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1
EXECUTIVE
SUMMARY

Global carbon emissions must be halved by 2030 to limit
warming to 1.5°C and avoid catastrophic climate impacts. The U.S.
transportation sector is the country’s largest carbon emitter and
a challenging piece of the decarbonization puzzle. Fortunately,
recent advances in electric vehicle (EV) battery cost and
performance, range, and recharging—along with a proliferation
of vehicle models—have readied EVs to overtake gasoline and
diesel vehicles as the dominant on-road technology. Now that the
plummeting cost of wind and solar power have enabled a rapid
and cost-effective expansion of a clean electricity grid, a costeffective pathway to decarbonize the transportation sector is in
reach. Yet electric vehicles make up only a small part of today’s
U.S. vehicle fleet, and many sales projections for the next decade
are modest. Several hurdles, including high upfront vehicle costs
and inadequate charging infrastructure, rather than technical or
economic feasibility, are the largest barriers to EV sales growth
and accelerated decarbonization to align with global climate
targets.
In this report, we analyze the economic, human health,
environmental, and electric grid impacts of a future in which
ground transportation is all-electric. Our main scenario, the Drive
Rapid Innovation in Vehicle Electrification (DRIVE Clean) scenario,
represents a future in which EVs constitute 100% of new U.S. lightduty vehicle (LDV) sales by 2030 as well as 100% of medium-duty
vehicle (MDV) and heavy-duty truck (HDT) sales by 2035. The grid
reaches 90% clean electricity by 2035, and substantial EV charging
infrastructure is deployed. We compare this scenario to a No New
Policy scenario, in which EVs constitute 45% of new LDV sales,
38% of MDV sales, and 12% of HDT sales in 2035, and the clean
electricity share reaches only 47% by 2035. By demonstrating
that the ambitious DRIVE Clean goals are technically feasible and
economically beneficial, we aim to inform broader discussions of
the U.S. transportation transition. Following are key findings from
our analysis.
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CONSUMER SAVINGS FROM EV OWNERSHIP
START SOON AND GROW RAPIDLY
Historically, EV sales have been hindered by two consumercost disadvantages: the total cost of ownership (TCO) and
upfront prices of EVs have both been high in relation to internal
combustion engine (ICE) vehicles. Our results show, however,
that electric heavy-duty trucks already hold a TCO advantage
today, and light-duty EVs will overtake ICE vehicles in TCO
terms within 5 years (Figure ES-1). In addition, light-duty EVs
will reach upfront price parity with their ICE counterparts in the
mid- to late-2020s, while electric HDTs will approach upfront
price parity with diesel trucks in the mid- to late-2030s. However,
the persistence of high upfront EV costs is a major barrier to
achieving rapid decarbonization of the transportation sector.
At a national level, the DRIVE Clean scenario yields cumulative
economic savings of approximately $2.7 trillion through
2050 compared to the No New Policy scenario — an average
household savings of approximately $1,000 per year over the
next 30 years. The DRIVE Clean scenario’s electrification of lightduty EVs by 2030 is critical to the benefits realized, saving $460
billion more than a scenario in which 100% light-duty EV sales
are achieved 5 years later.
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FIGURE ES-1.

TCO for EVs (bars) vs. ICE vehicles (lines), showing TCO parity achieved by 2023 for LDVs (left and center) and an
existing TCO advantage for HDTs (right). Upfront costs include taxes. Maintenance costs of EVs include battery
replacement cost.
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ACCELERATING EV ADOPTION SAVES 150,000
LIVES, AVOIDS $1.3 TRILLION IN HEALTH AND
ENVIRONMENTAL DAMAGES THROUGH 2050
Gasoline- and diesel-powered vehicles harm human health
and the environment via emissions of pollutants such as
fine particulate matter, nitrogen oxides, and sulfur oxides as
well as greenhouse gas emissions that contribute to climate
change. These emissions disproportionately impact low-income
communities and communities of color. Compared with the No
New Policy scenario, the total transportation sector pollutant and
carbon dioxide (CO2) emissions reductions in the DRIVE Clean
scenario avoid approximately 150,000 premature deaths and
equate to nearly $1.3 trillion in health and environmental savings
through 2050 (Figure ES-2). The DRIVE Clean scenario slashes
ground transportation sector CO2 emissions by 60% in 2035
and by 93% in 2050, relative to 2020 levels. Total transportation
sector emissions fall by 48% in 2035 and by 75% in 2050, relative
to 2020 levels (Figure ES-3).
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THE ELECTRIC VEHICLE TRANSITION SUPPORTS
EMPLOYMENT OPPORTUNITIES ACROSS THE
ECONOMY
The DRIVE Clean scenario supports consistent job gains in 20202035, peaking at over 2 million jobs in 2035 compared to the
No New Policy scenario (Figure ES-4). Employment gradually
ramps up in this timeframe as electric vehicle manufacturing
expands and the electric grid adds new renewable energy
and battery storage resources to support increased vehicle
electrification. Consumer cost savings in the transition to electric
vehicles similarly increases induced jobs in the economy. While
electric vehicles require less maintenance and have fewer parts,
the reduction in auto repair jobs is more than offset by gains in
economy-wide induced jobs and increased power sector jobs.
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NET JOBS IN 2035 — DRIVE CLEAN SCENARIO

FIGURE ES-4.

Net jobs in 2035, DRIVE Clean
scenario compared to the No
New Policy scenario.
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EV PERFORMANCE AND AVAILABILITY CAN
MEET THE NEEDS OF AMERICAN DRIVERS
American drivers have become accustomed to the vehicle
performance and availability standards established by gasolineand diesel-powered vehicles for vehicle range, fueling time,
diversity of vehicle models, and—for commercial vehicles—
weight. EVs have been improving rapidly across all these
dimensions, and our analysis suggests they will not present
significant barriers to the accelerated EV deployment envisioned
in the DRIVE Clean scenario.

REQUIRED CHARGING INFRASTRUCTURE CAN
BE BUILT COST-EFFECTIVELY TO SERVE THE
ENVISIONED EV FLEET
To enable the DRIVE Clean scenario, U.S. EV-charging
infrastructure must provide drivers with at least as much
convenience as provided by existing gasoline and diesel fueling
stations. We find that the pace of the required infrastructure
scaleup is challenging but achievable, and the costs are modest
compared with the benefits of widespread EV deployment.
Each year over the next 30 years, the United States must install
an average of approximately 270,000 public chargepoints for
LDVs and 35,000 MDV/HDT chargepoints. The rate of installation
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is comparable to historical rates achieved in other rapidly
electrifying regions. The cumulative investment in public charging
infrastructure ($6.5 billion per year) makes up a small portion of
EV TCO in the DRIVE Clean scenario (Figure ES-1).

GLOBAL AND DOMESTIC SUPPLY CHAINS CAN
SATISFY ACCELERATED EV AND BATTERY
PRODUCTION, LED BY U.S. COMPANIES
With strong policy support, domestic and global EV
manufacturing capacity can sufficiently scale to meet the DRIVE
Clean goals. In addition, accelerated U.S. EV deployment will
present opportunities for U.S. manufacturing leadership in an
increasingly competitive global context. The DRIVE Clean scenario
requires that annual U.S. electric LDV sales grow from 331,000
to over 15 million by 2030. Domestic manufacturing of these
vehicles is beginning to ramp up, with significant investments
from manufacturers such as Ford and General Motors. At the
same time, more than 125 zero-emission MDVs and HDTs are
in production or development in the United States. Similarly,
the DRIVE Clean scenario will depend on at least 1,200 GWh
of battery capacity per year by 2035. While current global
lithium-ion battery demand is about 300 GWh, global battery
manufacturing capacity is expected to exceed 2,000 GWh by
2028. Strong policy will be necessary to further develop domestic
vehicle and battery manufacturing capacity, encourage raw
material procurement and cost-competitive battery recycling, and
help the U.S. compete globally.

ELECTRIC GRID IMPACTS OF THE ENVISIONED
EV FLEET ARE MANAGEABLE
Even with additional electric loads in the DRIVE Clean scenario,
the 90% clean grid is dependable without coal plants or new
natural gas plants by 2035. In addition, the resulting wholesale
electricity cost is lower than today’s costs. Under the DRIVE
Clean scenario, all existing coal plants are retired by 2030, no new
fossil fuel plants are built, and electricity demand growth from
increased electrification averages about 2% per year, a growth
rate slower than that achieved in 1975-2005 (Figure ES-5). To
meet this demand, the United States must install on average 105
GW of new wind and solar and 30 GW of new battery storage
each year—nearly four times the current deployment rate in the
U.S., but lower than that achieved by China in 2020 (Figure ES-6).

2 03 5 2 .0 THE REPORT | vi

During normal periods of demand, the combination of existing
hydropower and nuclear capacity, approximately half of existing
fossil fuel capacity, and new battery storage, wind, and solar is
sufficient to meet load dependably with a 90% clean grid. During
periods of high demand and/or low renewable generation,
existing natural gas plants (primarily combined-cycle plants)
cost-effectively compensate for remaining mismatches between
demand and renewables-plus-battery generation—accounting for
about 10% of total annual electricity generation. Although new
investments in the distribution system are necessary to support
increased load from electric vehicles, the costs are modest.
Because electricity sales are increasing due to electrification,
the increased distribution costs are spread across more units
of electricity, which results in lower costs to consumers on a
per kWh basis. We do not analyze the benefits of managed or
“smart” charging. However, existing literature suggests that EVs
can serve as flexible loads, helping to reduce bulk system and
distribution system costs.

FIGURE ES-5.
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ACCELERATING TRANSPORTATION
ELECTRIFICATION: THE CRITICAL ROLE OF
A POLICY ECOSYSTEM
Plummeting battery costs, breakthroughs in battery technology,
and dramatic declines in clean energy costs have accelerated
the timeline for cost-effective transportation decarbonization.
Significant barriers remain, but the total consumer cost savings
and societal benefits of accelerated vehicle electrification are
staggering. Achieving the goal of the DRIVE Clean scenario
puts the United States on a 1.5°C pathway for economy-wide
decarbonization while yielding substantial human health and
environmental benefits and saving consumers $2.7 trillion in
vehicle spending—approximately $1,000 in average household
savings each year—over the next 30 years. If light-duty vehicle
electrification is delayed to 2035 in accordance with many
currently proposed transportation electrification goals, we
leave significant cost savings on the table. When it comes to
electrifying transportation, sooner is definitely better.
New policies and regulations will be needed to achieve the
accelerated 100% electric vehicle sales goal. A companion
report from Energy Innovation details the policy and regulatory
changes that could enable the electric vehicle and charginginfrastructure deployment necessary to equitably decarbonize
ground transportation.
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2
INTRODUCTION

Global carbon emissions must be halved
by 2030 to limit global warming to 1.5°C
and avoid the most catastrophic climate
impacts. Based on recent analysis by
Energy Innovation, zero-emission vehicles
must constitute 100% of light-duty vehicle
(LDV) sales no later than 2035 to align with
a 1.5°C pathway and a safe climate future
(Orvis 2021). However, decarbonizing the
U.S. transportation sector—the country’s
largest carbon emitter (Figure 1)—has
proven extremely difficult to date. In
fact, transportation’s greenhouse gas
(GHG) emissions have increased 7% since
2010 (EPA 2021). Cars and trucks remain
almost entirely dependent on gasoline
and diesel fuels, and current U.S. policies
are inadequate to achieve a 1.5°C pathway
and reduce air pollution emissions that
disproportionately impact frontline
communities and communities of color.
The transition to zero-emissions vehicles
presents unique challenges. Hundreds
of millions of Americans own or lease
vehicles for personal and business
purposes. Each driver relies on a wellestablished network of refueling stations
and maintenance facilities to keep their
vehicles operational. Numerous economic,
historical, cultural, political, and personal
ties bind Americans to their conventional
vehicles. The challenges of displacing this
fossil-fuel based transportation system
hinder the introduction of technologies with
potential to improve vehicle performance
while reducing costs and environmental
impacts—threatening untenable delays in the
transition to a clean transportation future.
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FIGURE 1.

Total U.S. GHG emissions, 1990–2018 (left), and total U.S. transportation GHG emissions, 2018 (right). The
transportation sector is responsible for nearly 30% of total economy-wide GHG emissions (EPA 2021). In 2018, on-road
vehicles—the focus of this report—were responsible for nearly 84% of transportation emissions. Aviation, shipping,
rail, and other transportation categories are not considered in this report (image recreated from EPA 2021).

Electric vehicles (EVs) are the key to rapidly decarbonizing the
U.S. transportation sector. Although EV technology dates back
to the beginning of the 1900s, recent advances in battery cost
and performance, vehicle range, and recharging—along with
a proliferation of EV models from automakers and a rapidly
expanding network of vehicle chargers—have readied EVs to
overtake gasoline and diesel vehicles as the dominant on-road
technology, based on economics alone. Most importantly, the
price of EV batteries declined 89% between 2010 and 2020
and is conservatively expected to fall 27% more by 2025
(Figure 2).1 In addition, EVs produce no tailpipe emissions, their
high efficiency slashes GHG emissions,2 and overall emissions
disappear as EVs are charged with increasingly carbon-free
electricity. In short, electric vehicles are positioned to provide
large individual, national, and global benefits in the near term.

1 Battery prices currently average approximately $135/kWh, with lithium ferrous-phosphate (LFP) battery
packs priced as low as $100/kWh in China. Battery price projections vary widely owing to the nascent state
of the industry, and experts have underpredicted the rapid decline in battery prices over the past few years.
2 Battery-electric motors are four times more efficient than traditional internal combustion engines (ICEs).
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FIGURE 2.
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Yet EVs3 made up only 2% of U.S. vehicle sales in 2019, and
many sales projections for the next decade are modest. Figure 3
shows a range of passenger EV sales projections through 2030
compiled by Brattle Group, reaching a low of 6% according to
the U.S. Energy Information Administration (EIA) to a high of
37% according to one Electric Power Research Institute estimate.
In general, these EV sales projections cluster around 12% to 26%
in 2030. This is reasonably rapid growth to be sure, but it is
wholly inadequate to the task of quickly decarbonizing the U.S.
transportation system while reducing consumer costs, improving
public health, and ensuring a safe climate future.

PROJECTED U.S. EV SALES (2020-2030)
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EV sales, 2020–2030, by
various analysts (image
recreated from Hagerty
2020).

Political will, policy, and consumer acceptance—not technical or
economic feasibility—are the largest barriers to beating these
EV sales projections. As evidence, we present a scenario in
which EVs constitute 100% of U.S. LDV sales by 2030 and 100%
of MDV and HDT sales by 2035, while the grid reaches 90%
clean electricity by 2035 and substantial charging infrastructure
is deployed.4 This scenario is not a projection, in that we do
not estimate future EV sales based on forecasted consumer
demand or policy that will drive customer adoption. Rather,
we simply set the 100% EV sales levels in the target years. By
demonstrating that a more ambitious goal is technically feasible
and economically beneficial, this report aims to inform broader
discussions of the transportation transition underway in the
United States.
Barriers to vehicle electrification exist, and this report does
not address how every barrier might be overcome on the
path to 100% EV sales by 2035. Rather, it illuminates the total
consumer cost savings and societal benefits that could be
realized sooner if the United States were to accelerate vehicle
electrification. This report also helps inform the level of charging
infrastructure deployment, manufacturing capacity, and electric
grid deployments needed to enable this ambitious goal.
Importantly, total cost of ownership (TCO) is not the sole driver
of the individual decision to adopt a new EV, nor does everyone
have the ability (or prerogative) to buy a new car. Existing
barriers, such as complex purchase incentives or subsidies and
lack of charging infrastructure investment in disadvantaged
communities, make purchasing an EV particularly challenging for
many individuals.
In recognition of extrinsic factors that may impact the 100% EV
sales goals, we present a sensitivity analysis in which the lightduty electric vehicle sales target is delayed by 5 years. This
analysis highlights the additional costs and emissions associated
with achieving 100% electric LDV sales by 2035. Policymakers,
countries, states, and automakers are coalescing around this
target date. Recent announcements, however, such as Volvo’s
commitment to sell 100% EVs by 2030, suggest ambition in
the EV space is increasing. Accelerating EV sales is particularly
important because of the lag time between a sales target and
actual vehicle turnover; sales goals must accelerate such that
an increasing number of EVs replace ICE vehicles as individual
vehicles approach the end of their useful lives (Myers 2019).

4 We do not analyze the costs and benefits of other vehicle decarbonization technologies, such as biofuels
or fuel cell vehicles. We believe the current status and prospects for EV technology, along with the prospects
for rapidly decarbonizing the U.S. electric grid, give EVs the best chance of decarbonizing vehicle sales in
the 2030–2035 timeframe.
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Regardless of the 100% electrification target date, new policies
and regulations will be needed to achieve the goal. A companion
report from Energy Innovation details the policy and regulatory
changes that could enable the EV and charging-infrastructure
deployment necessary to equitably decarbonize ground
transportation (Baldwin et al. 2021). In the remainder of this
report, a brief discussion of methods, data, and scenarios is
followed by a summary of key findings. The appendix provides
more information on the analysis and findings.
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3
SCENARIOS,
METHODS,
AND DATA

This report uses the latest available data to demonstrate the
feasibility and impacts of achieving 100% EV sales for all
U.S. ground transportation by 2030 (light-duty vehicles) and
2035 (medium- and heavy-duty vehicles). We also assume
the electricity grid is operating on 90% clean (carbon-free)
electricity by 2035. We run a supporting power-sector analysis to
assess the overall impact of both goals on the dependability and
functionality of the electric grid.

SCENARIOS
Our analysis evaluates two scenarios:
No New Policy, a business-as-usual scenario in which fleet
electrification proceeds as determined by current market forces
without assistance from new state or federal policy.
This scenario assumes the continuation of existing (2020)
state and federal policies and assumes the extant barriers
to EV adoption persist, such as underdeveloped charging
infrastructure, higher upfront EV price premiums, no widespread
adoption of EV-specific electricity rate designs, low levels
of consumer awareness and acceptance related to EVs, few
policies aimed at addressing equitable access to EVs, and poor
accounting for the societal advantages of EVs over conventional
vehicles. In this scenario, EVs constitute about 45% of new LDV
sales, 38% of new medium-duty vehicle (MDV) sales, and 12% of
new heavy-duty truck (HDT) sales in 2035. The scenario is based
on projections from Bloomberg New Energy Finance (BNEF),
which suggest that—absent policy intervention—ICE vehicles
will constitute 46% of the total on-road vehicle population by
2050 (McKerracher 2021). In this scenario, the electric grid
decarbonizes based on current state and federal power-sector
policy. This business-as-usual approach closely mirrors the
projections of the National Renewable Energy Laboratory’s
(NREL’s) standard scenarios, in which the clean electricity
(carbon-free) share reaches 47% by 2035 (Cole 2020).
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Drive Rapid Innovation in Vehicle Electrification (DRIVE Clean),
which projects that EVs constitute 100% of U.S. LDV sales by 2030
and 100% of MDV and HDT sales by 2035. Figure 4 shows EV sales
as percentages of total vehicle sales for the two scenarios.
The DRIVE Clean scenario assumes new policies are adopted and
market forces shift to overcome EV-related barriers quickly. EV
sales scale logarithmically to 100% between 2020 and the target
year. By 2050, EVs constitute 97% of all on-road vehicles. In this
scenario, all coal-fired power plants retire by 2030, no new natural
gas plants are built, and the electric grid reaches a national 90%
clean electricity share by 2035—similar to the methods detailed in
the original 2035 Report (Phadke et al. 2020).
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FIGURE 4.

We analyze three sensitivity scenarios to test the robustness
of our results. A scenario with low gasoline/diesel prices and
another scenario with high electricity prices demonstrate the
competitiveness of EVs even when market factors are more
favorable to ICE vehicles. To demonstrate the cost of delayed
action, we also analyze a scenario that delays the 100% electric
light-duty vehicle sales target by 5 years, to 2035.

EVs as percentages of sales
by vehicle category in the No
New Policy and DRIVE Clean
scenarios.
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2035

METHODS
VEHICLE COSTS AND STOCKS
The starting point for our analysis is calculating the Total Cost of
Ownership for EVs and ICE vehicles on a per-mile basis over the
useful life of the vehicles.5 We calculate TCO for six vehicle classes
based on gross vehicle weight rating (GVWR) as defined by the
Federal Highway Administration (DOE 2021). The TCO calculation
includes the vehicle’s upfront purchase price and sales tax along
with average maintenance and fuel costs. The EV TCO also
includes the cost of public charging equipment and the cost of
battery replacements if the vehicle’s useful life is longer than that
of the batteries; we assume a battery life of 10 years.6 For clarity,
we present our findings in the more commonly used aggregate
categories of LDVs, MDVs, and HDTs. Table 1 shows the six classes,
their definition by GVWR, the fuel used (for ICE vehicles), their
aggregate classification, and an example vehicle.
TABLE 1.

Vehicle classes and aggregated categories used in this study
CL ASS

GV WR (LB)

Class 1

0 – 6,000

AGGREGATED
CATEGORY

ICE FUEL USED 7

EX AMPLE VEHICLE

100% gasoline

Sedan

LDV
Class 2a

6,001 – 8,500

100% gasoline

SUV

Class 2b–3

8,501 – 14,000

50% gasoline
50% diesel

Heavy-duty pickup

Class 4–5

14,001 – 19,500

100% diesel

Box truck
Large walk-in truck
City delivery truck

Class 6–7

19,501 – 33,000

100% diesel

School bus
Refuse truck
City transit bus

Class 7–88 tractors

26,001 – 33,001 +

100% diesel

Tractor-trailer

MDV

HDT

5 The TCO presented here is calculated over the entire useful vehicle life, as opposed to the shorter time
spans that have been used elsewhere in the literature.
6 The TCO includes the cost of public charging infrastructure but not residential or workplace charging
infrastructure.
7 We assume national average ethanol blending (10%) per the Annual Energy Outlook (EIA 2021).
8 Although class 6–7 and class 7–8 tractors overlap in GVWR, the latter specifically denotes vehicles
designed for pulling trailers.
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To model the dynamics of the nationwide vehicle fleet once
EV sales targets are introduced, we use a custom vehicle stock
turnover model. The stock model estimates ICE vehicles and EVs
retired per year using a survival function modeled separately
by vehicle class. We estimate the total number of vehicles sold
per year using historical sales data from the Federal Reserve
Bank of St. Louis (FRED 2021). Annual vehicle sales are allocated
between ICE vehicles and EVs based on the EV sales target
for that year. These nationwide estimates are downscaled to
the state level based on scalar factors provided by the NREL
Electrification Futures Study (Murphy et al. 2021). Combining
the vehicle-level TCO and the vehicle populations from the stock
model, we arrive at total fleet-level costs per year.
CHARGING INFRASTRUCTURE REQUIREMENTS
To facilitate analysis of light-duty vehicle charging infrastructure
requirements and impacts to the power sector, we use NREL’s
Electric Vehicle Infrastructure Projection Tool (EVI-Pro) to
estimate an annual (8,760-hour) EV charging load profile by
state from 2020 through 2050. EVI-Pro provides a load profile
for the following charging locations and power levels: residential
Level 1 (L1), residential Level 2 (L2), workplace L1, workplace L2,
public L2, and public direct-current fast-charging (DCFC). In
line with the current state of the market, where advancements
in charging technology have produced higher-capacity chargers
at lower cost, we assume a phaseout of L1 chargers at work and
home by 2025.
To estimate the number of public charging ports necessary
to accommodate increasing EV penetrations, we first identify
the maximum demand estimated by EVI-Pro in each year for
residential, workplace, and public charging. The demand in
each of these three categories is split nearly evenly among
four charger types: 1.4-kW L1, 11-kW L2, 50-kW DCFC, and 100kW DCFC. We then estimate the total number of chargepoints
necessary to meet the peak charging demand, assuming a peak
demand coincident utilization factor of 50%–90%, depending
on charger category. Because the number of chargepoints per
charging station varies widely depending on station design and
location, we present our findings in terms of total chargepoints.
We assume that the HDT charging infrastructure will be installed
at existing highway truck stops. We estimate the overall charging
infrastructure requirement by modeling every existing U.S.
highway truck stop and optimally siting 125-, 350-, and 1,000-kW
chargepoints such that every long-haul freight mile a truck will
travel is covered. The MDV charging infrastructure (50-, 125-, and
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350-kW chargepoints) is assumed to be built at warehouses and
parking lots such that all MDV miles traveled in any given day
could be reliably charged. MDVs are also assumed to have access
to the LDV and HDT charging infrastructure. The MDV and HDT
traffic flows and miles traveled are taken from FHWA (2020).
ESTIMATING LOAD GROWTH
We estimate the hourly load shapes for LDV charging load using
EVI-Pro. For MDVs and HDTs, we use hourly charging load shapes
from NREL’s Electrification Futures Study and scale them by the
state-level vehicle stock and EV efficiencies from our scenarios.
To better understand the overall impact on the grid, we account
for the increased trend toward electrification of buildings
(residential and commercial) and industry that may occur in
the United States between now and 2050. We use the highelectrification case (with moderate technology improvement) in
NREL’s Electrification Futures Study (Murphy 2021). In particular,
we use state-level hourly load profiles by sector and end use,
adjusting for distribution losses, as defined in the Electrification
Futures Study.
POWER SECTOR MODELING
We perform power sector modeling using state-of-the-art
models, based on the analysis conducted in the 2035 Report,
including NREL’s Regional Energy Deployment System (ReEDS)
capacity-expansion model and Energy Exemplar’s PLEXOS
electricity production-cost model, in conjunction with publicly
available generation and transmission datasets. Forecasts of
renewable energy and battery cost reductions are based on
NREL’s Annual Technology Baseline 2019 (NREL 2019). We
use these data and methods to analyze a national 90% clean
electricity share by 2035, accounting for load growth from rapid
transportation electrification as well as the electrification of
industry and buildings.9
ENVIRONMENTAL AND PUBLIC HEALTH IMPACTS
We rely on the peer-reviewed literature to estimate the value of
environmental and public health impacts. For the transportation
sector health impacts, we use national average mortality
factors of vehicle miles traveled from Thakrar et al. (2020) to
estimate total premature deaths due to vehicular criteria air
pollutant emissions, specifically from primary and secondary

9

For details, see the 2035 Report (Phadke et al. 2020).
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particulate matter (PM2.5), in each year.10 For the power sector
health impacts, we use the same methodology used in the 2035
Report. We estimate the change in yearly sulfur dioxide (SO2)
and nitrogen oxide (NOx) emissions (which contribute towards
secondary PM2.5 formation in the atmosphere) in each of the 134
grid regions based on the ReEDS output.11 We then apply statelevel mortality factors from Thind et al. (2019) to estimate total
premature deaths due to SO2 and NOx emissions in each state.
We estimate the economic benefits of avoided CO2 and PM2.5
emissions using a methodology and values consistent with
the 2035 Report. We multiply the value of statistical life from
Holland et al. (2020), $9.6 million (2020 real), with the avoided
premature deaths due to primary and secondary PM2.5 emissions
reductions. The economic benefit of avoided CO2 emissions is
estimated using a social cost of carbon derived from Baker et
al. (2019), Ricke et al. (2018), and Caldeira et al. (2016), which is
$49.6/MT in 2020, increasing at 3% per year ($66.1/MT by 2030
and $76.6/MT by 2035). We multiply the social cost of carbon
by net carbon dioxide (CO2) emissions reductions from the
transportation and power sectors.
EMPLOYMENT IMPACTS
Finally, we utilize Energy Innovation’s Energy Policy Simulator
(EPS) to evaluate the employment impacts of the DRIVE Clean
scenario relative to the No New Policy scenario. EPS is an opensource system dynamics computer model developed to inform
policymakers and regulators about which climate and energy
policies will reduce greenhouse gas emissions most effectively
and with the most beneficial financial and public health
outcomes.12 The EPS used the model outputs from the No New
Policy and DRIVE Clean scenarios to calculate changes in jobs.
The jobs module in the EPS is an input-output macroeconomic
model which allocates changes in output resulting from policies
to individual industries, sorted by International Standard
Industrial Classification (ISIC) codes (United Nations 2008).
Full documentation of the mechanics of EPS’s jobs module is
available online (Energy Innovation 2021).

10 PM2.5 includes diesel particulate matter (DPM). DPM is a particularly harmful pollutant (also known as
soot or black carbon) composed of carbon and organic compounds, many of which are known carcinogens.
Exposure to DPM disproportionately impacts low-income communities and communities of color and is
often concentrated near highways or ports (CARB 2021).
11 Owing to the limitations of ReEDs, our analysis does not include an estimate of primary PM2.5 power
sector emissions. This means that the result of our analysis is a conservative estimate of health impacts,
particularly when going from a No New Policy scenario that includes more coal and gas generation, to a
clean case that is dominated by renewables.
12 See generally, us.energypolicy.solutions.
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DATA
Our key cost inputs are divided into two categories of
assumptions: power-sector assumptions and transportationsector assumptions. For the power sector, we rely on
assumptions in the 2035 Report 90% Clean Case (Phadke et
al. 2020). For the transportation sector, key cost inputs include
battery prices, upfront EV and ICE vehicle prices including sales
tax, gasoline and diesel prices, electricity prices for charging,
and vehicle maintenance costs. Upfront prices for all classes
of EVs are determined by adding up the costs of batteries,
electric drivetrains, vehicle assembly, and indirect costs, and
then harmonizing with the sales prices of current or proposed
EV models. Upfront EV prices decline through the early 2030s,
in accordance with projected declines in battery prices, and
then upfront prices stabilize through 2050. Because ICEs are an
established technology, we assume upfront ICE vehicle prices
remain stable throughout the study period. We assume a sales
tax commensurate with recent International Council on Clean
Transportation (ICCT) analyses of 8% for ICE vehicles and EVs
(Yang 2016). The 2020 upfront vehicle prices for ICE MDVs
and HDTs are in line with a 2019 California Air Resources Board
(CARB) report (CARB 2019).
Electricity prices follow the EIA 2020 Annual Energy Outlook
forecasts and assume national average residential, commercial,
and industrial electricity prices for LDVs, MDVs, and HDTs,
respectively (EIA 2021).13 This assumption holds despite the

13 Rate designs for different vehicle types will vary from average rates, particularly if demand charges are
relied on heavily in fast-charging applications. Although nuanced pricing is outside the scope of this analysis,
the companion policy report from Energy Innovation addresses rate design and makes recommendations to
avoid unduly high costs of charging that would conflict with this analysis.
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fact that our assumed electricity mix is far cleaner than EIA’s,
because we find that a 90% clean electricity system results in
approximately the same cost as today’s system. The costs of
gasoline and diesel similarly follow EIA projections. We source
vehicle maintenance costs for medium- and heavy-duty electric
and ICE vehicles from the CARB 2019 analysis (CARB 2019).
Maintenance costs for LDVs are taken from a 2019 ICCT report;
we assume cars correspond to class 1 vehicles and SUVs to class
2a vehicles (Lutsey 2019).
We triangulate vehicle operational characteristics, including
average useful service life and vehicle-miles traveled (VMT), from
several sources, including an analysis of California’s EMission
FACtors (EMFAC) 2017 data (CARB 2017), Environmental
Protection Agency (EPA) rulemaking analysis (Federal Register
2002), and other industry reports. Finally, we use CARB’s figures
for fuel efficiency of ICE and electric MDVs and HDTs, and we use
NREL’s fuel efficiency projections for LDVs (Kontou 2018).
Table 2 summarizes key data inputs and sources. The appendix
provides details.
TABLE 2.

Overview of key data inputs and sources
DATA

VALUE

SOURCE

Battery price

$133/kWh [2020]
$62/kWh [2030]
$55/kWh [2050]

BNEF (2020)

Diesel/gasoline price
(national average)

$2.5/gal [diesel, 2020]
$3.3/gal [diesel, 2030]
$2.3/gal [gasoline, 2020]
$2.8/gal [gasoline, 2030]

EIA Annual Energy Outlook (2020)

Electricity price

$0.13/kWh [2020] LDV
$0.11/kWh [2020] MDV
$0.08/kWh [2020] HDT

EIA Annual Energy Outlook (2020)

Vehicle Miles Traveled
(VMT)

~15,000 mi/year for LDVs
~30,000 mi/year for MDVs
~61,000 mi/year for HDTs
Decreasing over vehicle lifetime

Lawrence Berkeley National Laboratory (LBNL) analysis of
2017 EMFAC data (CARB 2017); EPA rulemaking research

Vehicle economic life

9–15 years

LBNL analysis of 2017 EMFAC data (CARB 2017); EPA
rulemaking research

Maintenance costs

$0.06-0.09/mi for LDVs [ICE]
$0.03-0.04/mi for LDVs [EV]
$0.19/mi for HDTs [ICE]
$0.14/mi for HDTs [EV]

CARB Staff Report: Advanced Clean Trucks Regulation
dated 10/22/2019 (MDVs and HDTs) (CARB 2019); ICCT
Update on Electric Vehicle Costs in the US through 2030
(LDVs) (Lutsey 2019)
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DATA

VALUE

SOURCE

Upfront price

Class 1 (LDV):
$40k (EV), $25k (ICE) [2020]
$23.5k (EV), $25k (ICE) [2030]

CARB Staff Report: Advanced Clean Trucks Regulation
dated 10/22/2019 for ICE vehicles (CARB 2019); LBNL
bottom-up cost model for EVs

Class 2a (LDV):
$52k (EV), $30k (ICE) [2020]
$29k (EV), $30k (ICE) [2030]
Class 2b-3 (MDV):
$61k (EV), $50k (ICE) [2020]
$45k (EV), $50k (ICE) [2030]
Class 4–5 (MDV):
$71k (EV), $55k (ICE) [2020]
$55k (EV), $55k (ICE) [2030]
Class 6–7 (MDV):
$93k (EV), $85k (ICE) [2020]
$77k (EV), $85k (ICE) [2030]
Class 7–8 tractor (HDT):
$210k (EV), $125k (ICE) [2020]
$146k (EV), $125k (ICE) [2030]
Tax

8% of purchase price

CARB Staff Report: Advanced Clean Trucks Regulation
dated 10/22/2019 (CARB 2019)

Fuel economy

EVs:
3.5 mi/kWh for LDVs [2020]
4.1 mi/kWh for LDVs [2030]
0.5–1.8 mi/kWh for MDVs [2020]
0.5–1.9 mi/kWh for MDVs [2030]
0.4 mi/kWh for HDTs [2020]
0.4 mi/kWh for HDTs [2030]

CARB Staff Report: Advanced Clean Trucks Regulation
dated 10/22/2019 (MDVs and HDTs), NREL (LDVs) (CARB
2019)

ICE vehicles:
29.7 mpg for LDVs [2020]
34.5 mpg for LDVs [2030]
6.6–7.5 mpg for MDVs [2020]
6.8–8.1 mpg for MDVs [2030]
6.1 mpg for HDTs [2020]
6.3 mpg for HDTs [2030]
Cost of carbon

$49/MT [2020]
$66/MT [2030]

Ricke et al. (2018); Caldeira et al (2016); Baker et al. (2019)

Non-GHG environmental
cost of ICE vehicles

$0.025–0.022/mi for LDVs
[2020–2030]
$0.165–0.158/mi for MDVs/HDTs
[2020–2030]

National average mortality factors from Thakrar et al.
(2020) using damage costs from Holland et al. (2020)

EV range

250 mi for LDVs/MDVs
300 mi for HDTs

LDV based on most popular vehicles sales and average
daily miles traveled;
HDT based on average vehicle miles traveled using FHWA
(2020) data
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4
KEY FINDINGS

4.1 CONSUMER SAVINGS FROM EV OWNERSHIP
START SOON AND GROW RAPIDLY
Historically, EV sales have been hindered by two consumer-cost
disadvantages: the TCO and upfront prices of EVs have both
been high in relation to ICE vehicles. Our results show, however,
that proposed electric heavy-duty trucks already hold a TCO
advantage today, and light-duty EVs will overtake ICE vehicles in
TCO terms within 5 years. In addition, light-duty EVs will reach
upfront price parity with their ICE counterparts in the mid to late
2020s (sooner for sedans than for SUVs), while electric trucks
will approach upfront price parity with diesel trucks in the mid to
late 2030s—eliminating the final, and most significant, consumercost barrier to EV ownership. Given this economic shift,
accelerating EV deployment will yield considerable consumercost savings.
Figure 5 compares the TCO for EVs and ICE vehicles between
2020 and 2035. For light-duty vehicles, the $0.05/mi TCO
disadvantage of EVs in 2020 changes to a $0.06/mi advantage
by 2030. In absolute terms, in 2020 an electric passenger vehicle
is $9,840 more expensive to own than the ICE equivalent.
However, by 2030, an electric light-duty vehicle is nearly $12,800
less expensive. For heavy-duty trucks, an EV advantage of
$0.05/mi in 2020 soars to $0.22/mi in 2030—magnified by
the large number of miles traveled by this class of vehicles.
In absolute terms, in 2020 this translates to a $42,800 TCO
advantage of electric heavy-duty trucks, which increases to
$200,000 in 2030. The TCO advantage of EVs continues to grow
through 2050. For both LDVs and HDTs, EV economics improve
primarily because of declining upfront vehicle prices, which
are driven by declining battery prices (Figure 6). These falling
upfront prices reduce the EV payback time, which is always
shorter than the typical 15-year life of a vehicle (Figure 7). The
TCO advantage grows more slowly between 2030 and 2050;
in 2050, electric LDVs and HDTs have a $0.08/mi and $0.29/mi
advantage, respectively. According to our analysis, light-duty
electric vehicles are expected to achieve upfront price parity
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with ICE vehicles when battery prices drop to $80-$100/kWh.
We use the BNEF future battery price forecast and estimate that,
between 2020 and 2030, battery prices will decline by 7.5% each
year, such that batteries reach $100/kWh by 2025.
Our sensitivity analysis suggests that EVs remain cost-effective
even when different assumptions affect their TCO adversely
relative to ICE vehicles. With lower-than-expected gasoline
and diesel prices, the lifetime mileage-averaged TCO of an
electric vehicle still achieves parity with ICE vehicles in the early
2020s for all vehicle classes. With high electricity prices for EV
charging, heavy-duty EVs still have a TCO advantage today, and
light-duty EVs still reach TCO parity with ICE vehicles early in the
2020s. See the appendix for the sensitivity analysis results.
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FIGURE 5.

TCO for EVs (bars) vs. ICE vehicles (lines), showing TCO parity achieved by 2023 for LDVs (left and center) and an
existing TCO advantage for HDTs (right). Upfront costs include taxes. Maintenance costs of EVs include battery
replacement cost.
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FIGURE 6.

Average upfront prices over time for ICE vehicles and EVs.14
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FIGURE 7.

Payback times (years required to recoup a higher upfront investment in an EV compared to an ICE vehicle) for Class
1 LDVs (left), Class 2a LDVs (center), and Class 8 HDTs (right). By 2025, the payback time for LDVs drops below 5
years, meaning that cumulative operational savings will fully offset the upfront EV price premium in less than 5
years, so every subsequent year results in direct consumer savings.

14 Passenger vehicle, SUV, and HDT denote vehicle classes 1, 2a, and 7–8 tractor, respectively.
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The magnitude of national consumer savings from widespread
EV deployment becomes clear when comparing the DRIVE
Clean scenario with the No New Policy scenario. The DRIVE
Clean scenario results in cumulative economic savings of
approximately $2.7 trillion through 2050 compared to the No
New Policy scenario. This translates to per household savings
of approximately $1,000 per year on average over the next 30
years. The speed of the DRIVE Clean scenario is also critical to
the savings realized. Many policy proposals suggest achieving
100% EV sales by 2035,15 and this delayed goal might still be
commensurate with a safe climate future (Orvis 2021). However,
such a delay results in savings of only $2.2 trillion through
2050, $460 billion less than in the DRIVE Clean scenario, which
electrifies all light-duty vehicles by 2030 (Figure 8). Those
savings do not include the monetary value of human health and
environmental benefits due to accelerated electrification, which
make EV economics even more attractive (see Section 4.2).

FIGURE 8.

ANNUAL CONSUMER SAVINGS WITHOUT
ENVIRONMENTAL BENEFITS

Annual consumer savings in
the DRIVE Clean scenario
(cumulative savings of $2.7
trillion through 2050) and
a delayed-electrification
scenario (cumulative savings
of $2.2 trillion through 2050).
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4.2 ACCELERATING EV ADOPTION SAVES 150,000
LIVES, AVOIDS $1.3 TRILLION IN HEALTH AND
ENVIRONMENTAL DAMAGES THROUGH 2050
Gasoline- and diesel-powered vehicles harm human health and
the environment via emissions of pollutants such as NOx and
SO2 as well as GHG emissions that contribute to climate change.

15 See the literature review in the appendix.
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Accelerating EV adoption reduces both sources of
damage dramatically. Compared with the No New Policy
scenario, by 2050 the DRIVE Clean scenario reduces
transportation sector emissions of NOx by 96% and SO2
by 99%, which dramatically reduces PM2.5 exposure and
avoids 150,000 premature deaths (Figure 9).16 The health
benefits would notably benefit low-income communities
and communities of color, where vehicle pollution is
worst. For example, African American, Latino, and lowincome households in California are exposed to 43%,
39%, and 10% more PM2.5 pollution, respectively, than
white households (Reichmuth 2019). Broadly speaking,
communities of color face higher risk from particulate
pollution, and living or working near highways or heavy
traffic is particularly risky (ALA 2020). Heavy-duty trucks
contribute a disproportionate share of vehicle emissions.
They constitute only 5% of U.S. on-road vehicles but are
responsible for 36% of particulate emissions, suggesting
that electrifying trucks can have an outsized influence
on emissions and human exposure to pollutants (Kodjak
2015). When combined with the local air pollution
reductions associated with a 90% clean electricity grid,
the DRIVE Clean scenario avoids an additional 90,000
premature deaths through 2050.

20,000

FIGURE 9.

18,000

Annual premature deaths in
the No New Policy and DRIVE
Clean scenarios, 2020–2050.
The DRIVE Clean scenario
avoids 150,000 premature
deaths due to air pollution
through 2050.
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16 Primary PM2.5 emissions reductions are not estimated by the model, resulting in a
conservative estimate of reduced PM2.5 exposure.
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2045

2050

The DRIVE Clean scenario also slashes ground transportation
sector CO2 emissions by 60% in 2035—putting this sector on
a path to meet its share of the global 1.5°C goal—and by 93%
in 2050, relative to 2020 levels. Total transportation sector
emissions are reduced by 48% in 2035 and by 75% in 2050,
relative to 2020 levels (Figure 10). In total, the pollutant and
CO2 emissions reductions in the DRIVE Clean scenario equate to
nearly $1.3 trillion in health and environmental savings through
2050, compared with the No New Policy scenario. These savings
represent roughly $7,300 per car and $258,200 per HDT over
the lifetime of each vehicle type. Combined with a 90% clean
electricity grid by 2035, the aggressive electrification in the
DRIVE Clean scenario would accelerate U.S. climate change
mitigation efforts.
FIGURE 10.
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DRIVE CLEAN SCENARIO ALIGNS WITH A 1.5°C PATHWAY
To avoid the worst impacts of climate change and commit the nation to a 1.5°C pathway, the United
States must cut GHG emissions approximately in half by 2030 on its way to net-zero emissions by
2050. By 2030, the DRIVE Clean scenario reduces combined CO2 emissions in the transportation
and power sector by 58% relative to 2005 levels as vehicles electrify and the grid nears 90% clean
electricity. At this point in 2030, economy-wide emissions reductions fall 35% relative to 2005 levels.
If electrification in the buildings and industrial sectors is also pursued during this time, as modeled
in our analysis, the result is an additional 10% reduction in economy-wide emissions, leading to 45%
economy-wide emissions reductions by 2030 relative to 2005 levels. These emissions reductions are
more aggressive than those in a recently published Energy Innovation analysis of a 1.5°C U.S. pathway,
which assumes 100% zero-emission LDV sales by 2035 and 100% zero-emission HDT sales by 2045
(Orvis 2021).
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4.3 ACCELERATING EV SALES GOALS
SUPPORTS 2 MILLION JOBS IN 2035
Though economic recovery seems just within reach, major
sectors of the U.S. economy remain devastated by the COVID-19
pandemic. Already with the American Rescue Plan Act of 2021,
substantial resources have been allocated to help individuals,
families, and businesses. Enacting policies that rapidly electrify
America’s transportation sector in line with the DRIVE Clean
scenario present an opportunity to put more Americans back to
work, and put more money back into consumers’ pockets.
We model the employment impacts of the DRIVE Clean scenario
using Energy Innovation’s Energy Policy Simulator (EPS), an
open-source system dynamics model developed to inform
policymakers and regulators about which climate and energy
policies will reduce greenhouse gas emissions most effectively
and with the most beneficial financial and public health
outcomes.17 The EPS used the electricity grid and transportation
model outputs to calculate changes in jobs between the DRIVE
Clean and No New Policy scenarios, i.e. the net impact of the
combined clean electricity standard and vehicle electrification
policies.
17 See generally, energypolicy.solutions.
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NET JOBS IN 2035 — DRIVE CLEAN SCENARIO

FIGURE 11.

Net jobs in 2035, DRIVE Clean
scenario compared to the No
New Policy scenario.
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The DRIVE Clean scenario supports consistent job gains in
2020-2035, peaking at over 2 million jobs in 2035 compared
to the No New Policy scenario (Figure 11). These employment
gains are mostly induced jobs (1.4 million), spurred by $1 trillion
in consumer savings that the electric vehicle transition will bring
by 2035 based on the DRIVE Clean scenario. Assuming the
same unionization rates by industry today, in 2035 union jobs
increase by 276,000, while non-union jobs increase by 1.8 million.
After 2035, net-job impacts of the DRIVE Clean scenario remain
positive but start to decrease due to stable renewable build-out
rates and decreasing power sector and vehicle operation and
maintenance costs, though any job figures after 2035 remain
highly uncertain.18

18 A job-year represents one full-time job held for one year.
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CHANGE IN JOBS: DRIVE CLEAN CASE NET OF NO NEW POLICY

Change in direct, indirect, and
induced jobs in the DRIVE Clean
scenario compared to the No New
Policy scenario, 2020-2035.
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The direct job impacts of the DRIVE Clean scenario are also
positive overall. Altogether, gains in direct electricity and fuel
sector jobs in 2035 (790,000) offset direct job losses in the
auto sector (483,000). In 2035, job gains caused by the push
to achieve a 90 percent clean electricity system with significant
load growth are concentrated in construction (228,000),
electrical equipment (105,000), and electricity delivery
(197,000), and should be relatively evenly distributed among
states as investment in clean electricity is ubiquitous. Direct
impacts in auto manufacturing remain relatively unchanged.
The vehicle maintenance industry sees a loss of 470,000 direct
jobs, though increased consumer spending induces some vehicle
maintenance, retail, and wholesale job increases. The primary
components of these jobs losses fall into two categories: vehicle
repair and sales of vehicle components. Vehicle maintenance
costs for light-duty electric vehicles is less than half that of
comparable ICE models (Lutsey 2019). While consumers save
substantially on electric vehicle ownership due to decreased
repair costs, reduced vehicle maintenance has a negative impact
on jobs in vehicle repairs. Likewise, reduced sales of vehicle
components unique to ICE vehicles will tend to have negative
impacts on jobs, while new opportunities will arise in some
wholesale EV component industries.
The decline in vehicle repair jobs begins gradually, but increases
after 2035, corresponding with the capital stock turnover of
ICEs to EVs. Similar to the domestic manufacturing policies,
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FIGURE 12.

federal and state labor policies focused on retraining workers
for the electrified economy should begin early, with a focus
on adaptation and skills training for the clean transportation
economy. Support for economic redevelopment and
diversification beyond the clean energy industry can help more
generally with an effective transition from an economy currently
over-reliant on fossil fuels, to one powered by clean energy.
It is worth noting that the EPS does not predict a sharp decline
in oil production jobs despite declines in domestic consumption,
due to the fungibility of oil supply and prices in a global
oil market. Though it is likely that the transition to EVs will
continue and even accelerate globally, the impacts of worldwide
transportation decarbonization is challenging to model at this
juncture.
Finally, it is important to note that the EPS model used for this
analysis does not account for the impact of “Made in America”
domestic manufacturing policy impacts, which would likely
alter the overall job picture for the U.S. under the DRIVE Clean
scenario. EPS assumes that the domestic content of different
industries remains constant at today’s levels – at this moment,
the U.S. lags behind other countries in the supply chain for
EVs and energy storage components, but this could change
with the right policy package. With an increased emphasis
on domestic manufacturing, a few key industries could see
domestic contributions in vehicles increase significantly,
including chemical feedstocks to lithium-ion batteries, battery
manufacturing, recycling, and assembly, EV manufacturing,
and renewable energy manufacturing. Current labor dynamics
and manufacturing capacity are discussed in Section 4.6 of this
report, while policies to support domestic manufacturing in an
electrified transportation future are detailed in the companion
policy report from Energy Innovation, Accelerating Clean,
Electrified Transportation by 2035: Policy Priorities (Baldwin et
al. 2021).

4.4 EV PERFORMANCE AND AVAILABILITY
CAN MEET THE NEEDS OF AMERICAN DRIVERS
In addition to TCO and upfront vehicle prices, vehicle
performance and availability have historically hindered electric
vehicle deployment. American drivers have become accustomed
to the standards established by gasoline- and diesel-powered
vehicles for vehicle range, fueling time, diversity of vehicle
models, and—for commercial vehicles—weight. Fortunately, EVs
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have been improving rapidly across all these dimensions, and our
analysis suggests that they will not present significant barriers
to accelerated electric vehicle deployment as envisioned in the
DRIVE Clean scenario.
Light-duty ICE vehicles have an average range of about 350
miles on a full tank of gasoline, whereas the median range of
today’s EVs is over 250 miles and the industry maximum is over
400 miles, with a substantial upfront price premium for the
longest-range vehicles (EERE 2021). Yet average electric vehicle
range has been increasing, and the price of all models—including
longer-range models—has been falling. As Figure 13 displays,
nearly 75% of daily U.S. trips are less than 50 miles, and 96% are
less than 125 miles, suggesting that a single EV charge is already
sufficient to accomplish average driving tasks. In the near future,
when average EV range increases, nearly 98% of all daily trips
can be taken on a single charge (Figure 13). By 2025, a number
of EV models will provide 350 miles on a single charge. However,
upfront vehicle prices will need to continue declining to make
these vehicles widely accessible to all American consumers.
RANGE OF ELECTRIC VEHICLES
TESLA MODEL 3 LONG RANGE
~270 miles
in real-world
conditions

NISSAN LEAF E+
190 miles

VOLKSWAGEN E-GOLF
125 miles

DAILY DRIVING DISTANCE
IN THE US
20%

10%

96%

98%

99%

0%

0 MILES
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100 MILES
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Refueling station availability and speed are closely related to
range requirements. The expansion of station availability is
covered in Section 4.5. One advantage of electric vehicles over
ICE vehicles is their ability to charge at home, at workplaces, and
even at parking structures or shopping areas, which mitigates
range concerns to some extent. However, EV drivers will
sometimes want the ability to charge as quickly as ICE vehicle
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250 MILES

FIGURE 13.

Nearly 96% of U.S. passenger
vehicle trips are shorter than
125 miles suggesting many EV
models can meet average daily
passenger vehicle needs (image
recreated from ICCT 2020).

drivers can fuel—typically in about 5 minutes. DCFC comes
closest to satisfying this need, with the potential to add over 100
miles of range in 5 minutes and almost 330 miles of range in 15
minutes (Figure 14). An increasing number of EV models offer
fast-charging capabilities, which has the additional advantage of
making electric vehicles more accessible to average Americans,
because rapid, widely available charging can make lower-range,
lower-cost EVs sufficient for a wide variety of driving needs
(Gersdorf 2020). According to McKinsey, 26 range-extended EVs
will be available by 2022 (Gersdorf 2020).

FIGURE 14.
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INCREASING EV DIVERSITY CAN MEET THE NEEDS OF AMERICAN DRIVERS
A diversity of LDV offerings is needed to satisfy the preferences of all American drivers. In 2020,
automakers launched 105 new battery-electric passenger vehicles worldwide. That number will rise to
at least 290 in 2022 (Gersdorf 2020). The United States should have at least 83 EV models available
by 2022, with at least six models priced below $30,000 (MJB&A 2020). On average, automakers
released approximately 40 new models each year during 2000–2019 in the United States, primarily
ICE vehicles (BOA 2019). As the pace of vehicle electrification accelerates and ambition in the industry
increases, more diverse vehicle models will become available, expanding the cost, performance, and
size choices for EVs that can serve various consumer needs. Figure 15 shows the growth in light-duty
EV models available globally between 2019 and 2022.
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FIGURE 15.

Projected light-duty EV models available globally, 2022 (recreated from Gersdorf 2020).
The diversity of heavy-duty truck options is also expected to increase. Few commercial electric
truck models exist on the market today, but Volvo, Tesla, Daimler, Mercedes-Benz, Peterbilt, BYD,
and Kenworth will be producing Class 8 electric trucks in 2021 or 2022. New regulations, such as
California’s Advanced Clean Truck rule and the 14-state (plus Washington, D.C.) Memorandum of
Understanding on MDV and HDT electrification, should continue to accelerate truck electrification
(Governor 2020). Historically, the high costs and added weight of batteries have made HDT
electrification challenging, but TCO for heavy-duty EVs is already cost-competitive, the weight
differential is narrowing, and upfront prices will approach parity with ICE trucks in the late-2030s (see
Section 4.1 and the appendix).
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Range and tradeoffs among battery density, weight, and payload
capacity reductions are a challenge for electric heavy-duty
trucks. However, the payload capacity reduction for forthcoming
electric HDT models with a 375-mile range is around 5% or less,
and only a small fraction of trucks use the maximum payload
limit. In addition, the electric drivetrain will be significantly
lighter than a diesel drivetrain, which helps offset the weight of
a battery pack relative to an engine. Improved aerodynamics
and lightweighting technology can enable additional range
(Phadke et al. 2021). Furthermore, most trucks today are limited
by volumetric capacity constraints, not payload weight. As such,
most trucks would consider a 5% payload weight reduction
to be of little consequence while enabling manufacturers
to include larger batteries to extend truck range (such as a
forthcoming 600-mile range battery claim from Tesla). To enable
rapid charging of trucks, DCFC even more powerful than the
types used for LDVs would be required. 1 MW charger could
add significant range (~250 miles) to a 375-mile range truck
in 30 minutes, and faster charging speeds are possible, such
as forthcoming Megawatt Charging Systems (NREL 2020).
The speed of charging and commensurate added range are
important for a number of vehicle classes. Fortunately, many
MDV and HDT applications require frequent stops or short trips
and can be covered with the range available in new electric MDVs
and HDTs. For example, many delivery vans, buses, or regional
haul trucks will drive less than 100 miles before stopping, well
within the range of forthcoming electric MDV/HDT battery range
(Figure 16). See Section 4.5 for information on national charging
requirements.

FIGURE 16.
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Electric trucks
can add sufficient
range without
compromising
payload weight
across many MDV
and HDT classes
(recreated from
Smith 2019).
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4.5 REQUIRED CHARGING INFRASTRUCTURE
CAN BE BUILT COST-EFFECTIVELY TO SERVE
THE ENVISIONED EV FLEET
To enable the DRIVE Clean scenario, U.S. electric vehicle
charging infrastructure must provide drivers with at least as
much convenience as provided by existing gasoline and diesel
fueling stations. A 2019 poll suggests the largest roadblock to
increased EV sales is the unavailability of or distance to charging
stations (Toth/Morning Consult 2019). As fast charging and
longer battery ranges become more ubiquitous, this dynamic
may change. EVs with 250–300 miles of range are rapidly
becoming cost-competitive and more widely available to many
American consumers. Many automakers will soon offer fastcharging capabilities that add 50–100 miles of range in 5–10
minutes. Widespread availability of home-charging infrastructure
will further alleviate range concerns. The pace of the required
DRIVE Clean infrastructure scaleup is challenging but achievable,
and the costs are modest compared with the benefits of
widespread electric vehicle deployment.
LIGHT-DUTY VEHICLE CHARGING
The DRIVE Clean scenario dramatically accelerates U.S.
deployment of LDV charging infrastructure. In 2020, the United
States installed about 34,000 new public chargepoints, bringing
total U.S. public chargepoints to approximately 100,000 (AFDC
2021a and EVAdoption 2021). This number must grow to 8.1
million public chargepoints over the next 30 years, including
860,000 50-kW DCFC chargepoints, 330,000 100-kW DCFC
chargepoints, and 6.9 million L2 chargepoints—a combined
average of about 270,000 public LDV chargepoints (L2 and
DCFC) installed annually (Table 3). Between 2020 and 2050,
approximately 3.5 million at-home chargepoints must be
built each year. As of 2019, approximately 1.5 million at-home
chargepoints were installed in the United States (IEA 2020).
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TABLE 3.

Total LDV chargepoint installations in the DRIVE Clean scenario
TOTAL INSTALL ATIONS

AVER AGE ANNUAL INSTALL ATIONS

2020 –2035

2036 –2050

2020 –2035

2036 –2050

Home

72 million

33 million

4.8 million

2.3 million

Work

2.5 million

760,000

170,000

51,000

LDV Public L2

5.2 million

1.7 million

350,000

110,000

LDV Public DCFC

900,000

290,000

60,000

19,000

Experience in other areas suggests this rapid expansion is
aggressive but achievable. China installed about 300,000 public
chargepoints in 2020 (McLane 2021), and Europe installed
around 60,000 (EAFO 2020). Globally, the number of public
chargepoints grew about 60% in 2019 from the year prior. About
6.5 million private chargers were in use worldwide in 2019 (IEA
2020).
We assume 75% of light-duty vehicles have access to dedicated
home charging by 2050, while the remaining 25% depend solely
on public charging infrastructure. For vehicles with access to
home charging, we still assume 20% of charging needs are
served by public charging infrastructure. Providing equitable
access to public charging infrastructure is crucial. Our analysis
gives siting preference to zip codes with low availability of
dedicated home charging (implying higher concentrations of
multi-dwelling and rented units), lower average income levels,
and higher populations of vehicles (Figure 17).

FIGURE 17.

LDV public charging
infrastructure per zip code
by 2050, prioritized by low
availability of dedicated
home charging (implying
higher concentrations
of multi-dwelling and
rented units), low-income
areas, and higher vehicle
populations in the region.
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MEDIUM-DUTY VEHICLE AND HEAVY-DUTY TRUCK
CHARGING
Fewer chargepoints are needed for MDV and HDT charging
under the DRIVE Clean scenario, totaling about 1.05 million
between 2020 and 2050 – about 900,000 for HDTs and 150,000
for MDVs (Table 4). This equates to a combined average of
35,000 chargepoints each year during 2020–2050, including
an average of 19,000 chargepoints per year in the 2020s and
53,000 chargepoints per year in the 2030s.
TABLE 4.

Total MDV and HDT chargepoint installations in the DRIVE Clean
scenario
TOTAL INSTALL ATIONS

AVER AGE ANNUAL INSTALL ATIONS

2020 –2035

2035 –2050

2020 –2035

2035 –2050

MDV

85,000

82,000

5,500

5,500

HDT

300,000

590,000

20,000

40,000

The combination of 125-, 350-, and 1,000-kW HDT chargepoints
will be spread across about 2,700 truck stops. We model every
existing U.S. highway truck stop and site charging stations such
that every long-haul freight mile a truck will travel is covered
with a chargepoint (Figure 18). Siting HDT charging along
existing rights-of-way simplifies installation. However, new fastcharging stations will require upgraded power infrastructure,
which could slow deployment. The accompanying policy report
discusses strategies to enable truck charging infrastructure.
Another challenge for electrifying trucks is the availability of
fast charging at intervals appropriate to an electric HDT’s range.
Currently, the average distance to a 30-minute truck stop is
approximately 190 miles (Figure 16).19 However, if a national highspeed charging network is built along existing trucking routes,
with 500-kW or better fast-chargers capable of adding sufficient
HDT range in 30 minutes, these range concerns will be allayed
for most long-haul trucking use cases.
A combination of 50-, 125-, and 300-kW medium-duty vehicle
chargepoints will be spread across the country, primarily sited
at MDV parking depots and warehouses so vehicles can charge
overnight or when they park between shifts (Figure 19).

19 Federal law requires a 30-minute break for long-haul truck drivers after 8 hours of continuous travel.
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FIGURE 18.

Optimal siting of HDT charging
infrastructure, 2050. Every
long-haul freight mile along
major highways is electrified.

FIGURE 19.

MDV charging infrastructure
aggregated at the county level,
sited primarily at warehouses
and parking lots, 2050.

CHARGING INFRASTRUCTURE INVESTMENT
The cost of building the DRIVE Clean charging infrastructure
is modest compared to the scenario’s benefits. For light-duty
vehicles, of the $11 billion required annually through 2035, $6.8
billion is for home charging, $510 million for workplace charging,
$1.1 billion for L2 public charging, and $2.6 billion for DCFC (50
and 100 kW). Annual heavy-duty truck and medium-duty vehicle
public charging infrastructure investments through 2035 are
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$3.6 billion and $390 million, respectively. Beyond 2035, annual
charging infrastructure investments for HDTs and MDVs increases
to $6.3 billion and $520 million, respectively, while public L2 and
DCFC investments for LDVs falls to $460 million and $1.1 billion,
respectively. The cumulative investment in public charging
infrastructure makes up a small portion of EV TCO in the DRIVE
Clean scenario (see Section 4.1). As another point of comparison,
U.S. utilities invest about $30 billion annually in new electricity
distribution system upgrades (Figure 20) (EEI 2021). Still, the
United States must commit to accelerating project-development
timelines—already a major hurdle in charging infrastructure
deployment—to reach DRIVE Clean levels on time. The
accompanying policy report from Energy Innovation provides
recommendations to facilitate equitable charging infrastructure
deployment (Baldwin et al. 2021).
While the power sector analysis considers the impact of vehicle
electrification on new generation and transmission investments
(Section 4.7), it does not consider impacts to the distribution
system. The distribution grid will require upgrades to support
new electric loads from vehicle charging. A supporting analysis
from E3 evaluates the distribution system investments that
would be required to support electrification, drawing from both
top-down (marginal cost study based analysis) and bottomup (based on distribution resource planning assessments)
approaches. E3 presents a range of estimates of distribution
system investments over the next 30 years based on annual
EV sales and associated charging infrastructure requirements
of the DRIVE Clean scenario. The mid-case estimate suggests
a cumulative $116 billion of distribution system investments
over the next 30 years, or approximately $3.7 billion per year.
Low and high estimates range from $900 million to $5 billion
of distribution system investments per year. The cost of public
charging, including the estimated distribution upgrade costs,
will not increase rates, however, as the increased electricity
sales helps increase throughput for utilities in order to cover the
additional expenses. In fact, the analysis shows that even in the
high estimate of distribution cost upgrades, distribution rates ($/
kWh) would actually fall by 2% through 2035. The full analysis of
distribution system investments is detailed in the appendix.
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4.6 GLOBAL AND DOMESTIC SUPPLY CHAINS
CAN SATISFY ACCELERATED EV AND BATTERY
PRODUCTION, LED BY U.S. COMPANIES
To achieve the DRIVE Clean scenario—with simultaneous EV
expansion worldwide—significant scaleup of EV supply chains
is required. However, we find no insurmountable barriers to an
expansion of the requisite scale and speed. In fact, accelerated
U.S. EV deployment will present opportunities for U.S. leadership
in EV manufacturing in an increasingly competitive global
context. Here we show how vehicle manufacturing, battery
manufacturing, and battery raw material sourcing and recycling
can evolve to support the DRIVE Clean vision.
VEHICLE MANUFACTURING
With strong policy support, future domestic and global EV
manufacturing capacity should be sufficient to meet the DRIVE
Clean goals. In 2019, U.S. light-duty vehicle sales included
326,000 electric vehicles (AFDC 2021b). The DRIVE Clean
scenario would require annual U.S. light-duty EV sales to grow
from 326,000 to 14.6 million between 2019 and 2030. Assuming
the United States continues to manufacture 70% of light-duty
EVs sold domestically, in 2030 it would need to manufacture at
least 10.2 million light-duty EVs, plus any EVs that are exported
for sale.
EV manufacturing capacity in the United States is already
expanding rapidly. Domestic manufacturers have announced
plans to spend at least $30 billion in EV manufacturing and
development (MJB&A 2020). Conversion of existing vehicle
lines to EV production can occur more quickly than greenfield
manufacturing development. For example, Tesla purchased a
closed vehicle manufacturing plant in Fremont, California in
2010 and produced its first vehicle just 2 years later. In 2020,
it produced 500,000 EVs with 10,000 employees (NS Energy
2020). The Lordstown Motor Corporation recently purchased
a closed auto factory in Ohio and will produce its first electric
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FIGURE 20.

Average annual capital
investment in public L2 charging,
public DCFC, and public
MDV/HDT DCFC necessary
to support the DRIVE Clean
scenario, 2020–2050, compared
with average annual capital
investment in public distribution
system upgrades, 2010–2020.
To illustrate public investment,
we include only public charging
infrastructure needs in this chart,
not private home or workplace
charging.

commercial pickup truck this year, with production of 50,000
vehicles projected for 2022; the site can be scaled to produce
600,000 vehicles per year (Raja 2021).
Other domestic car manufacturers have also announced
aggressive plans to expand EV production. General Motors plans
to spend $27 billion to manufacture 25 electric models by 2025,
and it expects to phase out ICE vehicles entirely by 2035 (Colias
2021).20 Ford announced in February 2021 that all its new cars
sold in Europe, some of which will be manufactured in the U.S.,
will be electric or plug-in hybrid by 2026 and fully electric 4
years later, and that two-thirds of its commercial vehicles will
also be all-electric or plug-in hybrid by 2030 (Mufson 2021).
American carmaker Lucid will release an electric luxury sedan
with a 500-mile range in late 2021, while Rivian is already
producing electric vans in Illinois so it can deliver 100,000
vehicles to Amazon.
Although MDV and HDT manufacturing is at a smaller scale than
LDV manufacturing, it presents unique domestic opportunities,
and domestic truck manufacturing is ramping up quickly. Most
major U.S. MDV and HDT manufacturers have committed to
100% fossil-free product sales or are subsidiaries or parents of
companies that have done so (ACEA 2020).21 More than 125 zeroemission MDVs and HDTs are in production, development, or
demonstration in the United States (Sharpe 2020).
The characteristics of medium- and heavy-duty EVs make them
well suited to domestic manufacturing. Their economics are
currently better than the economics of light-duty EVs owing to
higher utilization, access to low-cost commercial or wholesale
electricity rates, and their tendency to use central or highway
artery charging infrastructure. Electric MDVs and HDTs are less
likely to be imported owing to their size and weight. Despite
these trends, however, strong policy is needed to accelerate MDV
and HDT manufacturing and achieve the DRIVE Clean goals.
BATTERY MANUFACTURING
Strong policies could also enable the United States to ramp up
battery manufacturing sufficiently to achieve the DRIVE Clean
goals. Today, the United States produces about 60 GWh/year,
20 General Motors already has extensive experience with EV manufacturing owing to its market share of EVs
in China. Its Wuling brand, Hongguang Mini, became the top-selling EV in China in late 2020. Its Chevrolet
Bolt sales in the United States doubled in the fourth quarter of 2020 from a year earlier.
21 Companies committing to 100% zero-emission truck sales by 2040 include (subsidiaries in parentheses):
Ford Trucks, Daimler (Freightliner, Western Star, Mercedes-Benz, Detroit Diesel), DAF (Paccar, Peterbilt,
Kenworth), and Volvo (Mack Trucks). Other companies that manufacture trucks in the United States that
have committed to all electric sales include Tesla, BYD, Chanje, Nikola, Rivian, Workhorse, XOS, Arrival, GGT
Electric, and Lion Electric (Quebec). Companies producing electric drivetrains in the United States for trucks
include Cummins and Meritor.
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or 13%, of global lithium-ion battery capacity (Gul 2020). That
capacity is currently projected to reach approximately 160 GWh
by 2025 (Albanese 2020). The DRIVE Clean scenario requires
approximately 600 GWh of total battery manufacturing capacity
in 2025 and 1,200 GWh of manufacturing capacity by 2035.
These requirements do not need to be met domestically, but
the United States has strong economic and security interests in
growing its own manufacturing capacity. With policy support,
battery manufacturing can expand rapidly. China tripled its
battery manufacturing output in just 1 year from 2014 to 2015
(Green Car Congress 2016).22 For comparison, global demand for
lithium-ion vehicle batteries is about 300 GWh today, and global
battery manufacturing capacity is projected to exceed 2,000
GWh by 2028, with significant expansions in the European Union
(EU) and China (Figure 21) (Benchmark 2019).
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The DRIVE Clean scenario presents an opportunity to expand
U.S. battery manufacturing substantially, which would create
jobs and increase the U.S. share of the global market. Economics
favor manufacturing near sales markets, because batteries
are heavy and expensive to transport. As EV and grid-scale
battery demand increases, the economics of domestic battery
manufacturing improve owing to scale. Lithium-ion battery
costs already have declined rapidly. Growing investment in the

22 It takes about 2–4 years from announcement to production for a large-scale lithium-ion battery factory in
the United States. Construction of the Tesla Gigafactory in Nevada took 2 years.
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FIGURE 21.

Total required annual U.S. battery
capacity under the DRIVE Clean
scenario (left) and planned battery
manufacturing capacity in the EU
and China (right), 2020–2035.

domestic lithium-ion supply chain will further reduce costs,
particularly as the United States expands its technical prowess in
solid-state lithium-ion technology. Just as China built its global
lead in battery production in 10 years, strong U.S. policies can
ensure increased battery production to support the DRIVE Clean
goals (Jin 2021b).
GLOBAL BATTERY RAW MATERIALS AND RECYCLING
Enabling high levels of electric vehicle manufacturing requires
a reliable supply of raw materials for advanced batteries.
Production of materials such as lithium, cobalt, and graphite
must expand dramatically to meet this demand. Most battery
raw material production is currently located outside of the
United States, often in potentially unstable nations. Uncertainties
surrounding the raw material supply chain include the following:
• The effect of changing lithium-ion battery design and
chemistry on demand for rare earth metals
• The potential for interruptions to world trade in raw materials
due to conflicts or the unacceptable labor conditions under
which materials are obtained
• The effect of global competition for raw materials on supply
and costs
• Potential reductions in raw material import requirements due
to investment in rare earth metals recycling
Most analysts, however, expect battery raw material supplies—
with the possible exception of lithium—will not constrain battery
production during the next 10 years, and efforts are underway to
address lithium supplies and demand (McKerracher 2021; Slowik
2020). Governments worldwide are planning numerous efforts to
address longer-term supply risks for other minerals and elements
(Fehrenbacher 2021).
Cost-effective battery recycling is a promising way to secure raw
materials, reduce waste, and create high-quality jobs. One study
suggests that 15 jobs are created to recycle every 1,000 metric
tons of end-of-life lithium-ion batteries (Akram 2020). Multiple
systems and processes already exist to recover rare earth
metals from used batteries. Battery recycling will be especially
important for the United States as it achieves high-volume EV
manufacturing in the 2020s and 2030s. The United States could
meet about 30%–40% of anticipated demand for lithium, nickel,
manganese, cobalt, and graphite in passenger EVs with recycled
battery materials by 2035 (Reichmuth 2019).
To date, China is the only country with a dedicated vehicle
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battery recycling policy (Reichmuth 2019). The European
Commission has proposed requiring collection of used batteries
and implementing standards for recycled content in new
batteries. In 2020, the United States established a consortium of
agencies to promote a domestic battery industry, citing the role
the industry plays in consumer electronics and national defense
and suggested using the Defense Production Act to speed
development of mines for rare earth elements. Congress included
provisions to secure domestic and allied sources of strategic
minerals and metals, including lithium, in the National Defense
Authorization Act for fiscal year 2021 (Lasley 2020).
In early 2021, President Biden ordered a 100-day review of
U.S. supply chain vulnerabilities for critical items, including EV
batteries and specialized minerals (Lynch 2021). One outcome
of this review could be a decision (following the examples
of the EU and China) to establish recycling incentives or
regulations, require battery products to be standardized for easy
disassembly, develop second-life battery uses, and establish
tracing systems for battery components.23 These are some of
the reasons to expect that U.S. battery production can supply a
substantial portion of the batteries and raw materials needed to
meet the DRIVE Clean goals.

4.7 ELECTRIC GRID IMPACTS OF THE
ENVISIONED EV FLEET ARE MANAGEABLE
The DRIVE Clean scenario represents a significant change in the
composition of U.S. electricity supply and demand, with clean
generation making up 90% of supply, and demand increasing
25%. However, the aggressive expansion of renewable energy
generation is achievable, and the resulting wholesale electricity
cost is lower than today’s costs. Most importantly, the highrenewables, high-electrification vision of the DRIVE Clean
scenario results in a dependable U.S. electricity grid.
The DRIVE Clean scenario requires a substantial increase in
U.S. renewable energy installations due to the accelerated
electrification of the transportation, industry, and residential and
commercial buildings sectors. The combined demand growth
requires electricity generation to increase approximately 2%
per year, consistent with the 2.6% average historical growth
in the electric sector during 1975–2005, when emissions in

23 There are also policy options for battery raw material at the state level. A bill in the California legislature
would condition eligibility for state fleet procurement programs on vehicles with batteries having a minimum
content of lithium mined in California.
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the industry peaked. In the 2035 Report, we showed that the
electric grid must add 70 GW of new wind and solar resources
and 10 GW of new battery storage each year to achieve 90%
clean electricity generation by 2035, a rate comparable to the
highest level of annual generating capacity deployment in recent
history (Phadke et al. 2020). The DRIVE Clean scenario increases
that rate by about 50%, installing on average 105 GW of wind
and solar annually (Figure 22). For reference, the United States
installed around 31 GW of new utility-scale renewable capacity in
2020, despite the pandemic (SEIA 2021; ACP 2021). The DRIVE
Clean scenario also requires about 30 GW (180 GWh) of battery
storage (2- to 10-hour batteries) each year. This ambitious target
will require strong policy support, but it is not unprecedented
internationally. China installed 120 GW of wind and solar capacity
in 2020 (Murtaugh 2021). Figure 23 details U.S. electric capacity
additions under the DRIVE Clean scenario in the 2021–2035
period.

FIGURE 22.
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The average electricity generation cost in 2035 in the DRIVE
Clean scenario is slightly lower than 2020 electricity costs
owing to the steep renewable energy cost reductions and higher
system utilization enabled by increased electrification. The
benefit derives from the complementary load profiles of different
types of EV charging and electric loads in the buildings sectors—
electricity use is higher in the DRIVE Clean scenario, but it is
more evenly distributed across seasons. In 2035, the additional
electricity demand is dominated by EV charging (Figure 24).
Public chargers are primarily used during the day and home
chargers in the evening, helping to smooth load across all hours
of the day. Small load increases from building electrification
occur mostly in winter due to space heating. The higher winter
load results in more efficient renewable energy use, because net
peak load occurs in summer, with significant renewable energy
curtailment in winter and spring. The higher winter load reduces
curtailment in those months, which also reduces the need for
battery capacity.
The system benefits increase as electrification increases. In
2050, the total additional load is much higher—with more
significant contributions from buildings and industry—but the
additional load profiles are still relatively flat, and the difference
between winter and summer peak loads is smaller than it is in
2035 (Figures 24 and 25). These characteristics further reduce
renewable energy curtailment and average generation costs.
Our study does not assume availability of flexible loads such
as managed EV charging or demand response from building
loads, but flexibility would further increase system efficiency
and reduce costs under the DRIVE Clean scenario. Demand-side
flexibility in the form of increased demand response or flexible
chargers and water heaters, for example, would also significantly
reduce additional transmission or distribution investments
needed to support the load growth.
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U.S. electricity capacity
additions in the DRIVE
Clean scenario, 2021–2035.
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Average hourly load profile in the DRIVE Clean scenario during January (left) and July (right), 2050. The
baseline load (with no additional electrification) is shown by the dark blue line, while the areas above show
the additional load due to electrification of each end-use.
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23

Even with additional electric loads, the 90% clean grid is
dependable without coal plants or new natural gas plants
through 2035. To model operation of a low-carbon power system
with additional electrification load, we analyze U.S. hourly
dispatch at the powerplant level using PLEXOS. We incorporate
7 years of weather data (2007–2013) to evaluate the impact
of extreme weather events on renewable generation and load.
To ensure grid dependability and estimate the generation
capacity required to meet system demand in every hour, even
during periods of low renewable energy generation and/or
high demand, we simulate hourly operation of the U.S. power
system for more than 60,000 hours (each hour across 7 weather
years). For each hour, we confirm how electricity demand is met
in each of 134 regional zones (parts of the U.S. power system
represented in the model) while abiding by technical constraints
(such as ramp rates and minimum generation) and operational
requirements (such as provision of ancillary services like
spinning, regulation, and load-following services) for more than
15,000 individual generators and 310 transmission lines.
To highlight the dependability of a 90% clean electricity grid
with additional electrification load under the DRIVE Clean
scenario, and to estimate natural gas capacity requirements, we
identify the period during the 7 weather years when maximum
natural gas generation capacity is needed to compensate for
the largest gap between clean electricity generation (including
battery generation) and load. The maximum natural gas
capacity required is about 311 GW on February 2nd of the
2010 weather year (Figure 26). At 7 AM Eastern Time on that
day, solar generation is zero, while wind generation is 85%
below installed wind capacity, resulting in approximately 81
GW of wind and solar production (about 82% below the 7 year
renewable generation hourly average). The additional electricity
demand due to home charging (4.5 GW) and public charging
(50 GW) of electric vehicles is significant, while electrification
of buildings (44 GW) and industry (12 GW) contributes an
additional 56 GW. The total system demand of about 627 GW is
met by a combination of other clean resources, such as 118 GW
of hydropower and nuclear, approximately 311 GW of existing
natural gas, and 115 GW of battery discharge.
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HOURLY DISPATCH DURING THE MAX GAS GENERATION WEEK
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Hourly dispatch during the highest gas generation week.
Figure 27 shows how the electricity load would be met every
day of the year in 2035, while Figure 28 shows hourly national
grid dispatch in each month averaged over the 7 weather years.
In all months, wind provides a large share of the evening and
nighttime generation, and solar provides a large share of daytime
generation. Battery storage is primarily dispatched in the evening
when solar generation drops and load remains relatively high.
For all weather years, the natural gas capacity requirement is
highest in July/August due to summer peak load and in January/
February due to increased electrified heating load and a drop in
solar generation (Figures 27 and 28).
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Daily U.S. power system dispatch, averaged over 7 weather years, under the DRIVE Clean scenario in 2035.
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In summary, retaining existing hydropower capacity and nuclear
power capacity (after accounting for planned retirements)
and about half of existing fossil fuel capacity, combined with
425 GW (2,650 GWh) of new battery storage and 1,560 GW
of new wind and solar, is sufficient to meet U.S. electricity
demand dependably with a 90% clean grid in 2035, even with
higher loads due to aggressive transportation electrification.
Total capital investments in new renewables, battery storage,
and transmission through 2035 is approximately $2.6 trillion.
Under the DRIVE Clean scenario, all existing coal plants are
retired by 2030, and no new fossil fuel plants are built beyond
those already under construction. During normal periods of
generation and demand, wind, solar, and batteries provide 72%
of total annual generation, while hydropower and nuclear provide
16%. During periods of high demand and/or low renewable
generation, existing natural gas plants (primarily combined-cycle
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Hourly national grid dispatch in
each month, averaged over the 7
weather years, under the DRIVE
Clean scenario.

plants) cost-effectively compensate for remaining mismatches
between demand and renewables-plus-battery generation—
accounting for about 10% of total annual electricity generation.
Under the DRIVE Clean scenario, increased electrification and
renewable energy and battery storage deployments require
investments mainly in new transmission spurs connecting
renewable generation to existing high-capacity transmission,
rather than new investments in bulk transmission. While
the DRIVE Clean scenario requires about three times more
spurline investment than the No New Policy scenario, the total
transmission requirements in DRIVE Clean add only $0.2 cents/
kWh to total system costs. Recent studies that account for low
renewable energy and battery storage costs indicate similar
findings (Jayadev et al. 2020). Studies that assume much higher
renewable energy costs or do not consider substantial battery
storage find higher levels of additional bulk transmission are
required (Clack et al. 2017, NREL 2012). Further work is needed
to understand transmission needs more precisely.
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5
CONCLUSIONS,
CAVEATS, AND
FUTURE WORK

As the nation’s largest emitter of GHGs and a leading source
of harmful air pollutants, the transportation sector must move
rapidly to reduce pollution and transition to electric vehicles. In
this analysis, we show that switching to all-electric light-duty
vehicles, medium-duty vehicles, and heavy-duty trucks can be
cost-effective for consumers while yielding numerous national
benefits. Transitioning to 100% electric LDV sales by 2030
and 100% electric MDV and HDT sales by 2035 results in $2.7
trillion in cumulative consumer cost savings, and $1.3 trillion in
environmental and human health cost savings through 2050.
Other industrialized nations are charging ahead with
electric vehicle adoption, spurred by strong public policy,
strategic infrastructure investments, and expanded consumer
engagement. As vehicle electrification expands globally, the
United States needs increased ambition and leadership to remain
competitive as a vehicle and battery manufacturer. With strong
policies in the near term, the U.S. auto industry can pivot quickly
to become a global leader in vehicle electrification, gain market
share, and sustain and create jobs. The United States can also
improve public health, help address the climate crisis, and save
consumers trillions of dollars. The benefits of such a shift speak
for themselves, as do the costs of inaction.
Like all analyses, ours has limitations. The DRIVE Clean scenario
is not a projection; rather, it is intended to illustrate the potential
health, environmental, and economic benefits of accelerating EV
sales in the next 10–15 years while moving to a 90% clean electric
grid. Although this report describes the system characteristics
needed to accommodate high levels of renewable generation
and demand-side electrification, it does not address the
institutional, market, and regulatory changes needed to facilitate
such a transformation. Specifically, it does not evaluate the
political, societal, or consumer-adoption issues surrounding the
DRIVE Clean scenario targets. A supporting policy report from
Energy Innovation offers recommendations that address some
barriers to such a transition, but these factors should be explored
further in future analyses to inform decision making.
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In addition, we do not evaluate the broader portfolio of clean
vehicle technologies that could decarbonize the transportation
sector. Other technologies, such as hydrogen, can and may
support transportation decarbonization efforts across all vehicle
classes in the future. We also exclude consideration of other
mobility measures—such as public transit, car sharing, and smart
urban planning to reduce vehicle miles traveled—but these
measures are critical adjuncts to electrification for holistically
decarbonizing the transportation sector.
We also recognize that the transportation sector has contributed
to economic and racial inequities and disproportionate
health impacts in the United States. In the shift to electrified
transportation, attention must be paid to approaches that ensure
a more equitable transition for all people, regardless of race,
income, or geographic location.
Finally, although we assess operational feasibility of the U.S.
power system using weather-synchronized load and generation
data, further work is needed to advance our understanding
of other facets of a 90% clean power system with increasing
vehicle, building, and industrial electrification. Although this
analysis does not attempt a full power-system reliability
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assessment, we perform scenario and sensitivity analysis to
ensure that demand is met in all periods, including during
extreme weather events and periods of low renewable energy
generation. Although the capacity-expansion modeling
(ReEDS) required that clean resources contribute 90% of annual
generation in 2035, the hourly operational model (PLEXOS)
simulated roughly 88% clean generation, primarily due to
higher curtailment of wind and solar. PLEXOS model dispatch
decisions were based on the variable cost of generation and
did not consider the carbon free or non-carbon free nature of
the generation source. In an electricity market with a 90% clean
energy constraint, as modeled in the DRIVE Clean scenario, clean
energy may bid negative prices in certain hours in order to get
dispatched and meet the 90% constraint. We utilize ReEDS to
effectively model this 90% clean electricity share, while the main
purpose of our simulation in PLEXOS is to evaluate operational
feasibility. For this reason, we did not simulate the same 90%
clean energy constraint in PLEXOS, which might have required
clean energy to bid negative prices in order to get dispatched.
This report suggests that the high-renewables, highelectrification vision of the DRIVE Clean scenario results in a
dependable U.S. electricity grid. Importantly, our study does
not assume the availability of flexible loads such as “smart” or
managed electric vehicle charging or demand response from
building loads. These technologies and systems offer additional
flexibility to further increase system reliability and efficiency
and reduce costs under the DRIVE Clean scenario. Further
description of study limitations and a more robust narrative of
detailed results can be found in the appendix.
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