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Preface

This report builds on RAND’s long tradition of research on advanced
technologies. From our research on world-circling spaceships in 1946
to developing the conceptual foundations of the Internet in the early
1960s, RAND has long provided policymakers with guidance about
tomorrow’s world. RAND’s recent research on the policy effects of
autonomous vehicles includes Liability and Regulation of Autonomous
Vehicle Technologies, by Nidhi Kalra, James M. Anderson, and Martin
Wachs (2009), and 7he U.S. Experience with No-Fault Automobile
Insurance: A Retrospective, by James M. Anderson, Paul Heaton, and
Stephen ]. Carroll (2010). Both publications are available on RAND’s
website.

This report results from the RAND Corporation’s Investment
in People and Ideas program. Support for this program is provided, in
part, by the generosity of RAND’s donors and by the fees earned on
client-funded research.

The RAND Transportation, Space, and Technology
Program

The research reported here was conducted in the RAND Transporta-
tion, Space, and Technology Program, which addresses topics relating
to transportation systems, space exploration, information and telecom-
munication technologies, nano- and biotechnologies, and other aspects
of science and technology policy. Program research is supported by
government agencies, foundations, and the private sector.
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This program is part of RAND Justice, Infrastructure, and Envi-
ronment, a division of the RAND Corporation dedicated to improving
policy and decisionmaking in a wide range of policy domains, includ-
ing civil and criminal justice, infrastructure protection and homeland
security, transportation and energy policy, and environmental and nat-
ural resource policy.

Questions or comments about this report should be sent to the
project leader, James Anderson, James_Anderson@rand.org. For more
information about the Transportation, Space, and Technology Pro-
gram, see http://www.rand.org/transportation or contact the director
at tst@rand.org.

This version of the report, RR-443-2, replaces an earlier version
that contained an incomplete account of General Motor’s policy on its
use of OnStar customer data in footnote 8 on page 69, none of which
affected the findings of the report.
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Summary

Autonomous vehicle (AV) technology offers the possibility of funda-
mentally changing transportation. Equipping cars and light vehicles
with this technology will likely reduce crashes, energy consumption,
and pollution—and reduce the costs of congestion.

This technology is most easily conceptualized using a five-part
continuum suggested by the National Highway Traffic Safety Admin-
istration (NHTSA), with different benefits of the technology realized
at different levels of automation:

* Level 0: The human driver is in complete control of all functions
of the car.

e Level 1: One function is automated.

e Level 2: More than one function is automated at the same time
(e.g., steering and acceleration), but the driver must remain con-
stantly attentive.

* Level 3: The driving functions are sufficiently automated that the
driver can safely engage in other activities.

* Level 4: The car can drive itself without a human driver.

Careful policymaking will be necessary to maximize the social
benefits that this technology will enable, while minimizing the disad-
vantages. Yet policymakers are only beginning to think about the chal-
lenges and opportunities this technology poses. The goal of this report
is to assist policymakers at the state and federal levels to make wise
policy decisions in this rapidly evolving area.

Xiii
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Promise and Perils of Autonomous Vehicle Technology

AV technology has the potential to substantially affect safety, conges-
tion, energy use, and, ultimately, land use.

Conventional driving imposes not only costs borne by the driver
(e.g., fuel, depreciation, insurance), but also substantial external costs,
or “negative externalities,” on other people. For example, every addi-
tional driver increases congestion for all other drivers and increases the
chance that another driver will have an accident. These externalities
have been estimated at approximately 13 cents per mile. If a hypotheti-
cal driver drives 10,000 miles, she imposes $1,300 worth of costs on
others, in addition to the costs she bears herself. AV technology has the
potential to substantially reduce both the costs borne by the driver and
these negative externalities, as we discuss below.

Effect on Crashes
While the frequency of crashes has been gradually declining in the
United States, such incidents remain a major public health problem.
There were more than 5.3 million automobile crashes in the United
States in 2011, resulting in more than 2.2 million injuries and 32,000
fatalities, as well as billions of dollars in private and social costs. World-
wide, the figures are much higher.

AV technology can dramatically reduce the frequency of crashes.
The Insurance Institute for Highway Safety (IIHS) estimated that if
all vehicles had forward collision and lane departure warning systems,
sideview (blind spot) assist, and adaptive headlights, nearly a third
of crashes and fatalities could be prevented (IIHS, 2010). Automatic
braking when the car detects an obstacle will also likely reduce a sig-
nificant number of rear-end collisions. Technologies that permit the
car to be primarily responsible for driving (Level 4) will likely further
reduce crash statistics because driver error is responsible for a large pro-
portion of crashes. This is particularly true given that 39 percent of the
crash fatalities in 2011 involved alcohol use by one of the drivers. The
overall social welfare benefits of vehicles that crash less frequently are
significant, both for the United States and globally, and many of these
benefits will go to those other purchasers of the autonomous vehicles.
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Effect on Mobility

AV technology will also increase mobility for those who are currently
unable or unwilling to drive. Level 4 AV technology, when the vehi-
cle does not require a human driver, would enable transportation for
the blind, disabled, or those too young to drive. The benefits for these
groups would include independence, reduction in social isolation, and
access to essential services. Some of these services are currently pro-
vided by mass transit or paratransit agencies, but each of these alterna-
tives has significant disadvantages. Mass transit generally requires fixed
routes that may not serve people where they live and work. Paratransit
services are expensive because they require a trained, salaried, human
driver. Since these costs are generally borne by taxpayers, substituting
less expensive AVs for paratransit services has the potential to improve
social welfare.

Effect on Traffic Congestion and Its Costs

AV technology of Level 3 or higher is likely to substantially reduce
the cost of congestion, since occupants of vehicles could undertake
other activities. These reductions to the costs of congestion will benefit
individual AV operators. On the other hand, reductions or increases
in congestion itself are externalities that will affect all road users.
A decreased cost of driving may lead to an increase in overall vehicle
miles traveled (VMT), potentially increasing actual congestion, but
the technology can also enable increased throughput on roads because
of more-efficient vehicle operation and reduced delays from crashes.
Thus, the overall effect of AV technology on congestion is uncertain.

Land Use

As already noted, AV technology of Level 3 or above will likely decrease
the cost of time in a car because the driver will be able to engage in
alternative activities. Another effect of this may be to increase com-
muter willingness to travel longer distances to and from work. This
might cause people to locate further from the urban core. Just as the
rise of the automobile led to the emergence of suburbs and exurbs, so
the introduction of AVs could lead to more dispersed and low-density
patterns of land use surrounding metropolitan regions.
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In metropolitan areas, however, it may lead to increased density
as a result of the decreased need for proximate parking. One recent
estimate concluded that approximately 31 percent of space in the cen-
tral business districts of 41 major cities was devoted to parking (Shoup,
2005). At Level 4, an AV could simply drop its passenger off and drive
away to satellite parking areas. Another consideration is that AV-
sharing programs may decrease the rate of car ownership. In either
event, fewer parking spaces would be necessary and would permit
greater development of cities.

AV technology may have different effects on land use in the
developing world. Countries with limited existing vehicle infrastruc-
ture could “leapfrog” to AV technology. Just as mobile phones allowed
developing countries to skip the development of expensive landline
infrastructure, AV technology might permit countries to skip some
aspects of conventional, human-driver centered travel infrastructure.

Effect on Energy and Emissions
The overall effect of AV technology on energy use and pollution is
uncertain, but seems likely to decrease both.

First, AV technology can improve fuel economy, improving it by
4-10 percent by accelerating and decelerating more smoothly than
a human driver. Further improvements could be had from reducing
distance between vehicles and increasing roadway capacity. A platoon
of closely spaced AVs that stops or slows down less often resembles a
train, enabling lower peak speeds (improving fuel economy) but higher
effective speeds (improving travel time). Over time, as the frequency of
crashes is reduced, cars and trucks could be made much lighter. This
would increase fuel economy even more.

AVs might reduce pollution by enabling the use of alternative
fuels. If the decrease in frequency of crashes allows lighter vehicles,
many of the range issues that have limited the use of electric and other
alternative vehicles are diminished. At Level 4, when human drivers
become unnecessary, the vehicle could drop its owners off at a destina-
tion and then recharge or refuel on its own. One of the disadvantages
of vehicles powered by electricity or fuel cells is the lack of a refueling/
recharging infrastructure. The ability of Level 4 AVs to drive and refuel
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themselves would permit a viable system with fewer refueling stations
than would otherwise be required.

On the other hand, decreases in the cost of driving, and additions
to the pool of vehicle users (e.g., elderly, disabled, and those under 16)
are likely to result in an increase in overall VMT. While it seems likely
that the decline in fuel consumption and emissions would outweigh
any such increase, it is uncertain.

Costs

While AV technology offers the potential of substantial benefits, there
are also important costs. Ironically, many of the costs of AV technology
stem in part from its benefits.

For example, since AV technology is likely to decrease the cost of
congestion and increase fuel economy, it will also likely decrease the
private cost of driving that a particular user incurs. Because of this
decline (and because of the increase in mobility that AVs offer to the
elderly or disabled), AV technology may increase total VMT, which
in turn may lead to increases in the negative externalities of driving,
including congestion and an increase in overall fuel consumption.

AV technologies may also disrupt existing institutions. By making
proximate parking unnecessary, Level 4 AV technology may under-
mine the parking revenues that are an important and reliable source of
funding to many cities. By providing a new level of mobility to some
users, it may siphon riders (and support) from public transit systems.
Currently, one of the key attractions of public transit is riders ability to
undertake other tasks in transit. Autonomous vehicle technology may
erode this comparative advantage.

Further, many jobs could be lost once drivers become unnecessary.
Taxi, truck, and bus drivers may lose their livelihoods and professions.
If crashes decline in frequency, an entire “crash economy” of insurance
companies, body shops, chiropractors, and others will be disrupted.

Overall, we think the benefits of AV technology—including
decreased crashes, increased mobility, and increases in fuel economy—
outweigh the likely disadvantages and costs. However, further research
would be useful, to more precisely estimate these costs and benefits and
whether they accrue to the individual operator of the AV or the public



xviii  Autonomous Vehicle Technology: A Guide for Policymakers

more generally. Such research would also be helpful in determining the
optimal mixture of subsidies and taxes to help align the private and
public costs and benefits of this technology.

Current State Law

A number of states, including Nevada, Florida, Michigan, and Cali-
fornia (as well as Washington, D.C.), have passed varying legislation
regulating the use of AV technology. Measures have also been proposed
in a number of other states.

The disadvantage of this approach is that it may create a patch-
work of conflicting regulatory requirements. It is also unclear whether
such measures are necessary, given the absence of commercially avail-
able vehicles with this technology and the absence of reported prob-
lems to date with the use of this technology on public roads. On the
other hand, these proposals begin the conversations among the legisla-
ture, the public, and state regulatory agencies about this important and
coming change in transportation.

Brief History and Current State of Autonomous Vehicles

While futurists have envisioned vehicles that drive themselves for
decades, research into AV technology can be divided into three phases.

From approximately 1980 to 2003, university research centers
worked on two visions of vehicle automation. The first were automated
highways systems where relatively “dumb” vehicles relied on highway
infrastructure to guide them. Other groups worked on AVs that did
not require special roads.

From 2003 to 2007, the U.S. Defense Advanced Research Proj-
ects Agency (DARPA) held three “Grand Challenges” that markedly
accelerated advancements in AV technology. The first two were held in
rural environments, while the third took place in an urban environ-
ment. Each of these spurred university teams to develop the technology.
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More recently, private companies have advanced AVs. Google’s
Driverless Car initiative has developed and tested a fleet of cars and ini-
tiated campaigns to demonstrate the applications of the technology—
for example, through videos highlighting mobility offered to the blind
(Google, 2012). In 2013, Audi and Toyota both unveiled their AV
visions and research programs at the International Consumer Electron-
ics Show, an annual event held every January in Las Vegas (Hsu, 2013).
Nissan has also recently announced plans to sell an AV by 2020.

Current State of Technology

Google’s vehicles, operating fully autonomously, have driven more
than 500,000 miles without a crash attributable to the automation.
Advanced sensors to gather information about the world, increasingly
sophisticated algorithms to process sensor data and control the vehicle,
and computational power to run them in real time has permitted this
level of development.

In general, robotic systems, including AVs, use a “sense-plan-act”
design. In order to sense the environment, AVs use a combination of
sensors, including lidar (light detection and ranging), radar, cameras,
ultrasonic, and infrared. A suite of sensors in combination can comple-
ment one another and make up for any weaknesses in any one kind of
sensor. While robotic systems are very good at collecting data about
the environment, making sense of that data remains probably the hard-
est part of developing an ultra-reliable AV.

For localization, the vehicles can use a combination of the Global
Positioning System (GPS) and inertial navigation systems (INS). Chal-
lenges remain here, as well, because these systems can be somewhat inac-
curate in certain conditions. For example, error of up to a meter can
occur in a 10-second period during which the system relies on INS. At
this point, it is not clear what combination of sensors is likely to emerge
as the best combination of functionality and price—particularly for
vehicles that function at Level 3 and higher.

In order to permit autonomous operation without an alert back-
up driver at the ready, the technology will need to degrade gracefully,
in such a way that a catastrophe is avoided. For example, if some ele-
ment of the system fails in the middle of a curve in busy traffic, there
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must be a sufficiently robust back-up system so that even with the fail-
ure, the vehicle can maneuver to a safe stop. Developing this level of
reliability is challenging.

The role of vehicle to vehicle (V2V) and vehicle to infrastructure
(V2I) communication in enabling AV operation also remains unclear.
While this technology could ease the task of automated driving in
many circumstances, it is not clear that it is necessary. Moreover, V21
might require substantial infrastructure investments—for example, if
every traffic signal must be equipped with a radio for communicating
with cars.

Partly as a result of all of these challenges, most (but not all)
stakeholders anticipate that a “shared driving” concept will be used on
the first commercially available AVs: Vehicles can drive autonomously
in certain operating conditions—e.g., below a particular speed, only
on certain kinds of roads, in certain driving conditions—and will
revert to traditional, manual driving outside those boundaries or at the
request of a human driver.

Human driver reengagement will pose another key challenge. To
experience the greatest benefits of the technology, human drivers will
need to be able to engage in other tasks while the vehicle is driving
autonomously. For safety, however, they will need to quickly reengage
(in a matter of seconds or less) at the vehicle’s request. Cognitive sci-
ence research on distracted driving suggests this may be a significant
safety challenge. Similarly, developing the appropriate mental models
for human-machine collaboration may be a challenge for a technology
widely available to the public.

Software upgrades also could pose challenges, as they might need
to be backward-compatible with earlier models of vehicles and sensor
systems. Moreover, as more vehicle models offer autonomous driving
features, software and other system upgrades will have to perform on
increasingly diverse platforms, making reliability and quality assurance
all the more challenging. System security is also a concern, so that
viruses or malware are prevented from subverting proper functioning
of vehicles” systems.

State transportation departments may need to anticipate the use of
vastly different kinds of AVs operating on roadways. This may pose chal-
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lenges for the registration and requirements necessary for the vehicles to
operate and for the level of training particular operators must have. One
short-term action that might improve safety is requiring stricter confor-
mance to road signage requirements, particularly those that involve con-
struction or some alteration to the roadway. This would both aid human
drivers and ease some of the perception requirements for AVs.

Role of Telematics and Communications

The transfer of data to and from moving vehicles is expected to play an
important role in the development of AVs in several ways. First, vehi-
cles may use cloud-based resources. For example, AVs may use continu-
ally updated “maps” that rely in part upon sensor data from other vehi-
cles. Similarly, if one vehicle’s sensors were to malfunction it might be
able to partly rely upon another vehicle’s sensors. Secondly, the federal
government has supported the development of Dedicated Short-Range
Communications (DSRC) applications that would allow V2V and V21
communications and has reserved electromagnetic spectrum for this
use. Third, nearly every stakeholder with whom we spoke noted the
inevitable need for software updates, which will require some form of
communications. Finally, many stakeholders believe that increasingly
sophisticated “infotainment” content may occupy vehicle occupants
when full-time driving is no longer necessary, and that this content
may increase demand for AV technology.

A central ongoing policy issue is the future of DSRC. While
DSRC licenses became available in 2004, they have only been used in
experimental and demonstration projects. Recently, the Federal Com-
munications Commission (FCC) announced in a Notice of Proposed
Rulemaking that it was considering allowing unlicensed devices to
share the spectrum allocated to DSRC for purposes unrelated to trans-
portation use. We interviewed numerous stakeholders who thought
this might impede the development of AVs, despite the current lack of
use of the spectrum allocated to DSRC.

Other communications policy issues include the need to update
distracted driver laws and the need to harmonize developmental stan-
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dards for communications platforms within automobiles, along with
issues pertaining to data security, data ownership, and privacy.

Standards and Regulations

Government regulations and engineering standards are policy instru-
ments used to address safety, health, environment, and other public
concerns. Regulations are mandatory requirements developed by poli-
cymakers that are specified by law and are enforceable by the govern-
ment. Standards, in contrast, are engineering criteria developed by the
technology community that specify how a product should be designed
or how it should perform.

Both standards and regulations will play important roles in the
emergence and development of AV technology.

NHTSA is the primary federal regulator of safety, and typically
enacts Federal Motor Vehicle Safety Standards (FMVSSs) that specity
performance standards for a wide range of safety components, including
specific crash test performance. NHTSA can also issue recalls and influ-
ence the marketplace through its New Car Assessment Program. How-
ever, it has no jurisdiction over the operation of cars, actions of vehicle
owners, maintenance, repair, or modifications vehicle owners may make.

Voluntary standards are also likely to play an important role in
standardizing safety, assuring system compatibility, and easing some of
the complex human-computer interaction problems by standardizing
methods by which vehicles operate.

Liability Implications of Autonomous Vehicle Technology

The existing liability regime does not seem to present unusual concerns
for owners or drivers of vehicles equipped with AV technologies. On the
contrary, the decreased number of crashes and associated lower insurance
costs that these technologies are expected to bring about will encourage
drivers and automobile-insurance companies to adopt these technologies.

In contrast, manufacturers’ product liability may increase, which
could lead to inefficient delays in adoption of this technology. Manu-
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facturers may be held responsible under several theories of liability:
Warnings and consumer education will play a crucial role in managing
manufacturer liability for these systems, but concerns still may slow the
introduction of technologies likely to increase that liability, even if they
are socially desirable.

One potential solution to this problem is to more fully integrate
a cost-benefit analysis into the standard for liability in a way that
accounts for consideration of the associated benefits. It is difficult to
specify the appropriate sets of costs and benefits that should be consid-
ered, however, and further research would be helpful.

Manufacturers might be able to reduce these risks by changing
the business model of vehicle manufacturing—e.g., offering the use
of an automobile as a service rather than a product. Another approach
would be for manufacturers to use technology for closer monitoring of
driver behavior.

Policymakers could also take actions to reduce manufacturers’
liability. Congress could explicitly preempt state tort law remedies, an
approach that has some precedents. Congress could also create a reinsur-
ance insurance backstop, if manufacturers have trouble obtaining insur-
ance for these risks. Finally, policymakers (including the courts) could
adopt an irrebuttable presumption of human control of a vehicle, to pre-
serve the existing convention that a human driver is legally responsible
for a vehicle. However, each of these approaches also has significant dis-
advantages and it is unclear whether any liability limitation is necessary.

Guidance for Policymakers and Conclusion

A key overarching issue for policymakers is the extent to which the pos-
itive externalities created by AV technologies will create a market fail-
ure. As detailed above, this technology has the potential to substantially
benefit social welfare through its reduction of crashes and costs of con-
gestion, declines in fuel consumption and emission, increases in mobil-
ity, and, eventually, changes to land use. Some of these potential bene-
fits will not accrue to the purchaser of the vehicle with this technology,
but more generally to the public. Since they do not accrue to the pur-
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chaser, these positive externalities will not be incorporated in the eco-
nomic demand for the technology. Similarly, negative externalities—
including congestion—may be caused by additional VMT. The result
may be a less than socially optimal outcome. A combination of subsi-
dies and taxes might be useful to internalize these externalities, but we
currently lack the knowledge to specify them.

Overregulation also poses risks. Different states’ attempts to
regulate AV technology could result in a crazy quilt of incompatible
requirements and regulations that would make it impossible to operate
a vehicle with this technology in multiple states.

Historically, vehicle performance is tested federally by NHTSA,
while driver performance is tested by state departments. Since an AV is
the driver, but the human may be required to intervene in certain ways
and under certain circumstances, this division of roles could become
complicated.

Liability concerns may also slow the introduction of this technol-
ogy. These might be addressed by a variety of policymaker approaches,
including tort preemption, a federal insurance backstop, the incorpo-
ration of a long-term cost-benefit analysis in the legal standard for rea-
sonableness, or an approach that continues to assign liability to the
human operator of the vehicle.

Overall, the guiding principle for policymakers should be that
AV technology ought to be permitted if and when it is superior to aver-
age human drivers. For example, safety regulations and liability rules
should be designed with this overarching guiding principle in mind.
Similarly, this principle can provide some guidance to judges strug-
gling with whether a particular design decision was reasonable in the
context of a products liability lawsuit.

AV technology has considerable promise for improving social wel-
fare but will require careful policymaking at the state and federal level to
maximize its promise. Policymaker intervention to align the private and
public costs of this technology may be justified once its costs and benefits
are better known. Further research and experience can help us better
understand these uncertainties. But at this point, aggressive policymaker
intervention is premature and would probably do more harm than good.
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CHAPTER ONE
Introduction

The General Motors Futurama exhibit presented at the 1939 World’s
Fair in New York piqued the collective American and world imagina-
tion. Among other wonders, it promised that the United States would
have an automated highway system and foretold the coming of a fun-
damental revolution in the surface transportation of passengers and
freight. Today, nearly 75 years later, the advances in autonomous vehi-
cle (AV) technology (also known as automated driving systems) place
us on the cusp of that revolution.

AVs have enormous potential to allow for more productive use
of time spent in a vehicle and to reduce crashes, costs of congestion,
energy consumption, and pollution. They may also alter models of
vehicle ownership and patterns of land use, and may create new mar-
kets and economic opportunities. Yet policymakers are only beginning
to grapple with the immense changes AVs portend. They face many
policy questions, the answers to which will be influential in shaping
the adoption and impact of AVs. These include everything from when
and whether this technology should be permitted on the roads to the
appropriate liability regime. This report seeks to aid policymakers by
summarizing a large body of knowledge relevant to these policy issues,
and suggesting appropriate policy principles.

Our methodology was straightforward. We conducted a com-
prehensive literature review of the work on AV technologies and for-
mally interviewed approximately 30 stakeholders—including auto-
mobile manufacturers; technology firms; communications providers;
representatives from National Highway Traffic Safety Administration
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(NHTSA), state departments of transportation (DOTs), state depart-
ments of motor vehicles (DM Vs), and others. (A summary of the inter-
views is included in the appendix.) We talked to many others at the
Transportation Research Board Annual Meeting and the Transporta-
tion Research Board’s Workshop on Road Vehicle Automation.

In the remainder of this chapter, we briefly define different levels
of vehicle autonomy, explore why they merit the attention of policymak-
ers, and enumerate questions that policymakers will need to address.

What Are Autonomous and Automated Vehicles?

Technological advancements are creating a continuum between con-
ventional, fully human-driven vehicles and AVs, which partially or
fully drive themselves and which may ultimately require no driver
at all. Within this continuum are technologies that enable a vehicle
to assist and make decisions for a human driver. Such technologies
include crash warning systems, adaptive cruise control (ACC), lane
keeping systems, and self-parking technology.!

NHTSA has created a five-level hierarchy to help clarify this con-
tinuum.? We summarize this below and use it throughout this report:

* Level 0 (no automation): The driver is in complete and sole con-
trol of the primary vehicle functions (brake, steering, throttle,
and motive power) at all times, and is solely responsible for moni-
toring the roadway and for safe vehicle operation.

* Level 1 (function-specific automation): Automation at this level
involves one or more specific control functions; if multiple func-
tions are automated, they operate independently of each other.
The driver has overall control, and is solely responsible for safe
operation, but can choose to cede limited authority over a pri-

! These technologies are sometimes called advanced driver assistance systems.

2 The Society of Automotive Engineers (SAE) International has created a somewhat similar
taxonomy to describe automation for on-road vehicles (SAE On-Road Automated Vehicle
Standards Committee, 2013).
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mary control (as in ACC); the vehicle can automatically assume
limited authority over a primary control (as in electronic stability
control); or the automated system can provide added control to
aid the driver in certain normal driving or crash-imminent situa-
tions (e.g., dynamic brake support in emergencies).

e Level 2 (combined-function automation): This level involves
automation of at least two primary control functions designed to
work in unison to relieve the driver of controlling those functions.
Vehicles at this level of automation can utilize shared authority
when the driver cedes active primary control in certain limited
driving situations. The driver is still responsible for monitoring
the roadway and safe operation, and is expected to be available for
control at all times and on short notice. The system can relinquish
control with no advance warning and the driver must be ready to
control the vehicle safely.

* Level 3 (limited self-driving automation): Vehicles at this
level of automation enable the driver to cede full control of all
safety-critical functions under certain traffic or environmental
conditions, and in those conditions to rely heavily on the vehicle
to monitor for changes in those conditions requiring transition
back to driver control. The driver is expected to be available for
occasional control, but with sufficiently comfortable transition
time.

* Level 4 (full self-driving automation): The vehicle is designed
to perform all safety-critical driving functions and monitor road-
way conditions for an entire trip. Such a design anticipates that
the driver will provide destination or navigation input, but is not
expected to be available for control at any time during the trip.
This includes both occupied and unoccupied vehicles. By design,
safe operation rests solely on the automated vehicle system.

(NHTSA, 2013).

The type and magnitude of the potential benefits of AV tech-
nology will depend on the level of automation that is achieved. For
example, some of the safety benefits of AV technology may be achieved
from function-specific automation (e.g., automatic braking), while the
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land-use and environmental benefits are likely to be realized only by
full automation (Level 4).3

Why Is Autonomous Vehicle Technology Important Now?

AV technology merits the immediate attention of policymakers for sev-
eral reasons. First, the technology appears close to maturity and com-
mercial introduction. Google’s efforts—which involve a fleet of cars
that collectively have logged hundreds of thousands of autonomous
miles—have received widespread media attention and demonstrate
that this technology has advanced considerably. Every major commer-
cial automaker is engaged in research in this area and full-scale com-
mercial introduction of truly autonomous (including driverless) vehi-
cles are being predicted to occur within five to 20 years. Several states
have passed laws to regulate the use of AVs, and many more laws have
been proposed. As these technologies trickle (or flood) into the market-
place, it is important for both state and federal policymakers to under-
stand the effects that existing policy (or lack thereof) are likely to have
on the development and adoption of this technology.

Second, the stakes are high. In the United States alone, more than
30,000 people are killed each year in crashes, approximately 2.5 mil-
lion are injured, and the vast majority of these crashes are the result of
human error (Choi et al., 2008). By greatly reducing the opportunity
for human error, AV technologies have the potential to greatly reduce
the number of crashes.*

3 AV technology is closely related to, but distinct from, connected vehicle technology,
which enables the vehicle to share information with other vehicles or transportation infra-
structure. For example, cars could share location information electronically with nearby
vehicles, which could aid AVs. More ambitiously, cars might share sensor information with
nearby vehicles, which could provide an AV with more information on which to base its
decisionmaking. While some have argued that connected vehicle technology will be central
to achieving AV operation (KPMG and Center for Automotive Research, 2012), this view is
not universally shared and many of our interviewees believe that sensor-based systems will
be sufficient. We discuss connected vehicle technology in Chapter Four.

4 Similarly, a study of commercial vehicles found that a bundled system of collision warning,
ACC, and advanced braking could prevent 23-28 percent of rear-end crashes (Batelle, 2007).
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AVs may also reduce congestion and its associated costs. Estimates
suggest that effective road capacity (vehicles per lane per hour) can be
doubled or tripled. The costs of congestion can also be greatly reduced
if vehicle operators can productively conduct other work. AV technol-
ogy also promises to reduce energy use.” Automobiles have become
increasingly heavy over the past 20 years partly to meet more rigorous
crash test standards. If crashes become exceedingly rare events, it may
be possible to dramatically lighten automobiles.

In the long run, AVs may also improve land use. Quite apart from
the environmental toll of fuel generation and consumption, the exist-
ing automobile shapes much of our built environment. Its centrality
to our lives accounts for the acres of parking in even our most densely
occupied cities.6 With the ability to drive and park themselves at some
distance from their users, AVs may obviate the need for nearby parking
for commercial, residential, or work establishments, which may enable
a reshaping of the urban environment and permit new in-fill develop-
ment as adjacent parking lots are made unnecessary.

Along with these benefits, however, AVs could have many nega-
tive effects. By reducing the time cost of driving, AVs may encourage
greater travel and increase total vehicle miles traveled (VMT), which
could lead to more congestion.” They may increase sprawl if commuters
move ever farther away from workplaces. Similarly, AVs may eventually

> One study found that “because [adaptive cruise control] reduces the degree of accelera-
tion relative to manual driving, and because [adaptive cruise control] would be used more
than [conventional cruise control], deployment of [adaptive cruise control] systems will
result in increased fuel efficiency and decreased emissions” (Koziol et al., 1999, pp. 5-17).

6 Anticipating the future importance of the car, modernist architect Le Corbusier famously
designed the ground floor of La Villa Savoye in 1928 to mirror the turning radius of the
owners’ car (a 1927 Citroen) (Kroll, 2010).

7 The U.S. DOT Highway Economic Requirements System (HERS) estimates vehicle-
demand price elasticity in the most likely scenarios to fall by —0.7 to —0.8 in the short run,
and to fall about twice that in the long run, with a range of —1.0 to —2.0 (Lee, Klein, and
Camus, 1999; Litman, 2012). This implies that as travel costs (time and expenses) reduce
by 10 percent, travel is expected to increase: by 7 to 8 percent in the short run (time period
over which exogenous demand factors remain fixed, probably about one year) and by an
additional 2 to 12 percent in the long run (time for exogenous characteristics to change, fre-
quently assumed at five to 20 years).
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shift users’” preferences toward larger vehicles to permit other activities.
In theory, this could even include beds, showers, kitchens, or offices. If
AV software becomes standardized, a single flaw might lead to many
accidents. Internet-connected systems might be hacked by the mali-
cious. And perhaps the biggest risks are simply unknowable.

From seatbelts, to air bags, to antilock brakes, automakers have
often been reluctant to incorporate expensive new technology, even if
it can save many lives (Mashaw and Harfst, 1990). Navigating the AV
landscape makes implementation of these earlier safety improvements
appear simple by comparison. Negotiating the risks to reach the oppor-
tunities will require careful policymaking, and this report identifies
the critical issues and context as policymakers collectively define a path
forward.

What Decisions Do Policymakers Face?

Policymakers have a number of opportunities for shaping the adoption
and impact of AV technologies. Key questions include:

* How, if at all, should the use of AVs be regulated, and at what
level?

* What kinds of vehicles should be allowed on the road, and who is
allowed to operate them?

* How should the safety of AVs be tested, and by whom? To what
safety standards should AVs be held?

* How might different liability regimes shape the timely and safe
adoption of AVs, and what are the tradeoffs? Under what condi-
tions would limitations on tort liability be appropriate?

* What are the implications of a patchwork of state-by-state laws
and regulations, and what are the tradeoffs in harmonizing these
policies?

* To what extent should policymakers encourage the adoption of
AVs; e.g., through smart road infrastructure, dedicated highway
lanes, manufacturer or consumer incentives?
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Different policymaking bodies will have different roles in address-
ing these questions. In recent years, state legislatures have passed laws
on what types of AVs may be driven, and have directed DM Vs to clar-
ify testing and regulation procedures. Legislatures may also be respon-
sible for providing specific incentives for manufacturers to create AVs
and for the public to adopt them. Historically, DM Vs test the safety
of and regulate drivers (i.e., issuing driver’s licenses), while federal
bodies like NHTSA regulate and test the safety of vehicles. AVs blur
the line between vehicle and driver, and DM Vs are beginning to test
and license AVs. State DOTs maintain and operate highway infrastruc-
ture, and thus would be responsible for any investments in intelligent
infrastructure or the creation and operation of dedicated lanes for AVs.

The goal of this report is to summarize available information on
AV technologies, identify the most salient policy issues, and provide
tentative guidance to policymakers. At the outset, we must note that
there are far more questions than answers. Further research can and
should be conducted on almost every topic we touch.

The remainder of the report is organized as follows. Chapter
Two summarizes the potential of these technologies to improve social
welfare and potential detrimental effects. Chapter Three summarizes
recent state legislation in this area. In Chapter Four, we review the his-
tory of AV technology and discuss its current status. In Chapter Five,
we address the particular policy issues raised by telematics and com-
munications issues. In Chapter Six, we address the role of standards
and regulations. In Chapter Seven, we discuss the liability implications
of AV technology and the risks that are raised to the goal of maximiz-
ing social welfare. Chapter Eight summarizes the policy implications
of this work and proposes some tentative suggestions. We also sum-
marize our findings and propose directions for further research in this
area.






CHAPTER TWO

The Promise and Perils of Autonomous Vehicle
Technology

AVs have the potential to substantially affect safety, mobility, con-
gestion, land use, and the environment. In this chapter, we discuss
some of the social costs of transportation and how AVs could affect
these costs. In general, we find that AV technology has the poten-
tial to substantially reduce many of the existing negative externali-
ties of personal automobile use and create some additional benefits
in increased mobility and improving land use. While there are some
important disadvantages, we find these are generally outweighed by
the advantages.

However, the extent to which the specific benefit accrues to the
purchaser of the car, rather than the public as a whole, varies by the
benefit. For example, the extent to which this technology can reduce
the cost of congestion (by allowing a driver to attend to other tasks)
will accrue to the driver. On the other hand, the extent to which the
technology can generally reduce congestion on the roads accrues to the
general motoring public, not the purchaser. This is important because
it will affect the business model for the introduction of many of these
technologies, and whether subsidies or taxes are appropriate to align
private and public costs.

A Summary of the Social Costs of Driving

There is a large body of research estimating the social costs (or exter-
nalities) of human-driven vehicles (e.g., Small and Kazimi, 1995;
Delucchi, 20005 Parry, Wells, and Harrington, 2007; Michalek et al.,
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2011). These externalities include accidents, congestion, noise, air pol-
lution, and greenhouse gas (GHG) emissions. Trafhc accidents, for
example, are the leading cause of death among young adults 15-29
years old, and the second-highest cause of death for children 5-14 years
old (World Health Organization, 2013). Traffic accidents have other
social and individual costs, including property damage; lost earnings;
lost household production; medical costs; emergency services; voca-
tional rehabilitation; workplace costs; administrative costs; legal costs;
and pain, suffering, and lost quality of life. NHTSA estimated in a
2002 study that the total economic cost of motor vehicle crashes in
2000 was a staggering $230.6 billion (Blincoe et al., 2002).

There are also estimates of the external costs of noise, congestion,
air pollution, oil imports, and GHG emissions. NHTSA estimated
these costs in its Final Regulatory Impact Analysis report (2012a),
which examines the costs and benefits of increasing the Corporate
Average Fuel Economy (CAFE) standards for vehicles manufactured
between 2017 and 2025. Table 2.1 shows some of these cost estimates.

Environmental damage, such as GHG emissions and air pollu-
tion, is another important externality of driving that could be affected
by autonomous driving. GHG emissions have social costs relating to

Table 2.1
Estimates of External Costs of Driving (2010%)
External Costs External Costs
from from
Mobility Costs ($/Vehicle-Mile) Automobile Use Light-Truck Use
Congestion 0.056 0.050
Accidents 0.024 0.027
Noise 0.001 0.001
Emissions Cost Weighted Costs
Volatile organic compounds (VOC) $1,700/ton
Nitrogen oxides (NOx) $6,700/ton
Particulate matter (PM, ) $306,500/ton
Sulfur dioxide $39,600/ton
Carbon dioxide (CO,) emissions in 2010 $22/metric ton
Economic Benefits of Reducing Oil Imports $0.197/gallon in 2025

SOURCE: NHTSA, 2012a.



The Promise and Perils of Autonomous Vehicle Technology 11

the impacts of climate change, while conventional air pollutants from
gasoline and diesel combustion affect human health, crop loss, refor-
estation, and other areas (National Research Council [NRC], 2010).

In 2013, a U.S. interagency working group updated the esti-
mates of the social costs of carbon dioxide (CO, ). These estimates
allow agencies to incorporate the social benefits of CO, reduction
into regulatory actions and cost-benefit analyses. The central value
for the social cost of CO, in 2020 is about $48 per metric ton, with
a range from $12 to $145 per metric ton (U.S. Interagency Work-
ing Group on Social Cost of Carbon, 2013). The U.S. Environmen-
tal Protection Agency (EPA) pegged emissions from U.S. light-duty
vehicles at 1,080 million metric tons in 2011 (EPA, 2013a), so the
social cost of CO, emissions from light-duty vehicles was nearly $41
billion annually.

Somewhat confusingly, different externalities are estimated in dif-
ferent ways. Impacts from air pollution, GHG emissions, and oil imports
are estimated on a per-ton or a per-gallon basis. This means impacts can
be reduced through vehicles that are more fuel efficient, fuels that are
less emissions intensive, and fuels other than refined petroleum products.
Conversely, impacts from congestion and accidents are largely a function
of the amount of driving, so impacts increase when VMT increase.

So that we can compare external costs on a per-mile basis, we
apply NHTSA’s cost estimates to the per-mile vehicle emissions from
a base case car in Argonne National Laboratory’s Greenhouse Gases,
Regulated Emissions, and Energy Use in Transportation (GREET)
model (Argonne National Laboratory, 2012) and depict these in Figure
2.1. NHTSA’s estimates in Table 2.1 and from Figure 2.1 illustrate that
while environmental and oil security costs are significant, congestion
and accidents are the two largest external costs of driving per mile.
When gasoline costs $3.50 per gallon, the fuel costs for driving a mile
in a car that gets 25 miles per gallon (mpg) are about 14 cents. The
social costs estimated here add another 13 cents per mile—nearly as
much as the cost to fuel the car.! The ability for AV technology to con-

' Some of the externalities per mile will vary by time and location. For example, the conges-

tion and noise costs imposed upon others will be much less than 5.6 cents a mile if the mile
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Figure 2.1
An Estimate of the Per-Mile Externalities Associated with Driving an
Automobile

Oil imports
(0.8¢) . .
Air pollution Accidents
(1.9¢) (2.4¢)
Climate Congestion Noise
change (5.6¢) (0.1¢)
(2.3¢)

NOTE: Estimates are in 2010$ and based on NHTSA (2012a) values. GHG emissions use
the central value from the U.S. Interagency Working Group on the Social Cost of
Carbon (2013). Emissions factors are well-to-wheel for a 24.8-mpg vehicle using data
from Argonne National Laboratory (2012).
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siderably reduce these social costs not only benefits society if realized; it
also has major implications for future cost-benefit analyses conducted
in support of regulatory actions and policy decisions.

Having summarized the substantial social costs of human-driven
vehicles, we now turn to the effects of AV technology on those social
costs.

Effects of Autonomous Vehicle Technology on Safety and
Crashes

In the United States in 2011, there were more than 5.3 million automo-
bile crashes, resulting in more than 2.2 million injuries and more than
32,000 fatalities. These casualties are a public health issue, and impose

is on an empty road in the desert. Conversely, the congestion and noise costs will be much
higher if it is in a dense city. These estimates are based on data in the United States. The pat-
tern of externalities will be different in other countries.
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billions of dollars in private and social costs. AV technology has the
potential to substantially reduce this human toll.

Both in absolute numbers and on a per-VMT basis, automobile
crashes have been diminishing in the United States. Total roadway
crashes per million VMT, which overwhelmingly comprised light-duty
vehicle crashes, fell at an annual average rate of about 2.3 percent from
1990 to 2011. Over the same period, roadway injuries fell at an average
annual rate of about 3.1 percent. So the rate of injuries from crashes
was reducing faster than the rate of crashes themselves—while fewer
crashes were occurring, vehicles were also getting safer for their occu-
pants. Figure 2.2 shows how total U.S. roadway crashes and injuries per
million VMT have fallen. Of the more than 2 million roadway injuries
in 2011, 69,000 were pedestrians and 48,000 were cyclists, demon-
strating that crash risks are not limited to occupants of the vehicles.

A similar improvement was achieved in reducing U.S. roadway
fatalities from 51 per billion VMT in 1960 to 11 per billion VMT in
2011, as shown in Figure 2.3. This represents an average annual decline

Figure 2.2
U.S. Roadway Accidents and Injuries per Million Vehicle Miles Traveled
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NOTE: Data from the Bureau of Transportation Statistics (BTS, 2013) includes all
highway transportation modes: passenger car, light truck, motorcycle, large truck,
and bus. Crashes involving two or more motor vehicles are counted as one “crash”
by the U.S. DOT, so total crashes shown here are fewer than the sum of individual
vehicles involved. Injuries include vehicle occupants for all highway modes as well
as pedestrians and cyclists.
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Figure 2.3
U.S. Roadway Fatalities per Billion Vehicle Miles Traveled
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in fatalities of about 2.9 percent. Still, the fact there were more than
32,000 fatalities on U.S. roadways in 2011 shows that considerable
safety improvements are necessary.

Fatalities from car and light truck occupants were about 21,000
of the total fartalities; motorcycles added more than 4,600 fatalities
with much fewer VMT (BTS, 2013). And, similar to the injuries dis-
cussed above, pedestrian casualties were a considerable portion of the
total, more than 4,400 in 2011. So, light-duty vehicle operation poses a
risk not only for other light-duty vehicle passengers, but also to motor-
cyclists, pedestrians, and cyclists.

Many factors contributed to reducing the rate of crashes, inju-
ries, and fatalities—including the gradual adoption of on-vehicle safety
technologies. These systems were introduced in various model years:
modern frontal air bags in 1984, antilock brakes in 1985, electronic
stability control in 1995, head-protecting side air bags in 1998, and
forward collision warnings in 2000 (IIHS, 2012). But it typically takes
three decades for safety features that start out on luxury vehicles to
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reach the entire vehicle fleet, as older vehicles are replaced with newer
models. If the adoption of forward collision warning systems (CWSs)
continues on its current path (standard on 1 percent and optional on
11 percent of model year 2010 vehicles), it could take nearly 50 years to
reach 95 percent of the fleet (IIHS, 2012).

Based on the data from 1960 to 2011, the rate of fatalities has
halved every two decades on U.S. roadways. It is likely that AVs could
bend this fatality curve substantially. But the safety benefits will likely
depend upon the level of automation.

The ITHS estimated that if all vehicles had forward collision and
lane departure warning, sideview (blind spot) assist, and adaptive head-
lights, nearly a third of crashes and fatalities could be prevented (ITHS,
2010). These features are generally associated with Level 0 or Level 1
vehicle automation.

Dynamic brake support, a Level 1 feature, reduces stopping dis-
tances for drivers who have made a decision to stop quickly. This will
improve safety outcomes, but will not cure driver error in situations
where no decision is made to stop. As vehicle automation technology
advances from function-specific automation (Level 1) to Combined
Function Automation (Level 2), the driver can cede active primary
control in some situations, and at least two functions can be automated
to work in unison. For example, vehicles could perform the functions
of staying in one lane and ACC, with the safety benefits of both func-
tions likely greater than if either were to be automated individually.

Level 3 automation allows the driver to cede full control of all
safety-critical functions in certain situations. Crashes, injuries, and
fatalities due to driver error under this condition would likely be
substantially reduced.? Level 3 vehicles also might drastically reduce
the number of crashes, injuries, and fatalities involving motorcycles,
pedestrians, and cyclists, as vehicles automated at this level will not
be distracted, impaired, or reckless—and can increase avoidance of

2 'This is significant as more than 14,000 of the 32,000 roadway deaths in 2011 involved a
single vehicle (BTS, 2013). Of course, driver error is still possible from other vehicles on the
road that do not have automation features, or whose automation is not engaged.
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others who might be.> However, Level 2 and 3 automation also might
increase some categories of crashes if consumers rely upon the systems
too much.

There may be further risk reductions with the transition from
Level 3 to Level 4 automation, especially in the number of alcohol-
related crashes. In 2011, alcohol was involved in more than 39 percent
of motorist fatalities, and roadway safety could improve exponentially
when these impaired drivers cede control to fully self-driving auto-
mated vehicles. Eliminating up to a third of traffic deaths through
vehicle automation just by limiting alcohol-impaired drivers would
represent a dramatic improvement in roadway safety.

In short, we find that AV technology will likely lead to substantial
reductions in crashes and the resulting human toll. While a portion of
these benefits will accrue to the purchaser of the vehicle, much of the
benefit is in the form of a positive externality to other vehicles, pedes-
trians, and bicyclists.*

Further research to develop more precise estimates of the private
and public benefits of different specific technologies would be very
useful. Such estimates might assist policymakers in conducting cost-
benefit analyses and deciding whether subsidies or mandates for spe-
cific technologies are warranted.

Effect of Autonomous Vehicle Technologies on Mobility
for Those Unable to Drive

Google recently released a much-watched YouTube video of its auton-
omous car transporting a blind man (Google, 2012). Level 4 vehicles
could substantially increase access and mobility across a range of popu-
lations currently unable or not permitted to use conventional automo-

3 In 2011, 49 percent of pedestrians killed by motor vehicles were under the influence of
alcohol. Similarly, 38 percent of cyclists killed by motor vehicles were under the influence of

alcohol (BTS, 2013).

4 Consumers may also undervalue safety benefits because they believe their driving abilities
are better than average and underestimate the chance that they will be in a crash.
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biles. These include the disabled, older citizens, and children under the
age of 16. Some benefits for this group include personal independence,
reduction in social isolation, and access to essential services (e.g., Bur-
khardt, Berger, and McGavock, 1996; Harrison and Ragland, 2003;
Rosenbloom, 2001; Rosenbloom, 2012).

Where existing public transit agencies provide services to the dis-
abled, 14 to 18 percent of their budgets, on average, are used to pro-
vide on-demand paratransit services. The per-trip costs of these ser-
vices are often three or more times those of fixed-route transit services
(GAO, 2012). Level 4 automation could expand mobility and access at
reduced costs. While most of this category of benefits would be pro-
vided to users of these AVs, there would also be a broader societal ben-
efit in reducing the amount of paratransit services.

Congestion

We now consider the potential effects of AVs on traffic congestion and
the associated cost implications. This discussion is somewhat specula-
tive, as there are many factors involved with uncertain feedback rela-
tionships. On the whole, however, it appears that broad adoption of
AV technology, while potentially stimulating additional vehicle travel,
could lead to significant reduction in congestion and an even greater
reduction in the costs associated with it.

Potential Effects on Traffic Congestion

The introduction of AVs could directly affect trafic congestion in at
least three ways: influencing total VMT per capita, enabling greater
vehicle throughput on existing roads, and reducing traffic delays stem-
ming from vehicle crashes.

VMT. The potential effects of AVs on aggregate VMT remain
unclear, though it seems likely they will lead to more total travel
rather than less.> Decisions on where to live and what trips to make
are mediated by travel costs, which include vehicle operating costs—

5> See Smith (2012b).
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depreciation, insurance, fuel, parking, maintenance, and the like—
along with the value (or opportunity cost) of a driver’s time. AVs could
help reduce several of these travel cost components. First, AVs would
free drivers to engage in other productive or enjoyable activities—
working, reading, watching a movie, or even sleeping—during a trip,
thus reducing the opportunity cost of time spent in the car. Second, to
the extent that AVs are able to promote smoother traffic patterns, they
should lead to improved fuel economy and, in turn, lower fuel costs.®
Third, on trips to major activity centers where parking prices are high,
an AV could pilot itself to a cheaper remote lot after dropping off its
passengers, thus cutting parking costs.” Fourth, if AVs are as successful
at reducing the risk of vehicle crashes as anticipated, they could result
in a significant reduction in insurance premiums.8

All these factors combined could significantly reduce the mar-
ginal travel costs associated with automobility. In response, many
households might choose to live in more remote areas where housing
is more affordable given that longer commutes and other personal trips
would no longer be as onerous or as costly. The net effect of these fac-
tors, then, should be to increase total VMT.

AVs could also influence total VMT by enabling a new modal-
ity for urban travel (KPMG and Center for Automotive Research,
2012)—a driverless taxi system that over time replaces traditional taxi
service, car-sharing programs, and possibly even transit lines. Driver-
less taxis could offer the same on-demand, door-to-door convenience

6 Research indicates that per-mile fuel use and greenhouse gas emissions begin to rise
rapidly as average travel speeds fall below 20 miles per hour, owing largely to the ineffi-
cient start-and-stop driving patterns that occur in heavily congested conditions (Barth and
Boriboonsomsin, 2009).

7" Apart from potentially increasing VMT by decreasing the cost of driving, remote parking
would directly increase VMT because of additional travel to remote lots.

8 While conventional auto insurance is priced as a flat rate that is relatively insensitive to
changes in miles traveled, auto insurers are increasing the use of plans based on the number
of miles driven. This changes insurance costs from fixed prices, incurred by the consumer
no matter how much or little she drives, to variable costs, which would increase or decrease
depending on miles driven.
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of traditional taxis, but at far lower prices, as there would be no need
to pay for a driver’s time.

To consider the potential effects of driverless taxis on VMT, it
is instructive to examine results from current car-sharing programs.
Members can check out a vehicle for short periods of time, with fees
typically based on some combination of hours of use and miles of
travel (Martin and Shaheen, 2010). The ability to join a car-sharing
service has led some urban households to reduce the number of vehicles
owned, and others to forgo auto ownership entirely. Owning an auto-
mobile can cost thousands of dollars per year, so there is ample finan-
cial motivation for reducing auto ownership.

With car-sharing programs, members are able to save the annual
fixed costs associated with traditional auto ownership, including capi-
tal depreciation, finance charges, vehicle registration fees, and insur-
ance. These costs are instead shouldered by the car-sharing program
and then passed back to members in higher per-hour or per-mile usage
fees. The net effect, from the member perspective, is that the fixed costs
of auto ownership are eliminated, but the marginal (per-mile or per-
trip) costs are greater, and this generally leads to an overall reduction
in vehicle travel.

Recent data on the cost of auto ownership and use from AAA
provide insight into the financial implications of switching from auto
ownership to car-sharing (AAA, 2013). According to AAA, the average
fixed annual costs of owning a mid-sized sedan that is driven 10,000
miles a year, for example, come out to $5,695, including $3,244 for
depreciation, $831 for finance charges, $1,020 for auto insurance, and
$600 for registration and additional fees. Vehicle operating costs add
another 21 cents per mile, including about 15 cents for gas, just under 5
cents for maintenance, and just over 1 cent for tires (note that the AAA
data do not include the costs associated with tolls and parking, as these
vary considerably from one region to the next).

Based on these numbers, a household could save about $6,000
in fixed annual costs by joining a car-sharing program rather than
owning a vehicle (or a second vehicle, or a third). The underlying costs,
however, would be passed back to members in the form of higher per-
mile rates. Assume, for example, that the $5,695 in fixed costs is appor-



20 Autonomous Vehicle Technology: A Guide for Policymakers

tioned over 10,000 miles, resulting in an additional 56.9 cents per mile.
Added together with the 21-cents-per-mile cost for fuel, maintenance,
and tires, the per-mile cost of a car-sharing plan would then be about
77 cents per mile, almost quadruple the marginal cost of driving with
auto ownership.

So, for households that opt for car-sharing as an alternative to
auto ownership, the marginal or per-trip cost of driving becomes
much higher, typically leading to much lower VMT. Yet car-sharing
programs also include members who, prior to joining, did not own a
vehicle. Any car-sharing trips taken by such members represent VMT
that would not have occurred absent the ability to use car-sharing. In
theory, therefore, these programs could either increase or reduce total
VMT. However, based on a recent survey of car-sharing members in
the United States (Martin and Shaheen, 2010), it appears that car-
sharing leads to a net reduction in VMT. In other words, the reduction
in VMT among members who would have otherwise chosen to own an
additional vehicle is greater than the additional VMT from members
who would have relied instead on transit, walking, or other alternative
travel modes for all of their trips.

Returning to the question of AVs, it is quite likely that the avail-
ability of driverless taxis could likewise motivate some households to
reduce levels of auto ownership; absent the need to pay for a driver’s
time, an autonomously piloted taxi should not cost any more than car-
sharing, and would offer even greater door-to-door convenience. As
with car-sharing, however, the annual fixed costs associated with auto
ownership would be apportioned into the per-mile rates for using a
driverless taxi, increasing the marginal cost for each trip made. Here
again, this should have the overall effect of reducing VMT.

There is one important caveat. For individuals who own a vehicle
and frequently park in crowded urban areas, parking fees may increase
the marginal cost of each trip considerably. With a driverless taxi ser-
vice, parking fees would no longer be needed (rather, the AV would
simply continue on to pick up the next fare). Depending on the mag-
nitude of parking fees in relation to the additional per-mile costs asso-
ciated with depreciation, insurance, and the like, it is thus possible
that reliance on driverless taxis could eliminate the fixed costs of auto
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ownership for a household and, at least in some cases, also reduce the
marginal cost for each trip made. This would tend to promote addi-
tional VMT.

In short, AVs appear likely to reduce many of the costs typically
associated with automotive travel, which likely to stimulate growth
in VMT. AVs could also enable the emergence of driverless taxis, for
which the ultimate effect on VMT is more uncertain.

Vehicle throughput. While AVs might lead to an increase in
overall vehicle travel, they could also support higher vehicle throughput
rates on existing roads. To begin with, the ability to constantly monitor
surrounding traffic and respond with finely tuned braking and accel-
eration adjustments should enable AVs to travel safely at higher speeds
and with reduced headway (space) between each vehicle. Research indi-
cates that the platooning of AVs could increase lane capacity (vehicles
per lane per hour) by up to 500 percent (Fernandez and Nunes, 2012,
as cited in KPMG and Center for Automotive Research, 2012).

In more congested travel conditions, AVs could help to avoid
the inefficient start-and-stop traffic conditions—a result of exagger-
ated braking and acceleration responses of human drivers—that lead
to a severe degradation in vehicle throughput. When plotted over
time, observations of highway travel speeds and trafhic volumes form a
backward-bending curve, as illustrated in Figure 2.4.

When there are few cars on the freeway, travel speeds are high and
throughput is obviously low. As the number of cars increases, speed
diminishes slightly, while total throughput continues to increase. At
a certain point, however, the addition of too many vehicles triggers
sharper braking responses and, in turn, the start-and-stop conditions
of trafhic congestion. As this occurs, both travel speed and throughput
sharply diminish (Sorensen et al., 2008).

Traffic observations from State Route 91 in Southern California
illustrate the degree to which traflic congestion can adversely affect
vehicle throughput. The State Route 91 facility, which traverses east-
west from Orange County to Riverside County, includes four general-
purpose (free) lanes in each direction, along with two tolled express
lanes in each direction that rely on congestion pricing (higher tolls
during peak periods) to ensure free-flowing travel conditions. During
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Figure 2.4
Relationship Between Roadway Speed and Roadway Throughput
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peak travel hours, traffic speeds of 60 to 65 miles per hour (mph) are
maintained in the express lanes, while speeds in the adjacent general-
purpose lanes slow to 15 to 20 mph. At the same time, the express lanes
carry roughly double the number of vehicles per lane per hour as the
congested general-purpose lanes (Obenberger, 2004).

The State Route 91 example illustrates how maintaining smoother
flowing traffic conditions with congestion pricing can help prevent the
significant deterioration in vehicle throughput resulting from severe
traffic congestion that is suggested by the backward-bending portion of
the curve in Figure 2.4. To the extent they are able to reduce start-and-
stop traffic through more finely controlled braking and acceleration,
AVs should have an analogous effect on maintaining higher through-
put during peak travel hours.

Crash-related traffic congestion. There are two broad categories
of traffic congestion: recurrent delays and nonrecurrent delays. Recur-
rent delays—congestion that occurs in the same time and location on
a daily basis—are the result of prevailing travel patterns in which the
number of vehicles trying to use a road at the same time exceeds the
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road’s capacity. Nonrecurrent delays, in contrast, stem from isolated
events or limited-duration circumstances—such as construction, severe
weather, a large sporting event, a disabled vehicle, or a traffic crash—
that act to either reduce capacity or create a surge in demand. Accord-
ing to the Federal Highway Administration (FHWA), nonrecurrent
congestion accounts for roughly half of all congestion delays (FHWA,
2013). Trafhc incidents—e.g., a disabled vehicle, a minor collision, an
overturned hazardous material truck—account for about half of all
nonrecurrent delays. Weather is responsible for another 30 percent, and
roadwork accounts for the remaining 20 percent.

Trafhc incidents, then, account for about 25 percent of all con-
gestion delays (including both recurrent and nonrecurrent congestion),
and vehicle crashes constitute a major share of this total (crashes typ-
ically result in lengthier delays than less serious incidents such as a
disabled vehicle, so the share of incident-related delays due to crashes
should exceed the percentage of incidents that do not involve crashes).
In 2010, there were about 6 million crashes in the United States, 93
percent of which can be attributed to human error (Maddox, 2012).
AVs, if successful, should be able to prevent the vast majority of these
crashes, in turn eliminating an appreciable share of all trafhic delays.

Summary of effects on traffic congestion. Successful adoption
of AVs, in short, could affect traffic congestion in several ways, as sum-
marized in Table 2.2.

Based on the significant percentage of trafhic congestion caused
by crashes that AVs could help eliminate and the major improvements
in throughput capacity they could enable, there is reason for optimism
that the combined effects of these factors will be an overall reduction

Table 2.2
Summary of Autonomous Vehicle Technology on Traffic Congestion

Increase Traffic Uncertain Decrease Traffic

Factor Congestion Effect Congestion
Reduced travel costs X
Emergence of driverless taxi service X

Increase in road throughput capacity
from more efficient vehicle operation

Reduced vehicle crashes
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in traffic congestion, though this is far from certain. If such benefits do
result, they will accrue not just to AV purchasers but also to the general
motoring public, in the form of reduced negative congestion externali-
ties created by automobile use.

Potential Effects on the Costs of Traffic Congestion

In contrast to remaining uncertainty regarding the effects of AVs on
traffic congestion, the technology appears almost certain to offer major
benefits in terms of reducing the coszs associated with traffic congestion,
particularly with respect to Level 3 and 4 automation.

Congested traffic imposes a range of social costs—including
wasted time, excess fuel consumption, increased emission of local air
pollutants and greenhouse gases, driver stress, diminished quality of
life, and reduced economic efficiency. While many of these costs are
hard to quantify, it is clear that the total costs associated with conges-
tion are substantial.

In its annual Urban Mobility Report, the Texas A&M Transporta-
tion Institute (TTT) produces the most commonly cited statistics for
the annual costs of congestion in the United States each year. TTT’s
computations focus on just three components of cost stemming from
congestion delays: the value of time for personal travel (estimated at
$16 per hour), the value of additional driver time and other operating
costs for large trucks (estimated at $88 per hour), and the cost of excess
fuel consumption (based on prevailing prices for gasoline and diesel).
Based on data for 498 urban areas across the country, the authors of
the 2012 report estimated that traffic congestion in 2011 resulted in
roughly 5.5 billion total hours of excess travel delay and roughly 2.9
billion gallons of excess fuel consumption, representing a total cost of
about $121 billion (Schrank et al., 2012). About 23 percent of the costs
were associated with trucking delays, with the remainder applying to
passenger travel.

The majority of the costs computed by TTTI relate to additional
travel time, with a smaller share resulting from excess fuel consump-
tion. Because AVs should reduce the opportunity cost of travel time
by freeing a driver to engage in other productive or enjoyable activities
while driving, AVs could have a major impact in reducing the overall
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costs of congestion, even if traffic congestion itself is not significantly
ameliorated. Of course, these computations do not include other costs
associated with congestion, such as reduced economic efficiency, where
AVs could also have a positive impact.

Unlike many of the other potential benefits of this technology,
these benefits are realized by the user of the AV. Indeed, they are likely

to be the prime motivation for the purchase or lease of such vehicles.

Land Use

The emergence and broad adoption of AVs could have a profound, if
paradoxical, impact on prevailing land-use patterns. The prototypi-
cal form of cities can be explained in part by bid rent theory, first
developed by J. H. von Thiinen (1826) and further generalized by Wil-
liam Alonso (1964). (Additional theories, such as Walter Christaller’s
[1933] central place theory, provide some insight into the polycentric
form of larger metropolitan regions.) In essence, bid rent theory posits
that land’s value increases with proximity to the central city, given the
advantages of closer access to firms and markets. As one moves farther
from the central city, land values decline and transportation costs rise.

Urban form, then, to the extent that it is unimpeded by zoning or
other forms of land-use regulations, should reflect the aggregate effects
of countless firms and individuals making location decisions based on
tradeoffs between land values and transportation costs. In practice, this
has resulted in a pattern, still common in many cities today, of a dense
center-city area surrounded by moderate-density suburbs and fringed
by low-density exurban settlements. An individual household might
thus opt for a smaller home closer to the central business district, or a
much larger suburban or exurban home at the cost of enduring a longer
commute.

While AVs would not alter the underlying nature of trading off
land values with transportation costs, they could have a major effect
on the computation of the latter. For a typical auto commuter, trans-
portation costs include not only such factors as depreciation, mainte-
nance, insurance, and fuel costs, but also the value of the commuter’s
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time—more specifically, the opportunity cost of other activities the
driver might engage in otherwise. With conventional vehicles, drivers
must focus most of their attention on the act of driving, precluding
other substantive uses of their time. With Level 3 and 4 automation, in
contrast, drivers would be free to engage in a range of other activities as
the vehicle guides itself to the intended location. An AV owner might
be able, for example, to work for two hours in the car on the way to
work, spend four hours in the office, then work another two hours in
the car on the way home.

Given the ability to engage in other activities while driving (or,
more accurately, riding in) an AV, the cost of transportation declines.
In weighing the tradeoffs between land values and transportation
costs, this should increase the willingness of households, and possibly
some firms, to locate farther away from the urban core. Just as the rise
of the automobile in the 20th century led to the emergence of sub-
urbs and ultimately exurbs by reducing transportation costs relative
to earlier modes of travel, the introduction of AVs could strengthen a
trend toward even more dispersed and low-density land-use patterns
surrounding metropolitan regions.

In contrast, and somewhat paradoxically, AV technology could
also lead to greater density in core urban areas. Here the main issue
relates to parking supply and demand. Driving remains the dominant
mode of passenger travel in the United States, even in large cities with
good transit options. Yet, as Shoup notes in his exhaustive examination
of parking policy (2005), the typical automobile is parked for about 95
percent of its lifetime. A significant amount of space must therefore be
dedicated to parking, which reduces the overall density of land use. As
an extreme example, Shoup estimates that if the total supply of parking
in the Los Angeles central business district—including on-street park-
ing, surface lots, and parking structures—were spread out at ground
level, parking would occupy about 81 percent of the district area.
Repeating the same computation for the central business districts in 41
major cities from around the world, Shoup determined that the total
area devoted to parking spaces was equivalent, on average, to about 31
percent of the district area.
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The emergence of AVs could sharply reduce the amount of park-
ing needed in core urban areas in at least two ways. First, after drop-
ping off its passenger or passengers in a downtown location, an AV
could pilot itself to a remote lot in a peripheral area, reducing the
amount of parking needed in the densest urban areas where land
values are highest. Second, as described earlier, AV technology might
lead to a new model for urban mobility in the form of driverless
taxis. Under such a system, AVs often would not need to park; rather,
after completing one trip, they would simply travel to pick up the
next passenger. Additionally, the convenience and low cost of such a
system would likely induce many urban dwellers to forgo car owner-
ship, or at least to reduce the number of cars owned. Thus, driverless
taxis could reduce the number of parking spaces needed in residential
buildings as well as at commercial centers. These effects could free up
substantial amounts of space in urban areas. On the other hand, by
making parking unnecessary, this transition could threaten a reliable
source of municipal revenue.

In short, the emergence and adoption of AV technology could
lead to denser urban cores, increasing the amount of land and build-
ing space dedicated to human occupancy or some use other than
parked cars. At the same time, AVs could support even greater dis-
persion of low-density development along the outskirts of major met-
ropolitan areas given the ability of owners to engage in other activi-
ties as vehicles pilot themselves. These effects on land use are likely
to occur over the long term and require the development of Level 4
automation.

AV technology may have different effects on land use in the
developing world. Countries with limited existing vehicle infrastruc-
ture could “leapfrog” to AV technology. Just as mobile phones allowed
developing countries to skip the development of expensive landline
infrastructure, AV technology might permit countries to skip some
aspects of conventional travel infrastructure. Such advancement might
lead to completely different models of mobility; e.g., pervasive car-
sharing with efficient vehicles and road networks tailored to AVs. Fur-
ther research to better understand how AV technology could affect the
developing world’s transportation needs would be useful.
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Energy and Emissions Implications of Autonomous
Vehicles

The use of light-duty passenger vehicles in the United States contrib-
utes to nearly 20 percent of national GHG emissions (EPA, 2013a). It
also accounts for approximately 60 percent of petroleum use (Davis,
Diegel, and Boundy, 2013), and is a major contributor to conventional
air pollution such as smog and ground-level ozone. As is the case for
safety, congestion, and land use, the transition to AVs has the potential
to substantially affect the energy use, GHG emissions, and conven-
tional air pollution impacts from the transportation sector, at least in
the long term. Whether AVs improve or worsen energy use and envi-
ronmental outcomes will depend on three factors:

* the fuel efficiency of AVs

* the carbon-intensity and life-cycle emissions profile of the fuel
used to power AVs

* the total change in VMT resulting from use of AVs.

We will discuss the potential magnitude and direction of change
that AVs could have on these three factors. Policymakers and other stake-
holders can use this information to understand how near-term policies
can affect the future energy and environmental outcomes from AVs.

Fuel Economy

AV technology can play a substantial role in improving fuel economy.
Despite being heavier, advances in engine efficiency and vehicle design
have increased fuel economy compared with the vehicles of the 1970s
and 1980s, as shown in Figure 2.5. In 2012, the average fuel economy
of cars was 27.3 mpg, while the fuel economy of trucks was 19.4 mpg
(EPA, 2013b). CAFE standards were recently updated, and will require
increased fuel economy from new vehicles to reach an average of 54.5
mpg in model year 2025. Advances in technology will enable fuel econ-
omy of conventional vehicles to continue to increase beyond that year.
The NRC estimated the potential fuel economy improvements to con-
ventional vehicles between now and 2050 to be 130 to 250 percent
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Figure 2.5
Average Fuel Economy of U.S. Cars and Light Trucks, 1975-2012
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(up to 87 and 110 mpg) for cars and 140 to 220 percent (up to 61
to 77 mpg) for light trucks (NRC, 2013a; 2011). The improvements
stem from engine improvements as well as reductions in vehicle weight,
drag, rolling resistance, and accessory loads. Conventional hybrid vehi-
cles, already more efficient than traditional engines, would also see fuel
economy improvements in these ranges, enabling up to 145 mpg,.

Fuel economy improvements enabled by Level 1, 2, and 3 tech-
nology would first be realized through the automated and optimized
driving, often referred to as “eco-driving.” Examples are cruise control,
smooth and gradual acceleration and deceleration, and other optimum
driving habits that would be enabled through greater automation. Eco-
driving can improve fuel economy by 4 to 10 percent (NRC, 2013a).

Additionally, since connected AVs can optimize traffic through-
put and reduce the distance needed for safety between vehicles, AVs
can eventually increase travel lane capacity and reduce fuel wasted
during congestion. Over the course of the simulated driving cycles it
uses to evaluate fuel economy, the EPA assumes vehicles are stopped
or decelerating for 43.2 percent of the 7.5-mile city driving cycle, 9.3
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percent of the 17.8-mile highway driving cycle, and 27.9 percent of
the 10.3-mile CAFE driving cycle (Davis, Diegel, and Boundy, 2013).
Vehicles that communicate with one another could reduce the time
they are stopped, improving both traffic and drive-cycle efficiencies.
Further, a platoon of closely spaced AVs that stops or slows down less
often thereby resembles a train, enabling lower peak speeds (improv-
ing fuel economy) but higher effective speeds (improving travel time)
(Folsom, 2012).

While the NRC studies (2011, 2013a) did not explicitly model
improvements to fuel economy from AVs, they did speculate that net-
worked AVs enabling safer, smaller vehicles could enable fuel consump-
tion reductions more than twice their estimates for conventional and
hybrid vehicles—and that pod car AVs (much smaller and lighter vehi-
cles carrying one or two passengers) might reduce fuel consumption by
an order of magnitude as compared to today’s vehicles. Folsom (2012)
estimates that a networked pod car AV system could enable fuel econo-
mies as much as 500 to 1,000 mpg.® Using these estimates, we present
ranges of potential fuel economy improvements for conventional cars,
hybrid cars, and autonomous cars (omitting light trucks) in Figure 2.6.

How Light Can We Make Vehicles If There Are Almost No
Accidents? To move a vehicle, power is required to overcome inertia,
rolling resistance (or “the street pushing back”) and acrodynamic drag
(or “the air pushing back”). Because of these factors, more power is
required when the vehicle is heavier, going faster or uphill, or has a
large frontal area. While a transition to AVs cannot change the topog-
raphy of the driving area, AV technology can enable lighter and more
aerodynamic vehicle designs.

The weight of vehicles directly affects the amount of power, and
hence fuel, required for travel. Light-duty passenger vehicles in the
United States are classified as either cars (such as sedans and smaller
vehicles) or light trucks (such as sport-utility vehicles and other larger
vehicles). For model year 2012, U.S. cars averaged 3,482 pounds and
light trucks averaged 4,779 pounds, as shown in Figure 2.7. While the
original Ford Model T only weighed 1,200 pounds and got between 13

9 Car2go is an international car-sharing service that uses small Smart Fortwo cars.
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Figure 2.6
Range of Potential Fuel Economy Improvements for Conventional, Hybrid,
and Autonomous Cars
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and 21 mpg (Ford Motor Company, 2012), the lowest average weight
for cars and trucks in more recent decades occurred in the early 1980s,
when cars were 3,053 pounds and light trucks were 3,806 pounds,
respectively (EPA, 2013Db).

One of the most promising benefits of AVs is to dramatically
reduce the number of accidents. As AVs are adopted and as technol-
ogy progresses from Levels 0 through 4, AV technology could act as an
effective substitute for some conventional, heavy, safety features. Thus,
safety efforts are shifted from crashworthiness to accident avoidance.
This has led some to propose AVs weighing 250 pounds that resemble
pod-like motorcycles (Folsom, 2012).

However, the realization of these benefits will require AV consum-
ers to have confidence that accidents with non-AVs are also avoided,
which is likely to limit the types of substantial weight reduction to
Level 3 or Level 4 automation and will depend upon nearly universal
adoption of this technology so the risk from non-AVs is minimal. This
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Figure 2.7
Average Weight of U.S. Cars and Light Trucks, 1975-2012
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weight reduction may also be slowed by retention of the current focus
on crashworthiness by regulators and vehicle manufacturers. For this
reason, we do not anticipate these benefits accruing for some time.

For conventional vehicles, reduction in weight of up to 20 percent
is possible while maintaining vehicle size (NRC, 2013a). An engineering
heuristic for vehicles is that a 10-percent reduction in weight results in a
6- to 7-percent reduction in fuel consumption (NHTSA/EPA/CARB,
2010). Weight reductions can be achieved primarily through substitut-
ing various lighter materials for traditional steel. These materials include
high-strength steel (achieving the same steel strength with less material),
aluminum, magnesium, plastics, and carbon-fiber composites (NRC,
2011). When vehicle weight is reduced, the engine and other components
can be appropriately downsized, increasing fuel economy. Maintaining
safety is a concern, as reducing weight in some vehicles has the potential
to increase risk of fatalities in vehicle-to-vehicle collisions.

NHTSA and the EPA recently considered the effect of weight
reductions on overall fatality risk. They concluded that weight reduc-
tion in small cars while holding vehicle size constant would increase
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societal fatality risk, but that weight reduction in larger light trucks and
minivans would decrease or not affect societal fatality risk (NHTSA,
2012a). Since they expected that weight reductions employed to meet
future fuel economy standards would occur on the heavier sport
utility vehicles and minivans, overall societal fatality risk would
not be increased. While their review does not examine AVs, we can
extrapolate that ultralight AVs operating in an environment alongside
much heavier conventional vehicles without connectivity would likely
increase societal fatality risk.

For any new technology there will be enthusiasts and first adopt-
ers, and the characteristics and benefits of AVs could be very attractive
to many consumers and outweigh their perceived risks. After all, there
are more than 8.2 million registered motorcycles in the United States
(BTS, 2012a), and the design and safety features of AVs are highly
likely to reduce fatality risk compared to motorcycles, even if they are
much lighter than conventional vehicles. So weight reduction, and
hence enhanced fuel economy, via AVs is likely to be realized in stages.
The increased accident avoidance benefits of adoption and diffusion
of vehicle automation Levels 1, 2, and 3 will help enable the vehicle
weight reductions currently projected. These are substantial, projected
as reductions of 20 to 25 percent by 2030 and of 32 to 50 percent by
2050 (NRC, 2013a). The successful deployment of Level 4 automation
could then enable additional incremental weight reductions for con-
ventionally designed vehicles. Level 4 technology might also permit
radical redesigns of vehicles toward ultralight, aecrodynamic pods.
These lighter vehicles might first be used as taxis or car-sharing services
in the urban core, eventually migrating to commuter and intercity use.

Autonomous Vehicles Might Enable Alternative Fuels

Petroleum products power more than 92 percent of U.S. transporta-
tion (Davis, Diegel, and Boundy, 2012). Unfortunately, their use cre-
ates significant negative externalities—conventional air pollution,
GHG emissions, effects of relying on large amounts of imported petro-
leum, and others (see, for example, NRC, 2010; Michalek et al., 2011).
Therefore, the diversification of transportation fuels and transition to
alternative fuels and vehicles is a major U.S. research and policy objec-
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tive (NRC, 2013a; 2013b). AV technology can enable and accelerate
specific competitive aspects of alternative vehicles and fuels.

Conventional refined petroleum has considerable advantages as a
transportation fuel. In about five minutes, one can fill up a car’s tank with
ten gallons of gasoline that contains about 360 kilowatt-hours (kWh) of
energy. While the car’s weight is increased by about 62 pounds, one can
travel for about 300 miles in a 30-mpg vehicle (Shiau et al., 2009). As
the gasoline is combusted during driving, the extra weight is gradually
reduced. However, the efficiency of transforming that gasoline into driv-
ing power is only about 37 percent—a lot of that energy is lost as heat.
An electric drivetrain has much fewer losses, and can exceed efficien-
cies of 90 percent (NRC, 2013a). The all-electric Nissan Leaf requires
about 0.29 kWh per mile—equivalent to 115 mpg, or 0.009 gallons per
mile (gpm)—while the conventional hybrid Toyota Prius requires 0.02
gpm, or gets 50 mpg (DOE/EPA, 2013). This is the primary reason it is
nearly always cheaper to drive a mile using electricity as a fuel rather than
gasoline (DOE, 2013). But storing electricity on a vehicle in a battery is
both heavy and expensive. The battery that powers the Nissan Leaf holds
about 24 kWh, weighs about 600 pounds, has a range of about 84 miles
(Levin, 2013), takes four to seven hours or more to recharge (DOE/EPA,
2013), and, even under optimistic costs of $450/kWh (NRC, 2013a),
would cost more than $10,000.

AV technologies can help enable a transition to electric and other
alternative fuel vehicles. If automation Levels 2, 3, and 4 enabled the
expected weight reductions, AVs fully or partially powered by elec-
tricity would be able to travel the same range using batteries that are
smaller, and thus cheaper. The improved drive cycles and congestion
management from Level 2, 3, and 4 AVs would also allow for smaller
batteries. This would reduce the overall cost for consumers, and hasten
the adoption of conventionally sized electrified vehicles. Smaller batter-
ies would also reduce life-cycle environmental impacts from producing
electric vehicle batteries, as well as reduce their environmental impacts
at the end of their useful life (Hawkins, Gausen, and Stromman, 2012;
Michalek et al., 2011; Samaras and Meisterling, 2008).

Level 4 vehicles, which are fully autonomous, are a potentially
disruptive technology for the transition away from petroleum-powered
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passenger transportation. First, these AVs could make it easier for elec-
trified vehicles to charge more often, which would minimize battery
size and cost and maximize environmental benefits (Shiau et al., 2009).
A Level 4 personal AV could drop its owners at a destination, then
proceed to the nearest available charging station. These stations could
initially be staffed akin to full-service gasoline stations to connect
charging equipment, but eventually might require no human interac-
tion, instead utilizing inductive wireless charging technology, currently
being researched by the U.S. Department of Energy and others (NRC,
2013b). With vehicle-to-infrastructure (V2I) communication, wireless
charging infrastructure could start out as fixed charging stations at
parking places, then potentially advance toward in-roadway sections at
traffic lights or other areas.

V2I communication could also allow for two-way charging
through vehicle-to-grid interactions between electrified AVs and the
electricity grid, at either wired or wireless connections. Two-way
charging is a potential source of revenue, energy storage, and grid
stabilization for a future grid with substantial renewables with vari-
able production (Kempton and Tomi¢, 2005a; Kempton and Tomi¢,
2005b).

If Level 4 automation enables ultralight, pod-like AVs, these
would require far smaller batteries to travel the same distance as a con-
ventionally sized vehicle. Folsom (2012) pointed out that an experi-
mental electric pod car has achieved 2,200 mpg equivalent at free-
way speed, and that electric motorcycles have far greater range with a
given battery capacity than electric vehicles. Level 4 automation also
allows for vehicles specifically tailored to given tasks, which would also
minimize energy and emissions. Taxi or car-sharing services could dis-
patch vehicles for any number of people (including just one), instead
of the standard four- or five-seat sedan (Burns, 2013; Burns, Jordan,
and Scarborough, 2013). Electric vehicles charged by low-carbon elec-
tricity have the potential to dramatically lower transportation GHG
emissions, oil use, and conventional air pollutants (Samaras and Meis-
terling, 2008; Michalek et al., 2011). Level 2, 3, and 4 AVs can hasten
this transition, with Level 4 AVs also enabling radical redesigns of both
electric vehicles and the way consumers use them.
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In addition to advancing electric vehicles, a lighter, more efficient
car that drives itself to refueling areas could also enable other types of
alternative powertrains, such as fuel cell vehicles. These cars use hydro-
gen as a fuel and have no tailpipe emissions during travel. But, unlike
electric vehicles that can use the electricity grid as a nationwide refuel-
ing infrastructure, fuel cell vehicles would require construction of new
hydrogen refueling infrastructure. The high cost of both producing
the hydrogen and creating the infrastructure is one of the barriers for
a viable fuel cell vehicle (NRC, 2013a). Level 4 AVs can travel to refu-
eling stations without a driver, and hydrogen-refueling stations could
be designed to autonomously fill up fuel cell vehicles. The refueling
schedules and locations of connected Level 4 AVs could be optimized,
and would allow fewer refueling stations to serve autonomous fuel cell
vehicles than would be required if they were not autonomous.

The lightweighting permitted by AV technology could also
increase a fuel cell vehicle’s range and decrease its costs. Currently, a
storage tank that holds 5 kilograms of hydrogen to enable a 300-mile
plus range costs about $2,800, largely due to the carbon-fiber compos-
ite required to handle the high pressure of the compressed hydrogen
(NRC, 2013b). A lighter fuel cell vehicle can travel farther on each
kilogram of hydrogen fuel, so not as much hydrogen needs to be stored
on the vehicle and vehicle costs are reduced. Level 2, 3, and 4 fuel cell
AVs benefit from this and other efficiency gains of automation, but
only driverless Level 4 fuel cell AVs reduce the amount of hydrogen
refueling infrastructure needed.

How Will Travel Demand Affect Energy and Emissions?

As discussed above, AVs will have varying effects on the cost of mobil-
ity, vehicle throughput, congestion, and car ownership. All of these
factors influence total VMT. Reduced travel costs from AVs will likely
increase VMT, commonly referred to as the “rebound effect” and
expressed as a percentage increase in VMT that results from a change
in per-mile vehicle costs. NHTSA assumes a rebound rate of 10 percent
for the base case and examines alternate cases of 5, 15, and 20 percent
(NHTSA, 2012a). A 10-percent rebound effect means that if per-mile
vehicle costs fall by 20 percent, VMT demand will rise by 2 percent.



The Promise and Perils of Autonomous Vehicle Technology 37

In addition to existing drivers, the emergence of Level 4 AV taxis
and car-sharing services may induce additional VMT demand from
new sources. These include the elderly, the young, those without driver’s
licenses, and those who explicitly or implicitly value the time or multi-
task opportunities afforded by driverless taxis at high rates. But if Level 4
driverless taxis are available, easy to use, and cheap, the incentive to own
a vehicle is reduced, and declines in vehicle ownership rates would result.
Table 2.3 outlines these and other potential impacts on total U.S. VMT.

The magnitude and direction of how AVs affect total VMT are
key drivers of change in energy use and emissions from these vehicles.

However, even increases in total VMT can have neutral effects
on energy and environmental impacts as long as vehicle efficiencies
and/or GHG intensities of fuels are reduced. For example, in 2010,
U.S. VMT per capita was 9,608 vehicle miles and VMT per vehicle
in operation was 12,370 miles (Davis, Diegel, and Boundy, 2012). In
a car that gets 31 mpg, one car would consume about 400 gallons of
gasoline traveling 12,370 miles over the course of the year. If driving
habits increased VMT and that vehicle is instead driven 20,000 miles
per year, a 50-mpg car would be required to consume the same amount
of gasoline annually.

The 12-month moving average of total U.S. VMT was 2.95 tril-
lion in April 2012 (FHWA, 2013), of which about 10 percent was
accounted for by medium and heavy trucks (BTS, 2012b). After peak-
ing in 2008, total U.S. VMT has declined and leveled off, as shown in
Figure 2.8.

Table 2.3
Potential Positive and Negative Effects on Total VMT

Increases Decreases Likely Automation

Influencing Factor VMT VMT Level
Rebound effect X 2,3,4
Car-sharing and reduced vehicle X 2,3,4
ownership

Driverless taxis X 4
Greater sprawl X 2,3, 4
Substitute for intracity or intercity public X 4

transportation
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Figure 2.8
Annual Vehicle Miles Traveled in the United States
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The average fuel economy of new vehicles will increase, chang-
ing the fuel economy of the vehicle stock over time. The NRC esti-
mates that traditional cars could get between 87 and 110 mpg by 2050
(NRC, 2013a). Fuel economy with Levels 2, 3, and 4 automation will
be further enhanced, as discussed above. As a result of these efficiencies,
as well as potential transitions to cleaner alternative fuels, the energy
use and environmental impacts of the vehicle fleet will continue to be
reduced. A key question will be if the fuel economy and emissions gains
made from AV technologies Levels 2 through 4 will be large enough
to outweigh any increases in VMT. As AVs are adopted, policymakers
should understand and revisit this issue often, and make adjustments
necessary to ensure energy and environmental goals are met.

Costs and Disadvantages

While there are reasons to think that AV technology may increase
safety and efliciency, and reduce congestion and emissions per mile
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traveled, it may also lead to increased VMT with the associated nega-
tive externalities of increased fuel consumption, congestion, and sub-
urban sprawl.

Parking is currently the source of considerable steady municipal
income for many cities. By making proximate parking unnecessary,
AVs may destroy this source of revenue. While parking may eventually
be replaced by uses that generate tax revenue, the transition to AVs may
substantially disrupt municipal finances.

Others have noted the potential social equity issues raised by AV
technologies and argued that a focus on AVs distracts us from public
transit (Arieff, 2013). Rather than improve transportation that can aid
all citizens, focusing on AVs could merely perpetuate our individualis-
tic car-centered society by starving public transit of riders. One of the
current key attractions of public transit is that one can read or use a
smartphone. When those activities can be done in a private car, fewer
citizens may use mass transit. This, in turn, may reduce fare income
and lead public transit authorities to either cut services or increase fare
costs, which may create a vicious circle of declining transit ridership.
AVs are also likely to be substantially more expensive than conven-
tional cars, at least at firs—exacerbating crash risk disparities between
the rich and poor. However, these outcomes are not predetermined,
and can be addressed through a variety of policy tools.

Jobs will also be lost. The act of driving is the source of many
reasonably well-paid jobs. Recent immigrants often operate taxicabs
or livery services, and municipal bus operations are the source of many
union jobs. The commercial transportation sector employs thousands
of professional drivers. Just as the invention of the automatic elevator
led to the loss of many operator jobs, it is likely that AV technology will
eventually lead to the loss of commercial transportation sector jobs at
considerable human cost. Ultimately, the lost jobs might be replaced by
others, perhaps related to the AV industry, but there may be consider-
able economic disruption.

The transition to AVs is likely to cause considerable economic
disruption in other ways as well. American consumers spend approxi-
mately $157 billion in automobile insurance premiums every year (U.S.
Census Bureau, 2012, p. 755). This supports not only insurance com-
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panies, but also doctors, lawyers, trauma centers, body shops, chiro-
practors and many others—an entire “crash economy.” Automobile
insurance companies are also important investors in federal, state, and
municipal bonds. This entire sector of the economy may well be remade
as crashes, and the wealth transfers they occasion, decline in frequency.

The eclipse of driving may also have cultural dimensions. Truck
stops and institutions that cater to drivers may join the livery stable, com-
mercial wharf, or airship dock as outmoded. The lures of the open road
are very different if no driver is necessary. For example, the frenetic power
of Jack Kerouac’s On the Road depends, in part, on the epic cross-country
drives that it chronicles. The book may lose some of its emotional power
if driving becomes a rarity, pursued only by the eccentric or poor.

Conclusion

In this chapter, we compared AVs to conventional vehicles across a
range of dimensions, including congestion, safety, and the environ-
ment. On the whole, we find that AVs offer considerable opportunity
for improving social welfare, and could have significant benefits for
both users and society at large, saving lives and costs in crash reduc-
tion at its early stages of development, and reducing congestion, envi-
ronmental, and other externalities as technology and adoption levels
increase. Fully automated vehicles could also increase transportation
mobility and access to underserved populations, potentially at costs
below those of existing paratransit services. On the other hand, some
benefits of AV technology may lead to additional VMT, which may
increase congestion and imp