel sheet.
We calculate the Total Cost of Ownership (TCO) of an ETV

in comparison with the latest conventional vehicle, accounting
for factors shown in eq 1. A discount rate of 7% is assumed for
this work. It is common to use 7% as the discount rate in total
cost of ownership calculations.15,84−88 Moreover, the discount
rate of 7% is also suggested by the Office of Management and
Budget.89,90 The duration of car ownership for each consumer is
calculated based on ownership data from NHTS. The NHTS
does not report vehicle lifetimes; we derive an expected duration
of ownership through random generation conditional upon the
probability distribution of lifetime and survivor function given
how long consumers have owned their current car; see Figure S1
in the SI. Note that the duration of car ownership varies (also
shows the behavioral heterogeneity) by consumer (7 years

average with standard deviation of 3.6 years). Duration
determines the vehicle lifetimes used in calculating total cost
of ownership and the salvage value.

= −

+

−

Total cost of Ownership

Initial Capital cost Discounted Fuel Savings

Discounted Battery Replacement cost

Discounted Salvage Value (1)

Battery replacement cost, given that current HEV batteries
typically last the lifetime of the vehicle, are applied only to BEVs
and PHEVs when the battery life is estimated to be less than 15
years (i.e., the maximum life of the vehicles assumed in this
study). For BEVs and PHEVs, the life of the battery is estimated
as a function of number of charging−discharging cycles and
depth of discharge91,92 (eqns S6 and S7 in the SI). The Salvage
Value (or resale value of the used vehicle) is estimated as a
function of years of ownership (eqns S3− S5 in the SI).92

Average fuel and electricity prices for each vehicle are based
on the state of residence of the consumer. Average state
electricity prices are from the U.S. Energy Information
Agency,72 and gasoline prices are also assigned with respect to
the corresponding fuel type and U.S. State.66−68 The fuel savings
for each ETV is calculated and discounted for the expected
duration of ownership as shown in eqns S8−S13 in the SI. Once
the total cost of ownership is calculated for each ETV in
comparison with a conventional vehicle, a least total cost to the
consumer (i.e., the highest Net Present Value) option (preferred
technology) is selected for a particular consumer. The resulting
Net Present Value of purchasing an ETV is converted to
Annualized Cost (US$) using an individual’s lifetime ownership.
To estimate annual emissions during vehicle operation, we

combine annual miles driven with fuel efficiency and marginal
emission factors for electricity (MEF in kgCO2e/kWh) for each
state (based on state of residence) from the latest work of
Azevedo et al. 2017.69 We also account for life cycle stages of
vehicle manufacturing and upstream emissions to produce
gasoline and electricity. For vehicle manufacturing, we use the
GREET (Greenhouse gases, Regulated Emissions, and Energy
use in Transportation) model developed by the Argonne
National Laboratory.70 Emissions to manufacture an ETV or
conventional vehicle are amortized over the vehicle life (to yield
gCO2e/mile) and converted to annual manufacturing emissions
(MTCO2e/year) using annual miles driven. See eqns S14−S18
in SI for details. Upstream emissions for producing gasoline
(gCO2e/gallon) and electricity (gCO2e/kWh) are estimated
using average values from Yuksel et al. 2016,29 who used other
studies to estimate these emission factors.28,29,70,71 The final
result combining operation, manufacturing, and upstream fuel
emissions is an Annual Emissions Savings from adopting an ETV
compared to a conventional vehicle (MTCO2e). Note that
savings from adopting ETVs can be negative when grid
electricity is very carbon intensive. As will be seen in results,
however, if consumers choose the ETV type (hybrid, EV, or
PHEV) that yields maximum economic value, this results in
carbon savings always being positive. The carbon marginal
abatement cost (US$ per MTCO2e) for purchasing an ETV
compared to a conventional vehicle is the ratio of Annualized
Vehicle Cost and Annualized Emissions Savings (Equation S19
in SI).
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■ RESULTS

The first set of outputs produces distributions of economic and
carbon implications of electric technology vehicle adoption.
Summary results of this analysis are shown in Figure 2.
Annualized cost includes amortized purchase cost, fuel expenses
(gasoline and electricity), battery replacement, and resale value
when the vehicle is replaced. Annual emissions savings are
calculated by assuming the vehicle is driven in the state of
purchase, subtracting the emissions from gasoline used in a
conventional vehicle from emissions due to electricity consumed
by the electric technology vehicle (and gasoline for hybrid and

PHEV models). The model assumes that the consumer chooses
between hybrid, electric, or plug-in hybrid electric depending on
which has the lowest annualized costs. If the 10% of consumers
with highest emissions savings move to an electric technology
vehicle, this can potentially save over 62 MMT (i.e., 5% of the
total light-duty transportation emissions).
We next calculate the carbon marginal abatement cost curve

(MACC), shown in Figure 3. The figure shows carbon
abatement costs and corresponding emissions savings assuming
each household purchases the electric technology vehicle (HEV,
EV, or PHEV) with least total cost of ownership. Using results

Figure 2. Unsubsidized annualized cost (US$/year) and annual emissions saved (MTCO2e) from switching from conventional to an electric
technology vehicle, per vehicle owned by U.S. consumers, ordered from lowest to highest cost (highest to lowest emissions savings). The left figure
shows that 1.7% of the population, having negative annualized costs, directly benefits financially. The right image shows how annual emissions savings
vary by person, driven primarily by heterogeneity in annual mileage.

Figure 3. Carbon marginal abatement cost curve (MACC) for electric technology vehicles (ETVs) with current prices and no subsidy (base case
scenario). The figure shows a series of narrow rectangles, ordered from lowest to highest height, with log scale. Each rectangle reflects an individual
response to the National Household Travel Survey; the number of corresponding consumers varies by weight (with mean of 680). Rectangle height is
the cost of abatement of one metric tonnes (MT) of CO2e. Negative marginal cost represents consumers who financially benefit (save money) from
buying an electric technology vehicle. The width of each rectangle is the amount of carbon emissions saved in a year from this household group
switching to its least cost electric technology vehicle; the width of the x-axis reflects every personal vehicle in the U.S. being replaced by an ETV. Note
that this base case scenario does not account for current federal tax credits for PHEV and EV of up to US$ 7500 or state/local subsidies (BEV, Battery
Electric Vehicle; HEV, Hybrid Electric Vehicle; PHEV, Plug-in Hybrid Electric Vehicle).
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shown in Figure 2 for individual households, Emissions Saved
becomes a width on the x-axis for that household (MTCO2e).
The y-axis shows carbon mitigation cost ($/MTCO2e), found
by dividing Annualized Cost by Annual Emissions Saved. These
bars are then reordered from lowest to highest carbon abatement
costs. We define the term “Free Carbon” as the amount of
carbon mitigated if all consumers that save economically would
purchase an ETV.
A relatively small population, 1.7% of all drivers with very high

annual mileage, benefits economically from electric technology
vehicles. It can be seen that most consumers currently prefer
hybrids over BEV and PHEV if forced to switch from a
conventional internal combustion vehicle. The estimated “free
carbon” in the base case scenario is 20 million metric tonnes
(MMT) CO2e or 1.8% of the total light-duty transportation
emissions in theU.S. To provide context for these numbers, note
that switching the entire U.S. vehicle fleet to ETVs would
decrease light-duty vehicle emissions in the U.S. by 198 MMT,
or 17%, assuming current electricity generation mixes around
the country (the right end of the x-axis of Figure 3). The
consumers who directly benefit financially from ETVs have an
average carbon abatement cost of −$45 per MTCO2e with an
average annual mileage of 51600 miles. Compare this to
consumers who do not save money: they have an average
abatement cost of $5500 per MTCO2e and drive an average of
11000 miles annually. Large savings on fuel consumption by the
first group enables these consumers to recover their high initial
capital costs. Note that the average U.S. consumer drives 11700
miles annually, thus consumers getting financial benefits from an
ETV drive over four times the national average. We have
included additional analyses of considering only the use phase

(i.e., excluding upstream emissions and manufacturing emis-
sions for vehicles) as well as sensitivity analysis for interest rates
in the SI.
The MACC in Figure 3 is constructed with 2017 fuel and

technology prices. However, these prices are expected to change
with time. Therefore, two alternative scenarios are examined: (i)
First, a doubled fuel price scenario and (ii) second, a scenario
with 75% decrease in battery cell prices (i.e., $58 per kWh, down
from $230 per kWh). Figure 4 shows the MACC with current
technology prices, but fuel prices are doubled (average fuel price
of $5.20 per gallon) compared to the base case scenario (average
fuel price of $2.60 per gallon). As the fuel prices increase, the
consumers are better off buying more expensive BEV or PHEV
choices, as they recover these initial high capital costs through
savings in fuel consumption. It can be seen that the technology
of choice switches to BEV or PHEV instead of HEV (relative to
base case scenario) due to electricity being a cheaper fuel. HEVs
are still the best ETV choice for drivers with lowmileage (lowest
capital costs), who are generally on the right side of the figure.
Abatement costs are as low as −$10,000 per MTCO2e. Note
that abatement cost is a ratio, so large magnitudes can come
from a large numerator, a small denominator, or both. For
example, a consumer who saves $2870 annually by purchasing a
BEV with a carbon reduction of only 0.28 MTCO2e has an
abatement cost of −$10,200 per MTCO2e.
In the doubled fuel price scenario (average fuel price $5.20 per

gallon), the number of consumers benefiting from electric
technology vehicles grows to a 34% share. The “free carbon” is
225 million MTCO2e or 20% of total light-duty transportation
emissions. The consumers who benefit financially drive an
average of 19800 miles annually, and the consumers who do not

Figure 4.Carbon marginal abatement cost curve (MACC) for electric technology vehicles (ETVs) with doubled gasoline price ($5.20 per gallon) and
current vehicle prices; 34% of the population saves money (negative abatement cost) from ETVs; their adoption would yield 67% of achievable carbon
savings from electric technology vehicles. Note that both axes have different ranges from Figure 3. With doubled fuel prices, some consumers save
much more, resulting in a wider range on the negative y-axis. BEV and PHEV emerge as more often preferred compared to the base case (current fuel
and technology prices, no subsidy), with their adoption resulting in larger carbon savings (x-axis scale increase) compared toHEV dominated adoption
in Figure 3 (BEV, Battery Electric Vehicle; HEV, Hybrid Electric Vehicle; PHEV, Plug-in Hybrid Electric Vehicle).
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benefit financially drive about 62% less (7500 miles annually).
The average mileage of consumers who benefit financially from
ETVs (19800 miles) is now much closer to the national annual
average mileage of 11700. This indicates that the pool of
consumers that can benefit from these electric technology
vehicles is broadened, from only extremely highly used vehicles
to those with slightly higher than average annual usage. The
average carbon abatement costs also change to −$176 per
MTCO2e (relative to −$45 in the base case) for financially
benefiting consumers.
Figure 5 shows the MACC for electric technology vehicles

with current fuel price but lower costs for battery cells: $58 per

kWh instead of the current $230 per kWh, which represents
significant technological progress in battery production. Several
estimates project rapidly declining battery cell prices, such as
$125 per kWh by 2022 as per U.S. Department of Energy
(DOE),21 $125 to $150 per kWh by 2030 as per Union of
Concerned Scientists (UCS),22 and $100 per kWh by 2025 as
per Bloomberg.23 The modeling here does not account for when
these price targets will be achieved and instead describes
economic and carbon benefits given an optimistic future battery
price. Similar to the fuel price change scenario, consumers move
away from hybrid vehicles but nowwith a stronger preference for
battery electric vehicles (since batteries are cheaper) (Figure 4).

Figure 5. Carbon marginal abatement cost curve (MACC) for electric technology vehicles (ETVs) with current gasoline price and battery cell cost of
$58 per kWh (25% of the current battery cell prices of $230 per kWh). Adoption by the 14% of population that benefits financially (negative abatement
cost) yields 36% of achievable carbon savings from electric technology vehicles. Note that both axes have different ranges from the base in Figure 3
(current fuel and technology prices, no subsidy). Some consumers save muchmore with lower battery prices, resulting in a wider range on the negative
y-axis. BEV and PHEV emerge as more often preferred compared to the base case, with their adoption resulting in larger carbon savings (x-axis scale
increase) compared to HEV dominated adoption in Figure 3 (BEV, Battery Electric Vehicle; HEV, Hybrid Electric Vehicle; PHEV, Plug-in Hybrid
Electric Vehicle).

Figure 6. Impact of changes in price of gasoline, battery cells, and other electric vehicle systems on annual “free carbon”. Free carbon is carbon
reduction achieved if all consumers that benefit economically from electric technology vehicles adopt them. As the fuel prices increase, the amount of
free carbon saved increases nonlinearly. At lower gasoline prices, an increase of 50 cents per gallon saves 18 million MTCO2e but the same increase at
higher fuel prices saves 41 million MTCO2e of emissions. Decreasing battery cell prices have a similar accelerating impact on free carbon. Moreover, if
the prices of other EV systems (e.g., electric motors) decrease in step with battery cell prices (but at reduced rate), the amount of free carbon increases
significantly and nonlinearly. For example, with battery cell price at $52 per kWh, the free carbon is 132 million MTCO2e; this combined with an EV
systems price decrease of 34% increases the free carbon amount to 256 million MTCO2e. (EV, Electric Vehicle; Dec., Decreased)
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With decreasing battery cell prices, consumers now save money
with both initial capital investment of a pure electric vehicle as
well as fuel savings.
In the decreased battery cell price scenario, about 14% of the

population benefits financially from ETVs, compared to 1.7% in
the base case. The free carbon is 124 millionMTCO2e or 11% of
total light-duty transportation emissions. The consumers who
benefit financially drive 26000 miles annually compared to the
rest who do not benefit financially and drive 9300 miles. The
lower battery prices also affect the carbon abatement costs for
financially benefiting consumers. In this case, the average carbon
abatement costs are−$60 per MTCO2e (relative to−$45 in the
base case) for financially benefiting consumers and $7900 per
MTCO2e (relative to $4900 in the base case) for the rest of the
population.
Figure 6 shows summary results for free carbon for scenarios

with different gasoline prices (left side) and lower costs of
batteries and other ETV systems (right side). EV systems refer
to the electric motor, transmission and integration, control unit,
onboard charging unit, regenerative braking, and wiring.
Notably, free carbon accelerates nonlinearly with increasing
gasoline price and decreasing battery price. This is due to an
accelerating share of the population that benefits from ETVs as
the economics improve. To put the battery price scenarios in
context, note that the DOE reports a battery cell price target for
2022 of $125/kWh20 and Bloomberg forecasts a cost of $100/
kWh for 2025.22 Achieving these targets results in substantial
increases in free carbon: 56−73 MMT versus 20 MMT today.
Note that the full adoption of ETVs has the potential to save 382
MMT of carbon under the current grid mix, higher than savings
shown in Figure 6. This is because the average consumer has yet
to benefit economically from ETVs, even at these technology
and gasoline prices.

■ CAVEATS
In this section, we recount modeling simplifications and
postulate how accounting for these factors might affect results.
Would accounting for neglected factors lower ETV mitigation
costs/potential, increase them, or is the sign of the net effect not
yet known? First, we assumed all consumers have access to
charging; currently, this is true for only 50−60% of the
population.93,94 While charging infrastructure is growing, the
rapidity and future extent of access is not known. Accounting for
consumers without access to charging would limit adoption and
thus lower mitigation potential. The degree of reduction is
unclear, however: (1) Consumers without access to charging
still have the option to purchase an HEV, and (2) there is a
potential correlation between access to charging and longer
driving distances and thus the benefits of owning an EV. Second,
we assume the current electricity grid, but prices and carbon
emissions will likely change. The sign of the net effect on results
is, however, unknown. Carbon emissions may fall due to
increased renewable adoption, but conversely, they could
increase if charging is done at night when renewables are not
on the grid. Third, we assumed that consumers with a daily
mileage <100/150 miles would consider purchasing an EV with
a range of 100/150 miles. Accounting for the complexities of
how consumers would realize mobility demand when owning an
ETV could increase or decrease adoption potential. On one
hand, there are consumers who drive more than 100/150 miles
per day who would consider an EV because there is an ICEV or
HEV available in the household, or they may be willing to rent.
On the other hand, there are consumers who drive less than

100/150miles per day whowould not purchase an EV due to the
inconvenience of finding a vehicle on a high mileage day. Lastly,
we assess ETVs through a purely economic lens. There are
consumers that purchase an ETV even if they lose money and
those who would not even if they could save. Moreover, a study
by Jenn et al.95 suggests that the United States Corporate
Average Fuel Economy (CAFE) standards allow the automaker
to sell more conventional vehicles for every ETV sold and
therefore can result in increased carbon emissions. However, we
do not incorporate such a fleet analysis in this work. Given these
uncertainties, we do not assert precision in the numerical values
of our results. However, our main purpose here is to
demonstrate that comprehending consumer heterogeneity
dramatically increases the carbon mitigation potential of
ETVs. Heterogeneity has been neglected in previous analyses,
and it is reasonable it will have a similar effect in future models
that account for additional complexities.
We have, furthermore, tried to accommodate some of the

caveats of the model through additional analyses. In the model,
we have assumed a single markup factor for all ETV options.
Therefore, in additional analysis, we estimated the carbon and
economic benefits, if the markup factor is neglected for BEVs.
The carbon emissions savings increase from 20 to 54MMT, with
5% of the population directly receiving financial benefits versus
1.7% in the base case. We have also assumed that consumers
charge their vehicles at their homes only once a day. However, if
a level-2 charger and installation costs of $600096,97 are added in
the initial capital costs, the outlook for BEVs turns pessimistic.
The carbon emissions savings (15 MMT) as well as the
population receiving direct financial benefits (1.4%) both
decrease compared to the base case. Currently, we have assumed
that a consumer with an average daily mileage of less than and
equal to 100 miles can opt for BEV-100. The NHTS daytrip
analysis also reveals that 83% of the daily vehicle miles traveled
(VMT) are under 60 miles and 95% is under 120 miles.98

Therefore, as an additional sensitivity analysis, we assume that
consumers with a maximum 80 mile daily mileage could opt for
BEV-100, and similarly, consumers with a maximum 120-mile
daily mileage could opt for BEV-150. In this scenario, the
percentage of the population receiving direct financial benefits
(1.5%) and carbon benefits (16 MMT) decreases from the base
case.

■ DISCUSSION
An important conclusion of this work is that behavioral and
geographic heterogeneity must be included in a proper
assessment of the potential of electric technology vehicles to
deliver economic and carbon benefits. We clarify how
accounting for heterogeneity affects results in Table 1, which
shows the percentage of the population who get direct financial
benefits from ETVs and the corresponding amount of free
carbon saved if these consumers adopt. If consumer behavior is
treated as average (11700 miles driven year) and subsidies are
removed, no consumer benefits from an ETV purchase. If
heterogeneous consumer behavior is considered but geo-
graphical heterogeneity is ignored, only 1.5% of the population
benefits financially, saving 16 MMT (second row). If all
heterogeneities are considered, the base case result returns to
1.7% of the population financially benefiting from ETVs and 20
MMT of free carbon. If current tax credits are included (up to
$7500 for PHEV and BEVs) but only geographical hetero-
geneity is considered, the percentage of population benefiting
increases from 0% to 7%, with a free carbon potential of 34
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MMT. However, it is important to note that although federal tax
credits improve private finances for a consumer and increase
“free carbon”, federal subsidies actually represent a transfer from
taxpayers to vehicle owners. Including the federal tax credit and
both types of heterogeneity, the percentage of the population
who benefits economically more than doubles to 15%, with the
potential free carbon savings of 97 MMT. Note these 15% of
consumers save far more emissions than the 10% of population
shown in Figure 2, because the subsidy provokes a shift in
preferred electric technology vehicle (e.g., HEV to BEV or
PHEV), and hence corresponding emissions savings are higher,
even for the same consumer.
Heterogeneity affects benefit−cost analyses of government

policies to promote ETVs. For example, consider a 10%
adoption of ETVs. If this 10% comes from average consumers,
carbon reductions would be 1.13 MTCO2e/vehicle (calculated
from the base case for all users: 198 MMT are saved with 175
million ETVs). In contrast, if this 10% were individuals that
benefit most economically from ETVs, annual carbon savings
would be 3.1 times higher: 3.54MT/vehicle. Valuing the carbon
benefit of emissions reduction at $40/MTCO2e (neglecting
other societal benefits), these emissions savings deliver $290 of
benefit per vehicle assuming average consumers and $920 of
benefit per vehicle assuming that the “most benefiting”
consumers adopt. Both assumptions (benefiting consumers
and average consumers) are idealizations that do not capture the
complexity of vehicle purchase decisions. The truth lies at an
undiscovered point between adoption by those who benefit and
adoption by the average consumer. But the critical policy point is
this: the public benefits of promoting a technology depend on
the heterogeneity of consumers’ responses and better targeting
can achieve more efficient results.
Note that neither average adoption nor beneficial adoption of

ETVs leads to public benefits close to the $7500 per vehicle
currently spent on ETV subsidies. Viewed through the lens of
current technology, the public cost of the ETV subsidy far
exceeds its benefits.36 However, much of the motivation for the

subsidy is presumably derived from expectations of contribution
to future cost reductions. Our results indicate the trajectory for
growth in public benefits from lower technology costs. While we
do not undertake a longer-term benefit−cost analysis of ETV
subsidies, we note that it is conceivable to achieve positive net
benefits, depending on how much expenditure is needed to
promote cost reductions. If the elasticity of cost reductions as a
function of technology investment is sufficiently high (e.g., high
learning rate in an experience/learning curve), there is potential
for “cascading diffusion”, in which adoption by high-use
subgroups enables cost reductions, making the technology
attractive to other consumer tiers.99,100 The knowledge of how
this analysis would play out, accounting for behavioral and
geographic heterogeneity, is needed for a plausible estimate.
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(62) Hagman, J.; Ritzeń, S.; Stier, J. J.; Susilo, Y. Total Cost of
Ownership and Its Potential Implications for Battery Electric Vehicle
Diffusion. Research in Transportation Business and Management 2016,
18, 11−17.
(63) Zhou, Y.; Levin, T.; Plotkin, S. E. Plug-in Electric Vehicle Policy
Effectiveness: Literature Review Energy Systems Division; Argonne,
Illinois, U.S., 2016.
(64) Slowik, P.; Lutsey, N.; Berlin, B.; Brussels, |. EXPANDING THE
ELECTRIC VEHICLE MARKET IN U.S. CITIES; Washington, D.C.,
2017.
(65) Cattaneo, L. Plug-In Electric Vehicle Policy - Center for
American Progress https://www.americanprogress.org/issues/green/
reports/2018/06/07/451722/plug-electric-vehicle-policy/ (accessed
Oct 25, 2018).
(66) www.AAA.com. Gas Prices http://gasprices.aaa.com/state-gas-
price-averages/ (accessed Jan 1, 2018).
(67) CNG-Now. Average CNG Price By State http://www.cngnow.
com/average-cng-prices/Pages/default.aspx (accessed Jan 1, 2018).
(68) http://www.gasbuddy.com/USA (accessed Feb 13, 2018).
(69) Azevedo, I.; Horner, N.; Siler-Evans, K.; Vaishnav, P. Electricity
Marginal Factors Estimates https://cedm.shinyapps. io/
MarginalFactors/.
(70) ANL. GREET® Model The Greenhouse gases, Regulated
Emissions, and Energy use in Transportation Model (reseased on Oct
10, 2018) https://greet.es.anl.gov.
(71) Venkatesh, A.; Jaramillo, P.; Griffin, W. M.; Matthews, H. S.
Uncertainty Analysis of Life Cycle Greenhouse Gas Emissions from
Petroleum-Based Fuels and Impacts on Low Carbon Fuel Policies.
Environ. Sci. Technol. 2011, 45 (1), 125−131.
(72) U.S.-EIA. State Electricity Profiles https://www.eia.gov/
electricity/state/ (accessed Jan 1, 2018).
(73) Kromer, M. A.; Heywood, J. B. Electric Powertrains: Opportunities
and Challenges in the U.S. Light-Duty Vehicle Fleet; Cambridge, MA,
2007.
(74) Kromer, M. A.; Heywood, J. B. Electric Powertrains: Opportunities
and Challenges in the U.S. Light-Duty Vehicle Fleet; Cambridge, MA,
2007.
(75) N.R.C. Transitions to Alternative Vehicles and Fuels; Washington,
D.C., 2013. DOI: 10.17226/18264.
(76) N.R.C. Transitions to Alternative Vehicles and Fuels: Appendix F;
Washington, D.C., 2013.
(77) Wolfram, A. P.; Lutsey, N. Electric Vehicles: Literature Review of
Technology Costs and Carbon Emissions; Washington, D.C., 2016.
(78) Nykvist, B.; Nilsson, M. Rapidly Falling Costs of Battery Packs
for Electric Vehicles. Nat. Clim. Change 2015, 5 (4), 329−332.
(79) Safari, M. Battery Electric Vehicles: Looking behind to Move
Forward. Energy Policy 2018, 115 (December2017), 54−65.

(80) Nykvist, B.; Sprei, F.; Nilsson, M. Assessing the Progress toward
Lower Priced Long Range Battery Electric Vehicles. Energy Policy 2019,
124 (September 2017), 144−155.
(81) Curry, C. Lithium-Ion Battery Costs and Market; 2017.
(82) EPA; NHTSA. Joint Technical Support Document: Final
Rulemaking for 2017−2025 Light-Duty Vehicle Greenhouse Gas
Emission Standards and Corporate Average Fuel Economy Standards.
Epa. Gov 2012, August 2012, 602. .
(83) Rogozhin, A.; Gallaher, M.; Helfand, G.; McManus, W. Using
Indirect Cost Multipliers to Estimate the Total Cost of Adding New
Technology in the Automobile Industry. International Journal of
Production Economics 2010, 124 (2), 360−368.
(84) Miotti, M.; Supran, G. J.; Kim, E. J.; Trancik, J. E. Personal
Vehicles Evaluated against Climate Change Mitigation Targets.
Environ. Sci. Technol. 2016, 50 (20), 10795−10804.
(85) Gilmore, E. A.; Lave, L. B. Comparing Resale Prices and Total
Cost of Ownership for Gasoline, Hybrid and Diesel Passenger Cars and
Trucks. Transport Policy 2013, 27, 200−208.
(86) Al-Alawi, B. M.; Bradley, T. H. Total Cost of Ownership,
Payback, and Consumer Preference Modeling of Plug-in Hybrid
Electric Vehicles. Appl. Energy 2013, 103 (2013), 488−506.
(87) O’Keefe, M.; Brooker, A.; Johnson, C.; Mendelsohn, M.;
Neubauer, J.; Pesaran, A. Battery Ownership Model: A Tool for
Evaluating the Economics of Electrified Vehicles and Related
Infrastructure; Preprint (OSTI Identifier 1002155). In Presented at
the 25th International Battery, Hybrid and Fuel Cell Electric Vehicle
Symposium & Exposition; Shenzhen, China, 2010.
(88) Lipman, T. E.; Delucchi, M. A. A Retail and Lifecycle Cost
Analysis of Hybrid Electric Vehicles. Transportation Research Part D:
Transport and Environment 2006, 11 (2), 115−132.
(89) Weis, A.; Jaramillo, P.; Michalek, J. Estimating the Potential of
Controlled Plug-in Hybrid Electric Vehicle Charging to Reduce
Operational and Capacity Expansion Costs for Electric Power Systems
with High Wind Penetration. Appl. Energy 2014, 115 (x), 190−204.
(90) US-OMB (The Office of Managment and Budget). OMB
Circular A-94 Guidelines and Discount Rates for Benefit-Cost Analysis of
Federal Programs; 2017.
(91) Wood, E.; Alexander, M.; Bradley, T. H. Investigation of Battery
End-of-Life Conditions for Plug-in Hybrid Electric Vehicles. J. Power
Sources 2011, 196 (11), 5147−5154.
(92) Raustad, R. Electric Vehicle Life Cycle Cost Analysis; Cocoa, FL,
2017.
(93) Lin, Z.; Dong, J.; Liu, C.; Greene, D. Estimation of Energy Use by
Plug-in Hybrid Electric Vehicles. Transp. Res. Rec. 2012, 2287 (2287),
37−43.
(94) Traut, E. J.; Cherng, T.W. C.; Hendrickson, C.;Michalek, J. J. US
Residential Charging Potential for Electric Vehicles. Transportation
Research Part D: Transport and Environment 2013, 25, 139−145.
(95) Jenn, A.; Azevedo, I. M. L.; Michalek, J. J. Alternative Fuel
Vehicle Adoption Increases Fleet Gasoline Consumption and Green-
house Gas Emissions under United States Corporate Average Fuel
Economy Policy and Greenhouse Gas Emissions Standards. Environ.
Sci. Technol. 2016, 50 (5), 2165−2174.
(96) Idaho National Laboratory. How Do Publicly Accessible
Charging Infrastructure Installation Costs Vary by Geographic
Location? 2015, No. May, 1−5.
(97) New West Technologies. Costs Associated With Non-
Residential Electric Vehicle Supply Equipment Factors to Consider
in the Implementation of Electric Vehicle Charging Stations. 2015, No.
November
(98) Methipara, J.; Reuscher, T.; Santos, A. FHWA NHTS Brief-
Electric Vehicle Feasibility; Knoxville, TN, 2016.
(99) Herron, S.; Williams, E. Modeling Cascading Diffusion of New
Energy Technologies: Case Study of Residential Solid Oxide Fuel Cells
in the US and Internationally. Environ. Sci. Technol. 2013, 47, 8097−
8104.
(100) Tsuchiya, H. Photovoltaics Cost Analysis Based on The
Learning Curve. InCongress of International Solar Energy: Clean and Safe
Energy Forever; Kobe, Japan, 1989; pp 402−406.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.9b02874
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

K

http://dx.doi.org/10.3929/ethz-a-006032056
https://www.americanprogress.org/issues/green/reports/2018/06/07/451722/plug-electric-vehicle-policy/
https://www.americanprogress.org/issues/green/reports/2018/06/07/451722/plug-electric-vehicle-policy/
http://www.AAA.com
http://gasprices.aaa.com/state-gas-price-averages/
http://gasprices.aaa.com/state-gas-price-averages/
http://www.cngnow.com/average-cng-prices/Pages/default.aspx
http://www.cngnow.com/average-cng-prices/Pages/default.aspx
http://www.gasbuddy.com/USA
https://cedm.shinyapps.io/MarginalFactors/
https://cedm.shinyapps.io/MarginalFactors/
https://greet.es.anl.gov
https://www.eia.gov/electricity/state/
https://www.eia.gov/electricity/state/
http://dx.doi.org/10.17226/18264
http://dx.doi.org/10.1021/acs.est.9b02874

