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Preface

Electric vehicles hold many promises—from reducing dependence on imported petroleum to
decreasing greenhouse-gas emissions. However, there are many barriers to their mainstream adoption
regardless of incentives and enticing promises to solve difficult problems. The vehicles have some
technologic limitations, such as restricted electric range and the long time required for battery-charging;
they cost more than conventional vehicles; and they require an infrastructure for charging the battery.
Given the concerns regarding barriers, Congress asked the Department of Energy to commission a study
by the National Research Council (NRC) to investigate the barriers and recommend ways to mitigate
them.

In this short interim report, the Committee on Overcoming Barriers to Electric-Vehicle
Deployment identifies infrastructure needs for electric vehicles, the barriers to deploying that
infrastructure, and optional roles for the federal government in overcoming the barriers; it also presents an
initial discussion of pros and cons of the optional roles. The committee first addresses needs and barriers
associated with the adoption of plug-in electric vehicles from the customer perspective. It then discusses
the needs for and barriers to charging and the electric grid. Those issues and many others will be
developed further in the committee’s final comprehensive report, which is due in late summer 2014,

The present report has been reviewed in draft form by persons chosen for their diverse
perspectives and technical expertise in accordance with procedures approved by the NRC Report Review
Committee. The purpose of the independent review is to provide candid and critical comments that will
assist the institution in making its published report as sound as possible and to ensure that the report
meets institutional standards of objectivity, evidence, and responsiveness to the study charge. The review
comments and draft manuscript remain confidential to protect the integrity of the deliberative process. We
thank the following for their review of this report:

Andrew Brown, Jr., NAE,' Delphi Corporation,
Lawrence D. Burns, NAE, University of Michigan,

Doug Chapin, NAE, MPR Associates,

Mary English, University of Tennessee, Knoxville,
Robert Graham, Southern California Edison,

David L. Greene, Oak Ridge National Laboratory,

Chris T. Hendrickson, NAE, Carnegie Mellon University,
Jeremy J. Michalek, Carnegie Mellon University,

John O’Dell, Edmunds.com, and

Dan Reicher, Stanford University.

Although the reviewers listed above have provided many constructive comments and suggestions,
they were not asked to endorse the conclusions or recommendations, nor did they see the final draft of the
report before its release. The review of the report was overseen by the review coordinator, Maxine Savitz,
NAE, Honeywell Inc. (retired), and the review monitor, Elisabeth Drake, NAE, Massachusetts Institute of
Technology (retired). Appointed by NRC, they were responsible for making certain that an independent
examination of the report was carried out in accordance with institutional procedures and that all review
comments were carefully considered. Responsibility for the final content of the report rests entirely with

"'National Academy of Engineering
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the committee and the institution. The committee gratefully acknowledges the following for their
presentations:

Marcus Alexander, Electric Power Research Institute,
Allison Carr, Houston-Galveston Area Council,
Patrick Davis, Department of Energy,

Rick Durst, Portland General Electric,

Jim Francfort, Idaho National Laboratory,

Britta Gross, General Motors,

Jonna Hamilton, Electrification Coalition,

Jack Hidary, Hertz,

Don Karner, ECOtality,

Ed Kjaer, Southern California Edison,

Michael Krauthamer, eVgo,

Richard Lowenthal, ChargePoint,

Brewster McCracken, Pecan Street,

Nick Nigro, Center for Climate and Energy Solutions,
Jim Slezak, Department of Energy,

Michael Tamor, Ford Motor Company,

Joe Thompson, Nissan North America,

Jacob Ward, Department of Energy, and

Jason Wolf, Better Place.

The committee is also grateful for the assistance of the NRC staff in preparing this report. Staff
members who contributed to the effort are Ellen Mantus and K. John Holmes, project co-directors; James
Zucchetto, board director; Joseph Morris, senior program officer; Norman Grossblatt, senior editor;
Michelle Schwalbe, program officer; David Cooke, associate program officer; and Alice Williams, senior
program assistant.

I especially thank the members of the committee for their efforts throughout the development of
this report.

John Kassakian, Chair
Committee on Overcoming Barriers to Electric-Vehicle
Deployment
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Summary

The electric vehicle offers many promises—increasing U.S. energy security by reducing
petroleum dependence, contributing to climate-change initiatives by decreasing greenhouse gas (GHG)
emissions, stimulating long-term economic growth through the development of new technologies and
industries, and improving public health by improving local air quality. There are, however, substantial
technical, social, and economic barriers to widespread adoption of electric vehicles, including vehicle
cost, small driving range, long charging times, and the need for a charging infrastructure. In addition,
people are unfamiliar with electric vehicles, are uncertain about their costs and benefits, and have diverse
needs that current electric vehicles might not meet. Although a person might derive some personal
benefits from ownership, the costs of achieving the social benefits, such as reduced GHG emissions, are
borne largely by the people who purchase the vehicles. Given the recognized barriers to electric-vehicle
adoption, Congress asked the Department of Energy (DOE) to commission a study by the National
Academies to address market barriers that are slowing the purchase of electric vehicles and hindering the
deployment of supporting infrastructure. As a result of the request, the National Research Council
(NRC)—a part of the National Academies—appointed the Committee on Overcoming Barriers to
Electric-Vehicle Deployment.

The committee’s analysis is to be documented in two reports—a short interim report focused on
near-term options and a final comprehensive report. The present report fulfills the request for the short
interim report that addresses specifically the following issues: infrastructure needs for electric vehicles,
barriers to deploying the infrastructure, and possible roles of the federal government in overcoming the
barriers; the report also includes an initial discussion of the pros and cons of the possible roles. This
interim report does not address the committee’s full statement of task and does not offer any
recommendations because the committee is still in its early stages of data-gathering. The committee will
continue to gather and review information and conduct analyses through late spring 2014 and will issue
its final report in late summer 2014.

This report focuses on the light-duty vehicle sector in the United States and restricts its discussion
of electric vehicles to plug-in electric vehicles (PEVs), which include battery electric vehicles (BEVs)'
and plug-in hybrid electric vehicles (PHEVs). The common feature of these vehicles is that their batteries
are charged by being plugged into the electric grid. BEVs differ from PHEVs because they operate solely
on electricity stored in a battery (that is, there is no other power source); PHEVs have internal-
combustion engines that can supplement the electric power train.

Although this report considers PEVs generally, the committee recognizes that there are
fundamental differences between PHEVs and BEVs. Given that PHEVs can switch over to gasoline
when their batteries are depleted, the driving experience tends to be more familiar than that of BEVs, and
they do not have the range issues of BEVs. Those differences might influence the type, number, and
locations of charging infrastructure required to support the different vehicles. PHEVs have seen a
substantial growth in sales over the last year, boosted largely by the existence of more models and range
options. However, BEVs have also seen their share rise relative to that of conventional vehicles.

" The term all-electric vehicle (AEV) is sometimes used instead of BEV.
2 PHEVs can use engines powered by various fuels. This report, however, focuses on those powered by
gasoline because they are the ones available in the U.S. market.

S-1
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Generally, the value proposition for a PHEV vs a BEV is determined by how well it meets a customer’s
needs and by how well its price matches what a customer is willing to pay. Because the market is still
evolving, it is difficult to know whether PHEVs or BEVs will provide the best value proposition for most
customers.

To identify the needs and barriers associated with PEV deployment, the committee considered the
automobile manufacturers, which supply the vehicles to dealers; the customers, who purchase or lease the
vehicles; the charging infrastructure, which allows the vehicles to connect to the electric grid and recharge
their batteries; and the electric grid, which is the source of the power used for charging the vehicle
batteries. The following sections provide the committee’s findings and possible roles of the federal
government in overcoming the identified barriers.

THE CUSTOMERS, MANUFACTURERS, AND DEALERS

Customers include individuals, households, and organizations, such as rental-car companies,
corporations, and governments. The committee focused primarily on individuals and households because
they make up the largest segment of potential buyers and because there might be more obstacles to their
adoption of PEVs. It also considered barriers that automobile manufacturers and dealerships face in
promoting the adoption of PEVs. Major findings and possible federal roles in overcoming barriers are
presented below.

Finding: Most potential PEV customers have little knowledge of PEVs and almost
no experience with them. Lack of familiarity with the vehicles and their operation
and maintenance creates a substantial barrier to widespread PEV deployment.

Possible Federal Roles: Produce public-service announcements that showcase current PEV owners,
describe the benefits of PEV ownership, and illustrate how a PEV meets various transportation needs;
create marketing campaigns to help customers to understand incentives and that target audiences that
have transportation needs that might fit PEVs; and provide ride-and-drive activities or demonstrations
at high-visibility locations to familiarize the public with PEVs.

Finding: PEVs have higher purchase prices than comparable conventional vehicles.
Research indicates that people heavily discount the value of future gains; sticker-
price premiums typically will be difficult to overcome with fuel-savings promises
alone.

Possible Federal Roles: Continue to provide economic incentives—such as continuing or extending tax
credits or rebates—to encourage customers to buy PEVS; increase the tax on gasoline by increasing
taxes on motor fuels or by instituting a broad-based carbon tax; and use the convening function to
coordinate state and local incentives that would encourage PEV ownership and use, such as access to
carpool lanes, parking benefits, and reduced vehicle registration or licensing fees. Some research has
shown that purchase rebates can be more effective than income- tax credits.

Finding: Most BEVs have small driving ranges, and this could be a substantial
barrier to their widespread adoption. However, commuting by electricity stored in
vehicles should be feasible on a large scale in the United States given that some
BEVs can routinely travel 40—80 miles on one charge and that nearly 70 percent of
average daily travel is less than 40 miles and over 90 percent is less than 80 miles.

Finding: Few data on customer perceptions, attitudes, and behavior regarding PEVs
are publicly available. Although some studies have examined those topics, further
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research could help to determine how to structure effective programs and policies.
Little research has been conducted to determine which government policies
concerning PEVs are the most successful and why.

Possible Federal Role: Support research to obtain a better understanding of why potential customers
would or would not purchase PEVs and how they have responded to various initiatives, programs, or
incentives that are aimed at promoting widespread PEV adoption, including DOE’s Clean Cities
programs; and revise or adapt programs as information on their effectiveness is collected.

Finding: Few PEV model choices are offered to customers, and the variety offered
does not meet the needs of all customers. However, sales of PEVs must increase to
justify further investment by automobile manufacturers to diversify the products
offered.

Possible Federal Role: Continue to support research on and development of electric-drive technologies
to improve their performance and reduce their costs; reduced costs would encourage purchase and
indirectly encourage the use of electric-drive technology in a variety of models.

Finding: Dealerships are independent franchises that are not owned or operated by
the automobile manufacturers. Training and educating dealership personnel—
salespersons, mechanics, financial specialists, and managers—entail substantial
costs to a franchise. Given those costs, many dealerships do not appear to be fully
prepared to explain PEVs and educate customers about them. As a result, there
appears to be an information gap at the primary point of sales.

THE CHARGING INFRASTRUCTURE

Charging a PEV is analogous to filling the fuel tank of a conventional vehicle with gasoline,
although at a much lower rate. PEVs can be “filled” at a variety of locations, including private residences
and workplaces; thus, the electric analogue of a gas station is not likely to be the primary source of energy
for a PEV. Furthermore, unlike a conventional vehicle, PEVs can be “filled” at different rates by using
different charger types. Charging rate affects the length of time required to charge a PEV, the equipment
and installation requirements, and the cost of providing charging at a particular location.

Most electric charging infrastructure is (and is likely to remain) at residences where PEVs are
available for charging for the longest time. Because PEVs are also parked at workplaces for substantial
periods on each workday, workplace charging is a promising option if practical ways can be found to
provide the needed infrastructure. PEVs typically have much less time available for charging while
parked in public places, but charging in public places may be feasible if fast charging is available, if a
vehicle is parked for at least 4 hours, or if only a partial battery charge is needed.

In addressing issues about charging-infrastructure needs, the committee assumed that the goal
was to maximize the fraction of miles fueled by electricity for light-duty vehicles. The committee
recognizes that the goal influences the type, number, and location of charging infrastructure needed and
that other potential goals, such as maximizing the number of PEVs on the road or maximizing the number
of miles traveled by BEVs, might lead to different conclusions. In light of the committee’s stated goal, it
is indifferent to whether PEV electric miles are traveled by BEVs or PHEVs. The infrastructure needs
and barriers and some options for overcoming the barriers at the various locations are offered below.

Finding: An overarching need for the deployment of all aspects of the PEV charging
infrastructure is an understanding of the charging needs for PHEV and BEV
drivers, how their needs might change in the future, and how they might change in
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response to various policy initiatives. Those needs are affected by a variety of
factors, including the types of PEVs on the road, travel patterns of these vehicles,
and the costs of charging at different locations.

Possible Federal Role: Continue efforts to collect, analyze, and disseminate data on vehicle charging,
PEYV sales, and policy effectiveness. The resulting information could help to address the extent to
which various charging options meet residential, workplace, and publicly accessible charging needs. It
could also improve understanding of what policies are most effective in maximizing the fraction of
electric miles traveled. The analysis could include research to understand the effects of installing
charging infrastructure on economic and related activity.

Residential Charging

Finding: There are no serious technical barriers to the installation of charging
infrastructure at most residences that have access to garages or carports. Charging
at such residences would meet the needs of all foreseeable PHEVs and of most BEVs
that have ranges of up to 100 miles. The main barriers to the widespread adoption
of residential charging of PEVs appear to be the cost and the effort of installing the
wiring and charging apparatus.

Possible Federal Role: Continue tax incentives and subsidies for installing charging infrastructure and
encourage state and local governments to streamline permitting and to adopt building codes that
require new construction to be PEV-charging-enabled.

Finding: Residential charging is problematic for residences that have access only to
on-street parking, as might be the case for multifamily dwellings in high-density
locations. Residential charging also might be problematic for those who rent their
homes and therefore would not have authority to make structural changes to the
property that would be required for installing a charger and possible electricity
upgrades. An owner of a rental property could be reluctant to invest in charging
equipment that might not be used by the next tenant. Thus, for those drivers who
lack access to residential charging, the barriers might be partially overcome by
having access to workplace or public-charging infrastructure.

Possible Federal Role: Encourage or subsidize local governments to establish dedicated parking spots
or to install charging infrastructure that is publicly accessible.

Workplace Charging

Finding: Increasing the availability of workplace charging infrastructure offers a
potentially important opportunity to encourage the adoption of PEVs. The
workplace provides a place where vehicles are parked typically for at least 8 hours
during the day. Over that time, even a low-power charger can add a useful amount
of vehicle range. Important unknowns regarding workplace charging infrastructure
are the potential effects and needs if and when much larger battery capacity
becomes affordable; this might be particularly important in less densely populated
areas. Another important unknown is how the use of workplace charging might
depend on whether employees have to pay for it.
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Possible Federal Roles: Offer a financial incentive, such as an accelerated depreciation schedule, so
that businesses are more willing to offer workplace charging; exempt electricity provided by workplace
charging infrastructure from being treated as a taxable benefit; work with utilities and their regulators
to minimize special charges that might be incurred because of workplace charging; and support
research on demonstration installations.

Publicly Accessible Charging

Finding: Publicly accessible charging infrastructure provides several important
benefits, such as extending the electric range of all PEVs, relieving range concerns
of BEV owners, and providing increased visibility of both PHEVs and BEVs.
However, the high cost of installing public charging stations and the little revenue
obtained from providing electricity present challenges for developing sustainable
business models. In the near term, deploying publicly accessible charging
infrastructure might require public-private partnerships or other forms of
continued government support.

Possible Federal Roles: Provide incentives to demonstration projects that propose credible business
models that could eventually be sustained when subsidies are no longer available; provide increased
clarity and simplicity regarding regulatory compliance with such laws as the Americans with
Disabilities Act; and incentivize landowners, retailers, and public agencies to offer host sites for
installing charging infrastructure in key highway corridors.

Standardization of Charging Infrastructure

Finding: It is critical to standardize the many components of the charging
infrastructure. Multiple plugs for fast chargers and the lack of standardization of
payment methods for various charging networks are particularly problematic.

Possible Federal Role: Use the convening function to encourage standardization of charging plugs
and payment methods. The committee recognizes that such standardization might restrain innovation,
but increasing compatibility increases coverage of the whole charging infrastructure.

THE ELECTRIC GRID

Another important consideration for PEV deployment is the electric grid, which provides the
electricity that powers PEVs. The mass deployment of PEVs would create a substantial new load for the
electric grid, and how the power sector handles such a new load might affect the deployment of PEVs.
This section presents the committee’s findings regarding the electric grid.

Finding: The existing electric infrastructure does not present a barrier to the
expansion of PEV technology in the United States given the projected growth of
PEV use in the next decade. With the exception of a scenario in which PEVs are
concentrated within an overburdened branch of the distribution system, no major
physical barriers have been identified.
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Finding: As PEVs account for a more significant share of total electricity
consumption, the committee sees no barriers to provision of generation and
distribution capacity to accommodate the growth through the normal processes of
infrastructure expansion and upgrades in the electric-utility industry.

Finding: The current time-based rate structures (time-of-use or real-time pricing)
available to most commercial and industrial customers and some residential
customers provide an incentive to PEV owners and utilities in that they encourage
charging at times when lower-cost generating capacity is available.

Finding: Regulating third-party entities (nonowner, nonutility charging-service
providers) as utilities could increase operating costs and decrease business-model
flexibility. Furthermore, the role and scope allowed to utilities (as opposed to third-
party entities) in providing charging equipment are unclear.

Finding: The lack of access to or price premium for clean electricity could be a
barrier to PEV adoption by vehicle owners who are seeking to mitigate their
environmental impact. Overall, however, there is already a net benefit of using
PEVs compared with using vehicles that have traditional internal-combustion
engines given the existing mix of electricity-generation sources. The benefit can be
increased by a continued transition to generation sources that have lower life-cycle
emissions.

CONCLUDING REMARKS

Overall, the committee found that there are no serious technical barriers to the deployment of
infrastructure at residences, workplaces, and publicly accessible locations. A substantial fraction of
detached homes have much capacity for at least basic charging, although widespread deployment might
face challenges in the case of multifamily housing and rental properties. Increasing the availability of
workplace charging is an important infrastructure opportunity given that vehicles are typically parked at
workplaces for at least 8 hours each day during the workweek. Workplace charging might also present a
primary charging opportunity for those who lack access to residential charging. In the case of publicly
accessible charging, the high installation costs and low revenue associated with providing electricity
present challenges for developing sustainable business models and thus might require public-private
partnerships or other forms of continued government support in the near term.

The committee has suggested a variety of possible roles for the federal government, some of
which the federal government is already pursuing. Many of the activities suggested here could increase
the public’s familiarity with PEVs and encourage their adoption. Others could provide information that
would help in designing effective policies and ensure that the PEV investment is working to increase the
fraction of electric miles traveled. The disadvantages of the possible activities are that they require
resources—time, money, or staff. The strain on federal resources emphasizes the need to understand
which policies are most effective, what does not work, and the best ways to revise or restructure policies
or programs to make them more effective. The committee’s final report will explore those and other
options further and will consider other barriers to PEV deployment, including technologic and economic
ones.
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Introduction

Reducing U.S. dependence on imported petroleum is an important step toward improving the
nation’s energy and economic security. Electric vehicles that derive all or some of their propulsion from
an external electricity source have received critical attention in recent years because they have the
potential to reduce petroleum consumption substantially given that light-duty vehicles account for nearly
half the petroleum consumption in the United States today and that electricity is typically not generated
from petroleum (EIA, 2012). Globally, the demand for electric vehicles is growing, and some countries
see electric vehicles as an important element of their long-term strategy to meet environmental, economic,
and energy-security goals. Although the electric vehicle holds many promises, there are also many
barriers to its penetration into the mainstream market today. Some are technologic, such as the
capabilities of current battery technologies that restrict driving range and increase purchase price
compared with conventional vehicles; others are related to consumer behavior and attitudes; and still
others are related to the need to develop a charging network to support the vehicles and to address the
possible effects of the new charging network on the electric grid. Given the growing concerns
surrounding the potential barriers, Congress in its 2012 appropriations for the Department of Energy
(DOE) requested that DOE commission a study by the National Academies to identify market barriers
that are slowing the purchase of electric vehicles and hindering the deployment of supporting
infrastructure. As a result of the request, the National Research Council (NRC)—part of the National
Academies—appointed the Committee on Overcoming Barriers to Electric Vehicle Deployment, which
prepared this interim report.

HISTORICAL AND POLICY CONTEXT

The electric vehicle is not a new invention of the 21st century. In 1900, 28 percent of the
passenger cars sold in the United States were electric, and about one-third of the cars on the road in New
York City, Boston, and Chicago were electric (Schiffer et al., 1994). Mass production of an inexpensive
gasoline-powered vehicle (the Model T), the invention of the electric starter for the gasoline vehicle
(which eliminated the necessity of the hand-crank), a supply of readily affordable gasoline, and the
development of the national highway system (which allowed long-distance travel), however, led to its
demise (Schiffer et al., 1994). In the 1970s, interest in electric vehicles resurfaced with the Arab oil
embargo and the emerging environmental and energy-security concerns, but interest over the next few
decades waxed and waned as gasoline prices remained roughly constant. In the 1990s, interest in electric
vehicles was revived by California’s zero-emission-vehicle policies, but battery technology was not as
advanced as it is today, the automobile industry did not support the initiative, and the program was
delayed. The current administration’s goal of putting millions of electric vehicles on the road, new
federal carbon dioxide-emission and fuel-economy standards, and recent advances in battery and other
technologies have refocused attention on electric vehicles.

The current movement to increase the number of electric vehicles on the road was initially
spurred by the Emergency Economic Stabilization Act of 2008, which provided a $2,500 to $7,500 tax
credit for the purchase of electric vehicles (Public Law 110-343, §205). The American Recovery and

1-1

Copyright © National Academy of Sciences. All rights reserved.



Overcoming Barriers to Electric-Vehicle Deployment: Interim Report

PREPUBLICATION DRAFT—Subject to Further Editorial Correction

Reinvestment Act of 2009 (Public Law 111-5, §1141) increased incentives for electric vehicles by
increasing the types of vehicles that are eligible for a tax credit. It also appropriated $2 billion in grants
for development of electric-vehicle batteries and related components (DOE, 2009) and $2.4 billion in
loans for electric-vehicle manufacturing facilities (DOE, 2011). DOE has invested $400 million along
with private funds to support infrastructure development, including demonstration projects involving
13,000 electric vehicles and 22,000 public and private charging points in 20 U.S. cities (DOE, 2011). The
DOE Office of Energy Efficiency and Renewable Energy (DOE, 2013a) and several national laboratories,
including Argonne National Laboratory (ANL, 2011, 2012, 2013) and the National Renewable Energy
Laboratory (NREL, 2013), are conducting substantial research and development on electric-drive
technologies for electric vehicles (NRC, 2013).

Various state-level efforts are aimed at increasing the number of electric vehicles on the road—
such as customer incentives that include tax credits for vehicle purchase, access to carpool lanes, free
public parking, and inspection exemptions—and at building the charging infrastructure, such as
reimbursements and tax incentives for purchasing or leasing charging equipment and low-cost loans for
projects (DOE, 2013b). California's Zero-Emission Vehicle (ZEV) requirements constitute a particularly
important incentive because of the size of the California motor-vehicle market. Each motor-vehicle
manufacturer’s sales in the state are required to include at least a minimum percentage of ZEVs (vehicles
that produce zero exhaust emissions of any criteria pollutant) and transitional ZEVs (vehicles that are
capable of traveling some minimum distance solely on a ZEV fuel, such as electricity) (13 CCR § 1962.1
[2013])).

The policies that promote early electric-vehicle deployment are aimed at benefits beyond near-
term reductions in petroleum consumption and pollutant emissions. The strategy is to speed the long-term
process of conversion of the motor-vehicle fleet to alternative energy sources by exposing consumers now
to electric vehicles, by encouraging governments and service providers to plan for infrastructure, and by
encouraging the motor-vehicle industry to experiment with product design and marketing. Gaining a
major market share for electric vehicles probably will require advances in technology to reduce cost and
improve performance, but the premise of the early deployment efforts is that market development and
technologic development that proceed in parallel will lead to earlier mass adoption than if we wait for
technologic advances before beginning market development. The early deployment efforts also might
speed technologic progress by maintaining visibility and interest in electric vehicles. The risk entailed by
this strategy is that the benefits of electric-vehicle promotion might be diminished if the timing of
promotion efforts is premature relative to the development of the technology.

THE PLUG-IN ELECTRIC VEHICLE AND ITS ECOSYSTEM

This report focuses on the light-duty fleet (passenger cars and light-duty trucks) in the United
States and restricts its discussion of electric vehicles to plug-in electric vehicles (PEVs), which include
battery electric vehicles (BEVs)' and plug-in hybrid electric vehicles (PHEVs).” The common feature of
these vehicles is that they charge their batteries by plugging into the electric grid. The distinction
between them is that BEVs operate solely on electricity stored in the battery (there is no other power
source), and PHEVs have an internal-combustion engine that can supplement the electric power train.> *

" The term all-electric vehicle (AEV) is sometimes used instead of BEV.

2 BEVs and PHEVSs need to be distinguished from conventional hybrid electric vehicles (HEVs), such as the
Toyota Prius that was introduced in the late 1990s. HEVs do not plug into the electric grid but power their batteries
from regenerative braking and an internal-combustion engine. They are not included in the PEV category and are
not considered further in this report.

? Several design architectures are available for PHEVs, and, depending on the design, the engine may be used to
drive the vehicle directly or act as a generator to recharge the battery or both.

* PHEVs can use engines powered by various fuels. This report, however, focuses on PHEV engines that are
powered by gasoline because they are the ones currently available in the U.S. market.
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PEVs are often defined by the number of electric miles that they can drive. A BEV that can drive 100
miles on one battery charge is designated as a BEV100; likewise, a PHEV that can drive 40 miles on one
battery charge is designated as a PHEV40.
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FIGURE 1-1 Plug-in electric vehicle (PEV) sales from December 2010 to March 2013 as monthly sales

(left) and as a percentage of all new vehicle sales (right). SOURCE: Data from HybridCars.com, see
http://www.hybridcars.com/.

Figure 1-1 shows sales of PEVs since they were introduced into the U.S. market. As of March
2013, almost 90,000 PEVs had been sold. The committee notes that PEV models tend to be introduced
initially in a few regions (such as California and Oregon) before being deployed nationally. Although
comprehensive demographic data do not appear to be available, some data suggest that PEVs are not yet
appealing to the broad market of automobile consumers (Thompson, 2012). Current PEV owners appear
to be predominantly well-educated men in an upper income bracket (EVIX, 2012; Thompson, 2012) who
were motivated to purchase a PEV primarily by concerns about the environment (40 percent), oil
independence (40 percent), and fuel costs (20 percent) (Thompson, 2012). Some (Heffner et al., 2008;
Axsen and Kurani, 2012) have noted that PEV purchasers see the vehicles as status symbols that
communicate their concern for the environment and their position as early adopters of leading-edge
technology.

To identify and understand the needs of and barriers to PEV deployment, one can consider the
PEV ecosystem illustrated in Figure 1-2 as a conceptual model for evaluation. It includes the car
manufacturer, which supplies the vehicles to a car dealer, and the customer, who potentially becomes the
PEV owner. The customer and the owner are distinguished because they have separate needs, and not all
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customers will become owners.” The PEV must have access to a charger that allows the car to connect to
the electric grid and recharge its battery. Typically, a charger is in an owner’s garage or next to the
driveway so that the battery can be recharged at home after use. Those in single-family or multifamily
dwellings that lack access to a garage or driveway might not have convenient access to a charger and
therefore to the electricity needed to power the vehicle. There is considerable interest, therefore, in
chargers at workplaces and in public spaces, particularly those at which the vehicle will spend at least
several hours, such as parking lots for malls, movie theaters, and airports. The chargers and their network
are considered the charging infrastructure. The last component of the PEV ecosystem is the electricity
system, through which the electricity for charging the vehicle battery is obtained. Those various
components are discussed more fully in the later chapters of this report.

TRANSPORTATION
OPTIONS
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/
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FIGURE 1-2 The ecosystem of the plug-in electric vehicle, which includes the automobile manufacturer,
the car dealer, the customer, the owner, the electric vehicle, the charger, and the electricity system.

> No distinction is made here between people who own, rent, or lease a vehicle because they will have similar
needs—most important, the need to charge the vehicle.
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POSSIBLE ADVANTAGES AND DISADVANTAGES OF ADOPTION OF
PLUG-IN ELECTRIC VEHICLES

PEVs offer several advantages over conventional vehicles. The most obvious for the owner are
lower operating cost, less interior noise and vibration from the power train, often better low-speed
acceleration, the ability to fuel up at home, and zero tailpipe emissions when the vehicle operates solely
on its battery. BEVs have no conventional transmissions or fuel-injection systems to maintain and no
spark plugs to change, and the regenerative braking system greatly prolongs the life of conventional
brakes and thus reduces brake repair and replacement costs. On a larger scale, PEVs offer the potential
for decreasing U.S. dependence on petroleum imports, increasing U.S. energy security, and creating
employment opportunities. Relative to internal-combustion engine vehicles, they have the ability to
decrease on a well-to-wheels basis® emissions of greenhouse gases (GHGs) and pollutants that affect
public health; however, their use could result in a slight increase in emissions of some pollutants
(EPRI/NRDC, 2007; Kammen et al., 2009; Elgowainy et al., 2010). The degree to which PEVs affect
pollutant emissions will depend on how the electricity that fuels a vehicle is generated, the degree to
which charging of the vehicle is managed, and the degree to which emissions from power-generation
sources are controlled (Peterson et al., 2011). Given that passenger cars and light-duty trucks—a category
that includes sport-utility vehicles, pickups, and minivans—were responsible for about 16 percent of U.S.
GHG emissions in 2010 (EPA, 2012), PEV adoption has the potential to reduce GHG emissions
substantially as the electric grid shifts from coal plants to power-generation sources with lower life-cycle
emissions. PEVs might also act as an enabler for renewable power generation by providing storage
through smart-grid applications.

PEVs, however, also have important disadvantages. Current limitations in battery technology
result in restricted electric-driving range, high battery cost, long battery-charging time, and uncertain
battery life. Concerns about battery safety, depending on the chemistry and energy density of the battery,
have also arisen. PEVs have higher upfront costs than their conventional-vehicle counterparts, and there
is a need to create a charging infrastructure to support PEVs whether at home, at work, or in a public
space. Beyond the technical and economic barriers, people are not familiar with the capabilities of PEVs,
are uncertain about their costs and benefits, and have diverse needs that current PEV's might not meet. If
the goal is widespread deployment of PEVs, it is critical to identify and evaluate the barriers to their
adoption.

One possible disadvantage that has been raised in the context of widespread PEV deployment
concerns funding for transportation infrastructure. Motor-fuel taxes generated $70 billion in revenue for
federal and state governments in 2010, nearly all of which was dedicated by law to transportation uses
(APTA, 2012, Table 56; FHWA, 2012, Tables HF-10, SDF, FE-210). Regardless of PEV purchases, the
share of highway funding derived from fuel taxes and other user taxes has been declining as a result of
improved fuel economy, political resistance to tax-rate increases, and the 2007-2009 recession. States
recognize that new arrangements for transportation finance will be essential in the future, and
experimentation with alternative revenue sources for transportation over the next decade appears likely.
At least two states (Washington and Virginia) have imposed special registration fees on PEVs (DOE,
2013Db) to make up for lost fuel-tax revenue, and such fees might deter PEV purchases, although they are
small compared with current subsidies to PEV buyers. The final report of this committee will consider
the effect of PEV promotion on fuel-tax revenue and on proposals for reform of transportation-funding
arrangements, including proposals of a 2006 committee of the Transportation Research Board of the
National Academies (TRB, 2006).

% The term well-to-wheels refers to greenhouse-gas emissions from a vehicle’s tailpipe (tank-to-wheels) and
upstream emissions from the energy source used to power a vehicle (well-to-tank).
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THE COMMITTEE AND ITS TASK

The committee includes experts on vehicle technology, utilities, business and financial models,
economics, public policy, and consumer behavior and response (see Appendix A for biographic
information). As noted above, the committee was asked to identify market barriers that are slowing the
purchase of PEVs and hindering the deployment of supporting infrastructure in the United States and to
recommend ways to mitigate the barriers. The committee’s analysis is to be documented in two reports:
an interim report and a final comprehensive report. The present report fulfills the request for the interim
report and addresses specifically the following issues: infrastructure needs for electric vehicles, barriers
to deploying that infrastructure, and optional roles for the federal government in overcoming the barriers
with initial discussion of the pros and cons of the options. This report does not address the committee’s
full statement of task and does not make any recommendations because the committee is in its initial
stages of data-gathering. The committee will continue to gather and review information and to conduct
analyses through late spring 2014 and will issue its final report in late summer 2014. To be consistent
with NRC policy, the committee has tried to avoid making any premature recommendations that could be
contrary to what might emerge in its final report. (See Appendix B for the full statement of task, which
describes the complete list of issues that the committee will address in its final report.)

THE COMMITTEE’S APPROACH TO ITS TASK

Three meetings were held to accomplish the task of drafting the interim report. The first two
meetings included open sessions during which the committee heard from the sponsor and invited speakers
representing automobile manufacturers, electric utilities, charging providers, local governments, and PEV
demonstration projects (see Appendix C). On the basis of information received at the meetings, a
preliminary literature review, and its own expertise, the committee prepared this interim report.

The committee notes that it accepted its charge and is not debating the merits of promoting,
enabling, or increasing PEV adoption. This report focuses on infrastructure and near-term options that
can help to extend PEV adoption from first adopters to the next segment of PEV owners who are more
risk-averse and require greater reliability. Options that can alleviate barriers in the near term might help
to broaden and extend the adoption of PEVs into the mainstream market. Such a focus is consistent with
the task statement for this interim report and with the time allotted for its completion.

Battery costs and capability are major factors that hinder PEV deployment. As noted earlier in
this chapter, batteries are a focus of vehicle-technology programs of DOE and other laboratories, and
continued federal involvement through research and development might help to lower costs and improve
battery performance of PEVs. However, the task statement for the interim report focuses solely on
barriers related to the deployment of infrastructure for PEVs and the possible roles that the federal
government could play in mitigating these barriers. In its final report, the committee will consider a
broader array of issues facing PEV deployment, including technologic and economic barriers.

ORGANIZATION OF THIS REPORT

This interim report is organized into four chapters and four appendixes. Because the need for
infrastructure depends ultimately on PEV sales, Chapter 2 focuses on the barriers to PEV adoption from
the customer perspective. Chapter 3 describes various charging options and the infrastructure needed for
them. Chapter 4 discusses the electric grid and what might be needed in the future to ensure a stable
electricity distribution system. Each chapter discusses possible roles of the federal government and the
pros and cons of the various options. Appendix A provides the committee’s biographic information,
Appendix B provides the statement of task for the full study that will be addressed in the committee’s
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final report, Appendix C lists the meetings and presentations made in open sessions, and Appendix D
provides information on technical specifications of PEV charging components.
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The Customers, Manufacturers, and Dealers

The customer is identified in Chapter 1 as part of the ecosystem of the plug-in electric vehicle
(PEV) and is important to consider in identifying needs for and barriers to the deployment of PEVs and
the necessary infrastructure. Potential customers include individuals, households, and organizations—
such as rental-car companies, corporations, and government—that purchase fleets of vehicles. In this
chapter, the committee focuses on individuals and households because they make up the largest segment
of potential buyers and because there might be more obstacles in the way of their adoption of PEVs. The
chapter first describes customer needs and barriers to PEV adoption and then proposes possible
government roles in overcoming the barriers described. It concludes with a brief discussion of
automobile manufacturers and dealerships and the challenges that they face in promoting the adoption of
PEVs. Fleets are discussed in Chapter 3.

CUSTOMER NEEDS AND BARRIERS

As noted in Chapter 1, PEV ownership has societal and personal benefits. However, widespread
adoption of PEVs will require effective communication with customers on how the vehicles work and
how they fit into their lives; vehicles that offer safe, comfortable, and reliable transportation at costs that
are competitive with those of conventional vehicles (direct costs of purchasing and total costs of owning
and operating the vehicle); vehicles that offer an adequate range of travel; and an infrastructure that
provides convenient charging and servicing. Those needs shed light on the most important barriers to
customer adoption, as discussed below.

Lack of Customer Knowledge of and Experience with Plug-in Electric Vehicle Technology

Most potential customers have little knowledge of PEVs and almost no experience with them.
Surveys indicate that they ask many questions, including, Are these cars powerful enough for freeway
driving? Are PEVs safe when going through puddles? How much will PEVs add to my home electricity
bill? Are electric vehicles any better for the environment than conventional vehicles? (Kurani et al., 2009;
Turrentine et al., 2011). The lack of familiarity is not surprising inasmuch as there are relatively few
PEVs on U.S. roads (see Figure 1-1), and these are concentrated in a few regions. Few people even know
someone who has practical experience with driving or charging the vehicles. Thus, it is often difficult for
people to develop an interest in PEVs, let alone to decide to purchase one, even if it might be a suitable
option for their transportation needs. Lack of familiarity with the vehicles and their operation and
maintenance creates a substantial barrier to widespread PEV deployment; the following sections highlight
a few important areas that need to be addressed.
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Electricity as a Fuel

Few people or businesses in the United States have any experience with using electricity as a fuel
for their vehicles, so potential customers do not have an intuitive feel for how much it costs to drive a
PEV any given distance, how much it will cost per month or per charge session, or how long it will take
to charge the battery. They will not be able to estimate easily how much money they might save
compared with the costs of a conventional gasoline vehicle over a year, lease period, or expected period
of ownership. Consider, for example, the Ford Focus. At a national average cost of electricity of
$0.12/kWh, the electric version of the vehicle would cost about $0.04/mile; in contrast, the gasoline-
fueled version would cost about $0.12/mile at a national average regular-gasoline price of $3.65/gal.
However, such a comparison does not take into account any differences in purchase price, maintenance
costs, or costs for a vehicle charger; and electricity and gasoline costs are going to be regionally and
temporally dependent. Moreover, if customers are interested in the environmental benefits of their
vehicle, they are unlikely to know whether their electric utility (or the utility supplying power at their
workplace or at a publicly accessible charging station) generates electricity from a low-carbon source or
from renewable energy.

To help customers to understand fuel costs or consumption, the Environmental Protection Agency
has recently redesigned its window labels to provide information that will be more relevant to new-car
buyers. The labels now include the estimated fuel costs for a year and for PEVs the MPGe (miles per
gallon equivalent), which is a measure of the energy efficiency of the vehicle and should help customers
to understand electricity as a fuel. However, many of the metrics are not intuitive and are not entirely
representative of the costs and benefits that a specific owner might encounter; for example, the plug-in
hybrid electric vehicle (PHEV) label is generated on the basis of an assumed fraction of electric miles,
and a given owner’s fraction of electric miles is likely to vary. On-line calculators that are offered by
some Web sites help new-car buyers with such cost-benefit analysis, but taken as a whole, such issues
underscore that electricity as a fuel is not as familiar as gasoline.

There are differences between PEVs, specifically PHEVs and battery electric vehicles (BEVs).
Depending on the vehicle’s energy-use displays, a BEV driver can learn how much it costs to charge a
vehicle at home, at work, or at public chargers; how many kilowatt-hours it takes to drive to a desired
destination; and how many kilowatt-hours it takes to accelerate. PHEV owners must take more factors
into account in projecting their energy costs because the ratio of miles driven on electricity vs gasoline
will depend on their driving patterns and on how often they charge their vehicles. Thus, potential
customers must consider their own behaviors and vehicle performance to estimate future costs on a
monthly basis.

The Vehicle Battery and Charging

Two issues related to the vehicle battery create confusion. First, potential PEV buyers who are
familiar with ordinary car batteries and other consumer batteries that have short lifetimes and contain
toxic materials might be concerned about the proper recycling or disposal of PEV batteries. However,
lithium-ion batteries can be more safely disposed of in landfills than other battery types because they
contain smaller quantities of toxic heavy metals. Analyses also have found that lithium-ion batteries are
less toxic than alternative batteries over the full life cycle of production, use, and disposal (NHTSA,
2012a, Section 7.2.2). Furthermore, there are concerted efforts to develop reuse-and-disposal programs
for the PEV batteries (UC Davis, 2012).

Sec